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EFFICIENT KERR MICROSCOPY

Innovations enabling Kerr microscopes to image components of surface magnetism.
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JEFFERY G. MCCORD
IBM Storage Technology Division
San Jose, California, 95193

Abstract

The performance of magnetic devices correlates with the spatial distribution and time
evolution of the magnetization. In recording heads for example, the magnetization
components Mx(t), My(t), and Mz(t) are very sensitive to the device boundaries, defects,
issues of design and processing, and an applied or internal magnetic field or
magnetomotive force. With the increasing difficulty of reliably modeling complex
magnetic devices ever decreasing in size, efficient experimental Kerr-effect contrast
imaging of M-components becomes more important as aid to progress in fundamental
understanding, diagnostics and development. This paper discloses innovations which
enable imaging of pure in-plane magnetization sensitive Kerr components devoid of
polar Kerr and background signals. For the component sensitive to perpendicular
magnetization, a means for calibrating pure polar Kerr contrast relative to the pure
in-plane contrast is described. These methods operate without the reliance on changing
magnetic state for background subtraction as in earlier methods. They are therefore
applicable to imaging the three M-components at different stages of magnetization in
recording heads, and in magnetically 'hard' materials, for example amorphous magnets
and media for perpendicular magnetic recording.

1. Introduction
   
Experimental images of surface magnetization abound in the literature [1], as they
describe in-plane or out-of-plane M-components, but rarely both. M-sensitive images
have been obtained using light optics, electron optics, and scanning probe methods.
Although limited in spatial resolution to order 100 nm, the magneto-optic Kerr-effect
microscope is the most convenient and efficient method to obtain images [1].
Advantages include little or no sample preparation requirements, capability to view
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through an overcoat film, response out to Larmour frequencies, and efficiency of data
collection. Kerr microscopes are of two types. One method utilizing light focused on the
sample, renders images with spot photodetection and mechanical rastering [2]. Another
uses wide-field illumination, video detection and image processing [3]. The wide-field
method of microscopy is illustrated schematically in Fig. 1. The full aperture for
conventional microscopy is stopped down for Kerr microscopy, as indicated in the inset.

Fig.1. Illustration adapted from [1] of conventional wide-field microscope using large Hg-arc source. An
offset aperture stop produces oblique illumination. The inset shows how, in a polarizing microscope,

reducing aperture size confines illumination to a narrow region centered on one arm of s cross of extinction. 

This paper emphasizes the more convenient and less costly optical-wide-field approach
with video detection. To improve S/N ratios and remove background signals costs time
with any approach. The unwanted duration depends in large part on the strength of the
Kerr signals compared with background intensity and system noise. In materials
comprising modern magnetic devices the Kerr contrast is typically very weak.
Inspections or diagnostics of increasingly smaller recording heads used for recording
higher bit density, would benefit from the highest optical magnification. Generally
however, optical signals in reflection microscopes diminish with the fourth power of
magnification [4]. Kerr magneto-optic signals are indeed almost minuscule because of
the condition of nearly crossed polarizers required in order to convert magneto-optic
phase variations into an optical amplitude image. This condition discards most of the
light provided by the source. To enhance signals buried in noise and to override the
limitation of video detection threshold, a compromise must often be made.  Reduce
magnification to gain signal strength but suffer the diminished spatial resolution [4].
Installing enhanced video detectors and an image processor may overcome such
limitations but not without enduring lengthy processing times for A/D conversions,
on-chip integration, frame accumulations (overriding noise), and digital image
algebraics (removing background). 

In order to provide signal strengths many times greater than those resulting from using
conventional light sources, we recently constructed an illumination system using a laser
illuminated fiber [5]. To avoid image artifacts such as  'speckle', it was necessary to
modulate or 'dither' the fiber to reduce mode hopping and laser coherence. Generally,
the most uniform, wide-field illumination on the object plane is provided by a point

2

Full aperture

Aperture
Stop

Rear
focal
plane

Sample

Observation

Illumination

Adjustable lens



source focused in the objective’s rear focal plane. However, even a coherent source
focused to a point produces coherence at the object plane [4, 11]. A good compromise
between a point source and a millimeter size Hg-arc, is to use a fiber having a core
diameter between 100 to 200 microns; we use 200 µm. Three means for 'dithering' the
fiber modes are schematically illustrated in Fig. 2. 

Fig. 2. System for
speckle-free laser illumination, adapted from [8]. A collimating lens together with the polarizing microscope,

focus an output-face image of a laser illuminated multimode fiber onto the rear focal plane (RFP) of the
microscope objective. This image illuminates the object with a wide optic field.  An Argon-ion laser and

coupling lens illuminate the input face. A rotating glass disk made of unpolished Pyrex, a vibrating speaker
cone with several fiber loops attached, and a rotating glass wedge, make the illumination speckle free. 

Figure 3a shows the modes in the fiber in absence of the dithering. The resulting
'speckle' in the illumination on recording head pole tips is visible in Fig. 3b. Removal of
mode delineation in the fiber face source and speckle in the illumination pattern as a
result of applying the dithering, is evidenced in Figs. 3(c,d). An approach similar to this
may benefit microscopy of other types of weak phase objects, such as microbiological
cells exhibiting phase variations due to their linear birefringence [4].
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Fig. 3. Patterns of
illumination on

recording head pole tips
(c,d) from static (c) and dithered (d) laser light conducted through a multimode fiber. Images (a,c) are fiber’s
output-face (conoscopic view) focused at rear focal plane of objective lens. Mottled illumination due to laser

coherence and mode pattern (non dithered) is visible in (c).  Homogenized illumination (d) results from
dithering scheme of Fig.1.

The spatial resolution possible with Kerr methods - both wide-field and focused laser -
is limited fundamentally. Theoretical resolution for a 100X, 1.3 NA objective using 514
nm laser light for example, is λ/2NA = 200 nm. Yet, we find using the higher intensity
source, that object details at least 3x smaller are perceivable. Although Kerr microscopy
was expected to improve in resolution when confocal methods are used, an interesting
theoretical result [6] shows that the impulse response of a magneto-optic scanning laser
microscope with the commonly used differential detection technique, is identical to that
of a simple incoherent reflectance microscope.

In order to generate Kerr data efficiently and also allow computing all three components
of the magnetization, we describe a method that can decompose the various types of
Kerr-contrast and can render images having contrast due to pure in-plane or pure
out-of-plane M-sensitivities. Previous discussions of in-plane and out-ot-plane
decomposition relied on theoretical models [7], but the problem has largely been
neglected experimentally. Our method produces images statically or in real time up to
video frame times that are devoid of nonmagnetic optical background. This method
should also be applicable to Kerr imaging by stroboscopically averaging time-resolved
images accumulated from nanosecond [8] or subnanosecond [9] laser pulse exposures.

In contrast to earlier methods for removing background unrelated to magneto-optic
contrast [2], our method does not require changing the sample’s magnetic state in order
to generate the featureless reference image for subtraction. The method works therefore,
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for both ‘hard’ and ‘soft’ materials or devices. Examples for which this type of
approach can be useful, are exemplified in Section 5.

2. Theory of regular optical and magneto-optical Kerr-effect amplitudes.

Fig. 4. Definitions of polarizer
and analyzer offset angles, ψp and αs, and the angle of incidence, ϑϑϑϑ0,

 in a magneto-optic Kerr-effect setup (adapted from [1]).

Figure 4 describes a generalized Kerr effect geometry. The amplitudes of plane waves
of light reflected from a magnetic surface have been expressed in terms of these angles
[1], by 
             Atotal  =  -Rp cos ψψψψp sin ααααs + Rs sin ψψψψp  cos ααααs  

                        +  RK
polar cos(ααααs - ψψψψp)mpol+RK

long cos(ααααs + ψψψψp)mlong 
                        -   RK

transcos ψψψψp sin ααααs mtrans.                                                          (1)
The first line presents the ordinary (nonmagnetic) reflection effect where Rp  and Rs  are
ordinary reflection coefficients for the two polarizations parallel (p) and perpendicular
(s) to the plane of incidence (POI), respectively. (These coefficients for regular
reflection are derivable from Fresnel’s formulae as they depend on a material’s optical
constants and angle-of- incidence of illumination.) The remaining terms include three
Kerr magneto-optic effects separately expressed in terms that depend on the optical
geometry and the three m-vector components,  mpolar, perpendicular to the reflecting
sample plane, and mtrans  and  mlong , parallel to the sample plane and aligned transverse
and parallel respectively, to the POI. Although not written explicitly, the Kerr
amplitudes {RK} reverse sign if the angle of incidence, ϑ0, reverses sign (corresponds to
reversing the direction of the light beam).

Kerr amplitudes, RK, can be thought of as due to a small component of vibrational
motion induced perpendicular to both the primary motion and the magnetization
direction when light interacts with a material within its optical skin depth. This
secondary motion is proportional to a  Lorentz force (υ(υ(υ(υL = - m x E)  and generates,
secondary light amplitudes, RK. The Faraday amplitude that appears in light transmitted
through the sample, is not treated here. This and effects in composites of multiple thin
films are treated elsewhere [1].
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The transverse Kerr effect is connected to the in-plane magnetization aligned
perpendicular to the POI,  and produces an amplitude-only change upon reflection of
incident light having its polarization parallel to the POI.  No phase change occurs
because the polarization direction is the same as the regularly reflected beam. A small
amplitude change in the transverse Kerr effect produces minimal contrast in a visible
reflected image. For perpendicular polarization, the transverse contrast is zero.
The longitudinal Kerr effect is sensitive to magnetization parallel to the POI and is the
primary effect used in Kerr microscopy for detecting in-plane components. 
The polar Kerr effect is independent of polarization orientation and is maximum when
the light incidence is perpendicular to the sample, in which case the other Kerr contrasts
are all zero.  
All three effects may be present for light at oblique incidence.  A goal here is to
separate these effects and generate images with contrast corresponding only to each one
of the three M-components. We start by simplifying and removing the transverse Kerr
sensitivity using the incident light polarized perpendicular to the POI. 

3. Practical considerations for Kerr-effect microscopy.

3.1 INTENSITY, STABILITY, and LIFETIME of LIGHT SOURCE

The Kerr method we describe is sensitive because it uses our new, higher intensity,
speckle-fee, CW ion-laser source [9] to produce video signals many times greater than
even the most intense regular source (100W Hg-arc). The ion laser is much steadier and
has much longer lifetime than the Hg-arc (several x 10 4 hours versus 100 hours). 

Fig. 5. Patterns
observed with full

aperture in the objective's rear focal plane (RFP)
(conoscopic view) show asymmetry and unsteadiness of a Hg-arc source: 

intensity with line scan (a),  profiles (b), and sequential frame-by-frame difference images (c,d).
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Undesirable characteristics of a Hg-arc are typified in Fig. 5 showing images of
intensity distribution (a,b) and time- differential images (c,d) made using digital
frame-by-frame subtraction.

3.2 BACKGROUND LIGHT: SOURCES and AVOIDANCE
  

Figure 6 shows patterns of illumination imaged in the objective rear focal plane (RFP) -
the 'conoscopic view' when an object is smooth and the source is large and diffuse. 

Fig. 6. Intensity in the objective’s rear focal plane (RFP) when the polarizers are crossed for extinction 
in (a), and slightly uncrossed in (b). The source of illumination is a large Hg-arc and its intensity 

is dispersed over the objective’s rear focal plane. The object is a featureless metallic surface.

The pattern in Fig. 6a obtained when the polarizers are crossed, is called the
polarization “extinction cross” [4, 11]. With reference to angle definitions in Fig. 4, this
crossed condition has ψψψψp=0=0=0=0 and ααααs = 0. In (b) they are slightly uncrossed (ψ(ψ(ψ(ψp=0,=0,=0,=0, α α α αs > 0).
The dark regions of "extinction" occur where light rays passing through the objective
retain the same initial linear polarization. The brighter regions are due to refraction
producing elliptically polarized light with rotated axes. Snell’s Law dictates that optic
planes intersecting an arc of the great circle of the lens' spherical surface, are the only
rays that conduct through with the polarization unaltered [10]. The cross orientation is
defined by microscope bi-axes, which are established by a beam splitter inside, such as
a semitransparent 45o  mirror. The beam splitter is necessary for "epi-illumination"
(through the objective lens) as is necessary for high-magnification microscopy.
Experimentally, in the brightest region outside the extinction cross obtained using a
100X 1.3 NA objective, i.e. near the pupil edge at 45o from the crossing arms, a rotation
2 orders larger than the maximum Kerr rotation from permalloy material occurs [11].
Light rays entering the objective outside the cross of extinction, 'leak' a background
light into the image. The leakage increases for ray bundles have increased dispersion in
their angle of incidence. So, in order to diminish leakage and consequent distortion in
the image contrast that can result from such dispersion, the size of the light source for
Kerr microscopy must be small and/or apertured down.  A 3.1 µm single-mode fiber is
insufficient for wide-field imaging; its damage threshold (80 mW) is too low to permit
the intensities needed  Also, the more pointed the source, the more coherent is the
illumination [4, 12]. As summarized in Section 1,  a good compromise is a multimode
fiber with 200µ diameter. 
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3.3 PROBLEMS TO OVERCOME

In addition to background due to leakage outside the extinction cross, other sources
include leakage due to imperfect polars with non-zero extinction ratios, phase changes
due to strained microscope optics, and reflections within the microscope. It is helpful if
a high quality polarizing microscope is available. Up to now, developing Kerr contrast
in weak phase objects like permalloy, has usually relied on the indirect process of
producing a difference image calculated between a reference image and an image of the
magnetization state under investigation. If the reference image is smooth, the
subtraction removes nonmagnetic background always present in the ‘raw’ image. A
difficulty occurs however, when the sample has sharp edges physically, or is made of a
magnetically 'hard' material. Extraordinarily large fields may be necessary then to
overcome demagnetizing effects or large coercive fields in order to produce a smooth
(saturated) reference state. 

To overcome system noise including arc source instability, electronic noise, etc., each
image stored in a digital memory for subsequent subtraction, is usually formed using
multiple-frame accumulation. Another reference state sometimes used, is one
representing time-averaged <M> = 0 everywhere. Such a state may be generated by
applying suitable AC fields and time-averaging with multiply-accumulated video
frames. The variable AC fields randomly modulate or ‘stir’ the magnetization
distribution; the video multi-frame accumulation process averages all states to zero, but
only if the states being developed are sufficiently  chaotic.  Sometimes, a smaller
(differential) change in magnetic state is of interest. This can be imaged with frame
subtraction applied while a small, quasi-steady applied field is slightly changed. All
three of these earlier methods are, however, incapable of separating polar and
longitudinal Kerr contrast when oblique illumination is used. They can however, be
used to image in real time at video rate [13], or to image pseudodynamically (at higher
than video rate) changes in magnetic states resulting from high frequency- or pulsed
magnetic fields [14].

3.4 DEVELOPING THE NATURAL FUNDAMENTAL MAGNETIC STATE

It is more fundamental and often more useful, to obtain images without modulating the
magnetic state. The background can be removed with image subtraction if the images of
the same state are made negatives of each other. This approach was used very early,
historically; when positive and negative photographic film were exposed and
superimposed [15] to remove background. Subtracting video images electronically, also
doubles contrast while removing background. The expression (1) for Kerr-effects  
shows the image contrast inverts to a negative of itself if the sign of one of the
parameters of the optical setup is reversed. Then repeating the sequence of video
detection, A/D conversion, and subtraction of negative image pairs, should render a
suitable M-sensitive image. Sign reversal for any one of the following parameters will
invert the Kerr component of contrast: reversal of angle-of-incidence, θθθθ0 , with respect
to the surface normal; reversal of the incident light polarization,ΨΨΨΨp , with respect to ΨΨΨΨp=
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0 being parallel to the optical POI; and reversal of the analyzer angle, ααααs , with respect
to ααααs = 0  being perpendicular to the optical POI . 

Although difference images developed by reversing sign of one of these angles, can
enhance contrast and remove background, practical limitations of the microscope are an
issue.  One is the limitation of the sheet polarizers in the microscope. Results of various
investigator's measurements on polymer sheet polarizers has been summarized in [16].
Variations across sheet polarizers of the output polarization axis, called 'axis wander',
range from 10 - 50 millidegrees. This type of distortion can appear in subtracted inverse
images based on reversing polarizer offset angles, ΨΨΨΨp or ααααs. Their magnitude is equal or
much larger than permalloy's saturation rotation of order 10 millidegrees. Indeed,
attempts to reverse offset angles with rotating an analyzer or polarizer, have rarely been
reported successful, particularly when imaging with high magnification optics. In the
early 1960s however, some success was made when low- magnification telescope optics
were used to image millimeter-size permalloy elements. 

4. Solution

4.1 GENERALIZED METHOD AND EARLY APPROACHES

Our method to reverse Kerr contrast in-plane, is to reverse the incidence angle of
illumination, ϑϑϑϑ0 (equivalent to changing the direction of light rays, or to interchanging
rays of illumination and observation). Our unreported early attempts to move the Hg-arc
source for this purpose, were thwarted possibly because of the large size and assymetry
in its intensity distribution, and to imprecise motion control. Errors in arc displacement
are amplified also, by steep increases in ‘leakage’ with distance from the extinction
cross, and sometimes by the loss of 4-fold symmetry in the ‘cross’ when the object
surface is not entirely orthogonal to the optic axis. To rely on source movement for
reversing sign of ϑϑϑϑ0 , the source and its movement must have very special properties:
before and after displacement, it must have equivalent symmetric light distributions and
its displacement must be to opposite symmetric locations on opposite arms of the
extinction cross.

4.2 QUADRATE SOURCE. 

Two methods are at our disposal to satisfy equivalent, symmetric illuminations from
opposite oblique angles of incidence. One method translates the image of the source by
means of optical refraction; another displays multiple images of the source by means of
optical diffraction. A refraction method to produce the quadrate is illustrated in Fig. 7,
while the diffraction method is illustrated in Fig. 8. For each method, we modify our
laser-illuminated /fiber method of forming a spot source [9] in a manner that provides a
‘quadrate’ source having equal intensity distributions (speckle- free) at each of its four
lobes, and we provide a set of apertures (Fig. 9) to isolate specific lobes. The lobes are
aligned, once during initial setup, to be coincident with the microscope’s "cross of
extinction". Once set up, the quadrate source can be used many times for generalized
imaging of three M-vector components, as explained below.

9



Fig. 7. Four positions
of a rotating glass

disk wedge (GDW) and the corresponding positions of source spots of illumination in the objective RFP.
Bright spots which are images of the output face of the laser illuminated fiber, are refracted off axis by the
GDW. Rotating the GDW circulates the source as indicated to the right and evidenced in the time-averaged

trace shown in Fig. 10.  Symmetry, stability and repeatability of a dithered spot source or apertured ring
source, avoids image distortion and errors in image subtraction. 

Fig. 8. Illustration of an alternative ‘quadrate’ source: multiple images transformed 
from a bright fiber output face by a holographic grating.
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Fig. 9. Microscope aperture slider (a) modified to produce ‘quadrate illumination’, replaces original slider
having adjustable iris. The single-hole apertures, a-d, in (b) produce oblique illumination giving longitudinal
(in-plane) plus polar (perpendicular) Kerr sensitivity plus background. Symmetric double-hole, a, and 4-hole,

e, apertures produce polar Kerr contrast plus background.

4.3 METHODS TO PRODUCE 'QUADRATE' SOURCE

Method 1 produces a ‘ring shaped’ source instead of a "spot" focused in the objective
RFP. The ring source combined with four apertures provides the quadrate. The
apertures are selected as necessary to produce different Kerr sensitivities depending on
polarization and angle of incidence.  Figure 10 shows a ‘ring' obtained experimentally
as a time-averaged conoscopic view detected with video. The shape of a ring was
produced by passing the collected beam of fiber-output light through the outer region 

Fig. 10. Photograph of ‘ring’ source (in conoscopic view) due to time-averaged motion transformed from the 
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of spot image in the RFP by method of Fig. 7. Dashed lines illustrate quadrate aperture locations as in Fig. 9.

of a rotating glass wedged disk, as illustrated in Fig. 2. In order to produce the 'ring'
instead of the 'spot' of Fig. 3c, another wedge having a larger wedge angle, is inserted.
An increased wedge angle causes increased displacement in the RFP.  When  the wedge
is not rotating, beam diffraction produces one spot on the ring. Wedge rotation faster
than video rate, makes the spot rotate and the ring appear steady. (Simply using stepped
motions of the wedge, A to B to C to D, etc., is also useful. However, 'speckle'  may
increase unless some means such as another rotating wedge dithers the spot image over
a few fiber mode spacings.)

Apertures exposing the 4-fold lobes, make the ring source a ‘quadrate’ source. The
dashed lines in Fig. 10 indicate aperture size and location on the ring. Each open
aperture provides oblique wide-field illumination on the magnetic object. Combinations
of two apertures symmetric about the center, produce symmetric illumination at normal
incidence (on average) to the sample in the object plane. Switching among apertures is
simplified by the use of a modified microscope slider.  We start with the slider
containing the adjustable iris used for normal control of conventional illumination, and
machine bottoming holes (Fig. 7a) to receive the apertures as required for the different
Kerr sensitivities. Figure 7b illustrates hole positions and alignment stops. Apertures in
the form of cups having apertures at the bottom of types shown in Fig. 9(a-d), are
machined precisely to have equivalent shape and size. Optically, the apertures are
imaged in an intermediate focal plane that is conjugate to the rear focal plane of the
objective (not shown in Fig. 1). Pre-alignment capability allows superimposing aperture
images onto the illumination ‘ring’. Aperture selection is made by translation among the
small steel balls imbedded as stops on the slider’s bottom edge. In this design for
example, switching among apertures in Fig. 10, say “a” at 9 o’clock to “c” at 3 o’clock,
effectively reverses the sign of the angle of illumination ϑϑϑϑ0  without changing the
intensity distribution. Subtracting images for the aperture pair “a”-"c” develops X-axis
longitudinal-Kerr (only) sensitivity, and the pair “b”-”d” develops the Y-sensitivity.  

In Method 2, a non-rotating holographic diffraction grating is inserted. The optical
diffraction plates were created with holographic methods of computerized design
supplied by MEMS, Inc. They may have many forms. One form produces light
diffraction in circular patterns, another along a line, another along two lines orthogonal
to each other. Ours was the later, chosen to produce three displaced images (1st, 2nd,
and 3rd-order diffracted images) of the fiber face into the four lobes within the objective
pupil.  A diffracted pattern appears in conoscopic view at the objective’s rear focal
plane, as illustrated in Fig. 8. Pattern formation onto orthogonal lines produces the
desired 'quadrate'. Illumination from aperture-selected spots, or a combination of rows
of spots as needed, produces the desired longitudinal Kerr-sensitive axes. In order to
develop polar Kerr contrast with signal strengths that are calibrated with respect to
in-plane components, the polar signals first have to be obtained using a symmetric
aperture pair (cup "e") or two symmetric pairs (as in cup "f") shown in Fig. 9. These
polar signals must then be normalized according to the increased source areas and
corrected for their fall-off with angle of incidence proportional to cos ϑϑϑϑ0. The polar
mode must however, develop a pair of negative images without changing the magnetic
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state of the sample. Only then, with image subtraction, is it possible to map the sample's
Mz-components without changing the sample's magnetic state.. 

4.4 QUADRATE ILLUMINATION AND COMPONENT MAPPING

Combining the quadrate method with a method to be defined for producing polar-Kerr
contrast devoid of background, produces difference images devoid of background and
lead to a capability for mapping each of the three magnetization components. The
method is not limited to magnetically 'soft' materials. Previous methods were capable of
mapping Mz , or Mx and/or My , but not all three together. They were also limited largely
to magnetically ‘soft’ materials. Our new method removes background reflections
unrelated to the magnetization and enhances (by at least twice) the ordinary Kerr
contrast. Image contrast having Kerr sensitivity to Min-plane  and Mperpendicular  are produced
by suitable aperture selections and image subtraction. This is done directly (without
modulating the sample). Hence, images can be computed and colorized to well
represent M-vector orientations and their time evolution. 

5.5 ANALYSIS FOR APERTURE SELECTIONS. 

As in previous methods, orthogonal X and Y components in-plane are determined
separately, one from images taken with the POI aligned parallel to one axis of the
microscope, and the other from images formed when the POI is aligned orthogonal to
this axis. Alignment of the POI with the microscope’s bi-axes is necessary. The bi-axes
are defined by orientation of a beam splitter which provides for epi-illumination, a
condition in which light illuminates reflecting samples with rays directed though the
objective lens. Our method for rotating the POI is much simpler and less cumbersome
than displacing an arc-source. However, opening the apertures one-at-time, mixes polar
Kerr contrast with the longitudinal Kerr contrast. In the next section, we show how
image algebraics can be used to separate 'polar' and 'longitudinal' sensitivity.

5.5.1 Pure in-plane sensitivity.
We use s-polarized illumination (ΨΨΨΨp=90o ) - in order to avoid any residual transverse
Kerr contrast - and write down contributions from longitudinal and polar Kerr signals
for apertures 'A' and 'C' (referring to labels in Fig. 10) . The longitudinal Kerr contrast
intensities from opposing apertures, A and C, are taken to be negatives of each other.
We assume background distributions I b from all apertures A-D are the same, as are also
the polar Kerr contributions. Therefore, image intensities from A and C are - 
I(A) = Ilongitudinal(A) + Ipolar(A) +  Ib                                                                     (2) 

I(C) = Ilongitudinal(C) + Ipolar(C) + Ib

       = - Ilongitudinal(A) + Ipolar(A) + Ib                                                                    (3)             

Adding and subtracting images (2) and (3), gives:

I(A) + I(C) =  2 Ipolar(A) + Ib                        (4)             

I(A) -  I(C) = 2 Ilongitudinal (A)        (5)

13



The combination (5) generates pure in-plane magnetization-sensitive contrast parallel to
A-C (along the x-direction, in the sample).

Similarly, in order to provide pure in-plane sensitivity in the B-D direction (along y),  A
and C apertures are blocked, and image subtraction applied using apertures B and D.
The result similar in form to (5), is -

I(B) - I(D)  =  2 I longitudinal(B)        (6)

This method is the first we are aware of to remove polar sensitivity from wide-field
illumination, and it does not require modulating or saturating sample magnetization, as
was necessary with our previous methods [4, 17]

5.5.2 Calibrating the polar Kerr contrast.
To obtain polar Kerr sensitivity to Mz (Z-axis sensitivity) and its calibration relative to
longitudinal signals above, it is necessary to use apertures with the same shape and area
as above, and maintain the same angle of illumination obtained as above. However, the
aperture pair for polar sensitivity must have symmetry about the optic axis in order to
avoid in-plane Kerr sensitivity. The two lobes (or four) must lie symmetrically opposite
the center. The net effect is then to produce pure Z-sensitivity via the polar Kerr-effect.
Aperture cup 'e' (or 'f') of Fig. 9 with 2 (or 4) such holes is selected. The approach for
subtracting background must be changed however, as can be seen theoretically by
evaluating intensity differences among domains having + and - polar components (up
and down domains). From squaring the light field amplitudes in (1) and incorporating a
nonmagnetic background intensity, Ib , the total intensity becomes 
                  I2 - I1 + Ib = 2 sin (2 ααααs) AK AN + Ib.                                                  (7)
In order to subtract out Ib, two images can be formed in memory and subtracted, one
each for opposite signs of offset angle, ααααs. Rotating a sheet analyzer to reverse ααααs , is not
helpful due to the ranges of defect variations discussed above. Contrast inversion is
possible however, by inserting a Faraday rotation modulator [FR] in the optical path to
reverse the sign of an 'effective' ααααs produced with a FR while microscope polars are
crossed. FR properties required are: (1), that it is controllable with an external field,
sufficiently so as to change polarization of reflected or incident light by exactly equal
but opposite amounts;  (2), that the FR magnetic field be prevented from straying to the
region of the object, disturbing its magnetic state, and (3) that insertion of a FR device
into the microscope not alter its imaging properties. 

To satisfy requirement #2 the FR element must (a) be located far from the sample
object, (b) or be magnetically shielded from the object, or else (c) the FR must be
efficient so that minimal field is necessary to produce the FR rotation.  
To satisfy requirement #1 the FR response to an applied field must be linear and not
hysteretic. Thus, the FR material ought to be diamagnetic or paramagnetic. However,
such materials typically have very small Verdet constants (ratio of Faraday rotation per
unit thickness divided by strength of applied field). In order to provide large FR
efficiency and satisfy requirement #3, the FR material must be very thick. Adding a
thick optical element into a microscope however, will alter its imaging capability. We
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use a lens existing within the microscope itself [17, 18]; its glass is diamagnetic.
Because the objective protrudes from the microscope, it can be enclosed with a current
carrying coil as sketched in Fig. 11. The better objectives tend to contain thicker optics,
so they tend to produce larger Faraday rotations and thus satisfy requirement 2(c) better.

Fig. 11. Faraday rotation
method (adapted from

[16]) to change sign of  
αs  and produce negative
image pairs by reversing
current in the coil when
microscope polarizers

are crossed. Subtracting
the two images

eliminates background and enhances the pure polar Kerr contrast occurring when apertures e or f in Fig. 9b
are applied. The coil field works when the microscope polarizers are crossed and offsets the polarization

(from extinction) by producing pure Faraday-effect rotation of light inside objective's glass.

6. Results

Images produced with pure polar Kerr contrast by the FR-reversal method, had been
made earlier. [17].  Figure 12 shows stark black and white (background-subtracted)

Fig. 12. Pure polar
Kerr-effect contrast in
a magneto-optic media film (method of Fig. 11 adapted from [17])
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contrast and delineates magnetic domains in a material having perpendicular anisotropy,
a material useful as medium for magneto-optic memories. This image of up and down
domains was obtained earlier [17]  by accumulating and then subtracting two images,
one each for opposite currents in the lens coil of Fig. 11. Image scale is indicated by a
2.5 µm separation between centers of the circular domains. These were thermally
nucleated on a line using a pulsed infrared laser.  

Figure 13a is high resolution example of pure polar Kerr contrast taken at the pole tips
of a MR recording head recently shipped in a server class drive. Dimensions

Fig. 13. Pure polar
Kerr-effect contrast (a) of pole tips in a MR recording head recently shipped in a server-class drive. Line scan

(b) is averaged over 1/3rd of tip width The illumination passed through aperture set "d" in Fig. 9b and also
through 10 nm of gold covering the surface. The image shown was obtained subtracting two images as
negatives of each other (see text).  Dimensions of long tip: 0.9 µm x 2.5 µm long. The gap is 0.25 µm. 

(measured with an SEM) are 0.9 µm  P2 tip width, 2.6 µm P2 length, and the gap
separating P2 and  P1 is 0.25 µm. This colorized mapping and the line scan Fig. 13b,
show the distribution of the perpendicular component of magnetization in the poles. The
two figures scale together horizontally. A DC current amplitude sufficient to write bits
in a high density medium was applied and reversed and images correspondingly
subtracted. Note that this type of object is one of rare instances when both an internal
current-reversal method and the Faraday-rotator method can be used to form the image.
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This equivalence will not occur however, when lower currents are applied as will be
required in order to investigate fundamentally the processes of M-rotation from in-plane
to out-of-plane orientations. 

Even though a current being applied (amplitude sufficient to 'write' a bit) forces most of
the magnetization to lie perpendicular to tip surfaces, residual in-plane components may
yet be present. This is indeed the case as shown with high sensitivity in Fig.14 where
two orthogonal components {Y in (a) and X in (b)} of pure in-plane Kerr sensitive
responses are obtained in the same recording head and for the same applied saturating
current.

Fig. 14. Pure in-plane magnetic sensitivity (a) perpendicular- and (b) parallel to tip axis with saturating
current applied to head of Fig. 13.  (a) is difference of inverse contrast image pair formed  when apertures "c"
and "d"  of Fig. 9 were applied to the quadrate source of Fig. 8. In (b), apertures "a" and "b" were applied.

These results reveal several underlying aspects: (1) an indication that the P2 (long) tip is
constructed of two different magnetic layers, one likely containing a high magnetic
moment alloy next to the gap and a moderate magnetic moment layer such as permalloy,
at the region in P2 far left of the gap; (2) a specific location for the connection (at 8.5
µm) of the two long magnetic pole tip layers used for shielding a magnetoresistive
sensor. (The sensor is suboptical in thickness and therefore not visible.) Note the drop
in polar Kerr contrast at the borders, also the valley in Kerr contrast at the middle of P2
in line scan (b). This behavior is believed to be due to the magnetic moment difference
of the two different alloys. 

7. Summary.

We have described a unique method to significantly improve the type of well-known
and convenient Kerr microscopy which utilizes wide-field illumination, video detection,
and digital image processing. The method enables decomposing the various Kerr
contrasts to map all three magnetization components in a magnetic surface. It is
necessary to collect five images; but six is more practical (two for each component).
Calibration for relative component strengths is made possible by illumination from a
unique ‘quadrate’ source having four lobes with equivalent intensity distributions.
Transformation from the 'spot source' imaged in the rear focal plane of the objective,
into the ‘quadrate source' , is accomplished using either a diffracting or refracting
element. During a setup procedure, the four lobes of the quadrate are aligned with the
polarizing microscope's 4-fold cross of extinction. Image contrast sensitive only to Mx,
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My, or Mz, is produced by subtracting Kerr-contrast images obtained using illumination
from a specific pair of quadrate lobes.  In-plane, Mx-sensitive contrast (devoid of
polar-Kerr and background signals) is produced by blocking Y-axis lobes and
subtracting images (negatives of each other) produced when each of the X-axis pair of
lobes are exposed. Pure in-plane, My-sensitive contrast results similarly, from an image
subtraction when each of two Y-lobes are exposed. Mz-sensitivity (devoid of in-plane
sensitivity) obtains when both lobes in one or both arms of the quadrate are exposed.
Background signals still present, are removable by subtracting images  - negatives of
each other - produced starting with crossed microscope polarizers. The polar-Kerr
contrast (and its reversal), are possible with a polarization-offset induced by applying
(and reversing) an axial field to the objective lens. The field is conveniently supplied by
a coil surrounding the objective lens. Reversing the field reverses the offset and inverts
the polar Kerr contrast without altering background. A refraction method based on a
rotating glass wedge, can produce stationary images. Separating polar sensitivity from
oblique incidence Kerr contrast is exemplified in two pure in-plane sensitive images of
pole tips in a recording head. The in-plane response is present even when a current
applied to the integrated coil, nearly saturates the tip magnetization and producing
mostly polar Kerr contrast. 
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