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(57) ABSTRACT

In a coercive force distribution analysis device, a magnetic
field is applied in substantially vertical direction to a sample
having a magnetic thin film capable of recording vertical
magnetism. A magnetic flux detection signal is generated in
accordance with the leaking magnetic flux generated from a
magnetic domain of the sample surface while the sample is
horizontally moved. A first and a second external magnetic
field corresponding to a first and a second threshold value
selected from hysteresis characteristic corresponding to the
sample average magnetization are applied to the sample so as
to generate image data on a first and a second magnetic
domain. The first and the second image data are subjected to
digitization processing by the first and the second threshold
value and the difference between them is generated as a first
coercive force distribution pattern.
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METHOD AND DEVICE FOR ANALYZING
DISTRIBUTION OF COERCIVE FORCE IN
VERTICAL MAGNETIC RECORDING
MEDIUM USING MAGNETIC FORCE
MICROSCOPE

TECHNICAL FIELD

[0001] The present invention relates to methods for analyz-
ing the distribution of coercive forces in a perpendicular
magnetic recording medium utilizing a magnetic-force
microscope, and analyzing apparatuses for the methods, and
in particular, to analyzing methods of analyzing image out-
puts from the magnetic-force microscope to display an image
of distribution of coercive forces in the perpendicular mag-
netic recording medium, and analyzing apparatuses for the
methods.

BACKGROUND ART

[0002] Conventionally known apparatuses that observe
magnetic domains and display their images include mag-
netic-field observing apparatuses utilizing a magnetic Kerr
effect, scanning electron microscopes (spin polarized SEM),
and transmission electron microscopes. However, these appa-
ratuses can simply display images of magnetic domains but
are not adapted to also display an image of distribution of
coercive forces in magnetic domains.

[0003] The magnetic-field observing apparatus utilizing
the Kerr effect measures coercive forces utilizing the fact that
allowing a linearly polarized light beam to impinge on a
magnetized recording medium rotates a plane of polarization
of' the light beam depending on a magnetic field. However, it
is difficult for the magnetic-field observing apparatus utiliz-
ing the Kerr effect to condense the light beam until its beam
spot size becomes of the order of nanometers. Thus, this
observing apparatus does not enable magnetic domains to be
observed at a nano-scale resolution. This prevents the nano-
scale distribution of coercive forces from being determined.
[0004] Further, for the observation of magnetic fields, the
electron microscope offers as high a resolution as that offered
by the magnetic-force microscope. However, the electron
microscope basically does not enable measurements in mag-
netic fields. Accordingly, to determine the distribution of
coercive forces, it is necessary to take out a sample for each
applied magnetic field to magnetize the sample and insert the
sample into a measuring instrument again for measurements.
This disadvantageously makes it impossible to measure the
sample while directly viewing flux reversal at the same posi-
tion of the sample to determine the nano-scale distribution of
coercive forces.

[0005] The magnetic-force microscope (MFM)is known to
detect the distribution of magnetism on the surface of the
sample and display an image of the distribution as disclosed
in, for example, J. Appl. Phys. 70(4), 15 Aug. 1991, P2413-
2422, H. W. van Kesteren or Jpn. Pat. Appln. KOKAI Publi-
cation No. 2003-344258. The magnetic-force microscope
enables magnetic domain structures to be observed on anano-
scale. The magnetic-force microscope (MFM) is known as an
apparatus having a magnetic probe at a tip of a cantilever and
which utilizes the fact that the magnetic probe is slightly
displaced according to the distribution of the magnetism on
the sample surface to display an image of the slight displace-
mentto provide an image corresponding to magnetic domains
on the sample surface.
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[0006] Inthe field of magnetic recording, very high density
recording at 400 Gbit/inch” is generally strongly desired to be
achieved within the next 10 years. As a recording scheme for
achieving such recording, perpendicular magnetic recording
has been energetically studied. Implementation of perpen-
dicular magnetic recording requires a perpendicular magnetic
recording medium to be developed which has an easy axis of
magnetization in a direction perpendicular to a surface of a
recording medium. Further, for implementation of very high
density recoding, a reduction in noise in the recording
medium is important.

[0007] To eliminate the cause of the medium noise, the
magnetic domain structure in the medium needs to be pre-
cisely controlled. Accordingly, it is essential to clarify the
nano-scale distribution of coercive forces in the medium.
[0008] The resolution of the magnetic-force microscope
(MFM) has already reached a value of 20 nm or less. Further,
the magnetic-force microscope can be used to produce and
observe samples more easily than the above other techniques
for observing magnetic domains. The magnetic-force micro-
scope is thus suitable not only for basic researches but also for
developments and researches that require a large number of
test samples to be statistically processed. The magnetic-force
microscope is actually used for a wide range of material
developments including evaluations of magnetic recording
media and recording heads, observations of magnetic
domains on nano-scale thin films, and observations of mag-
netic vortices in superconductive materials. However, most of
the researches using the conventional magnetic-force micro-
scope are limited to observations of magnetic domain struc-
tures. In particular, observations of magnetic domains in
magnetic fields are limited to relatively low magnetic fields of
at most several kOe.

[0009] The magnetic-force microscope (MFM) is a prefer-
able apparatus for displaying an image of the magnetic
domain structure of such a perpendicular magnetic recording
medium (magnetic thin film). However, the magnetic-force
microscope only displays an image of intensities of magnetic
fields in magnetic domains. No considerations are given for
the additional display of nano-scale distribution of coercive
forces. If the nano-scale distribution of coercive forces in the
magnetic domain structure can also be displayed, it is
expected to be possible to precisely control the magnetic
domain structure in the perpendicular magnetic recording
medium. This is expected to allow perpendicular recording
media with reduced noise to be successfully developed.
[0010] Further, to examine a magnetic reversal process that
is a process of writing information to a pattern medium, it is
desirable to continuously or stroboscopically observe a varia-
tion in the magnetic domain structure at the same position of
a sample to which a large magnetic field of several kOe is
applied.

DISCLOSURE OF INVENTION

[0011] An object of the present invention is to provide a
method for analyzing the distribution of coercive forces in a
perpendicular magnetic recording medium utilizing a mag-
netic-force microscope that can display an image of nano-
scale distribution of the coercive forces in the perpendicular
magnetic recording medium.

[0012] The present invention provides a coercive force dis-
tribution analyzing apparatus comprising:

[0013] amagnet device which applies a magnetic field sub-
stantially perpendicularly to a sample comprising a perpen-
dicularly magnetically recordable magnetic thin film;
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[0014] a flux sensing section which generates a flux detec-
tion signal in response to a leakage flux generated in a mag-
netic domain on a surface of the sample;

[0015] a moving mechanism which two-dimensionally
moves the sample and the flux sensing section relative to each
other to allow the flux sensing section to search the sample
surface;

[0016] a first image generating section which generates
magnetic domain image data corresponding to the distribu-
tion of magnetic fluxes on the sample surface on the basis of
the flux detection signal resulting from the relative movement
of the sample;

[0017] a setting section which holds a first threshold and a
second threshold selected from a hysteresis characteristic
corresponding to average magnetization of the sample to set
a first external magnetic field and a second external magnetic
field corresponding to the first and second thresholds, respec-
tively;

[0018] a control section which allows the image generating
section to generate first magnetic domain image data while
allowing the magnetic device to apply the first external mag-
netic field to the sample, the control section generating sec-
ond magnetic domain image data while allowing the mag-
netic device to apply the second external magnetic field to the
sample, the control section further allowing the first and sec-
ond image generating section to hold the first and second
image data; and

[0019] animage processing section which uses the first and
second thresholds to binarize the first and second image data
to convert the first and second image data into first binarized
image data and second binarized image data, the image pro-
cessing section comparing the first binarized image data with
the second binarized image data to generate a first coercive
force distribution pattern corresponding to a difference
between the first and second binarized image data.

[0020] The present invention also provides a method for
analyzing a coercive force distribution, the method compris-
ing:

[0021] selecting a first threshold and a second threshold
from a hysteresis characteristic corresponding to average
magnetization of a sample comprising a perpendicularly
magnetically recordable magnetic thin film;

[0022] applying a first external magnetic field to the sample
and detecting a leakage flux generated in a magnetic domain
onthe sample while two-dimensionally searching a surface of
the sample to allow a first flux detection signal to be gener-
ated, generating first magnetic domain image data corre-
sponding to a distribution of magnetic fluxes on the sample
surface;

[0023] applying a second external magnetic field to the
sample and detecting a leakage flux generated in the magnetic
domain on the sample while two-dimensionally searching the
sample surface to allow a second flux detection signal to be
generated, generating second magnetic domain image data
corresponding to the distribution of the magnetic fluxes on the
sample surface;

[0024] using the first and second thresholds to binarize the
first and second image data to convert the first and second
image data into first binarized image data and second bina-
rized image data, and comparing the first binarized image
data with the second binarized image data to generate a first
coercive force distribution pattern corresponding to a differ-
ence between the first and second binarized image data.

Nov. 20, 2008

BRIEF DESCRIPTION OF DRAWINGS

[0025] FIG. 1 is a block diagram schematically showing a
first embodiment of an analyzing apparatus that utilizes a
magnetic-force microscope to analyze the distribution of
coercive forces in a perpendicular magnetic recording
medium in accordance with the present invention;

[0026] FIG. 2 is a flow chart showing an analyzing method
executed by the analyzing apparatus shown in FIG. 1;
[0027] FIG. 3 is a graph showing hysteresis curves indicat-
ing average normalized magnetization utilized for the analyz-
ing apparatus shown in FIG. 1 and selected average normal-
ized magnetization;

[0028] FIG. 4 is a diagram schematically showing an
example of an MFM image obtained by the analyzing appa-
ratus shown in FIG. 1;

[0029] FIG. 5A is a diagram showing an example of a
binarized image obtained by binarizing, by means of the
selected normalized magnetization, the MFM image obtained
by the analyzing apparatus shown in FIG. 1;

[0030] FIG. 5B is a diagram showing an example of a
binarized image obtained by binarizing, by means of the
selected normalized magnetization, the MFM image obtained
by the analyzing apparatus shown in FIG. 1;

[0031] FIG. 5C is a diagram showing an example of a
binarized image obtained by binarizing, by means of the
selected normalized magnetization, the MFM image obtained
by the analyzing apparatus shown in FIG. 1;

[0032] FIG. 5D is a diagram showing an example of a
binarized image obtained by binarizing, by means of the
selected normalized magnetization, the MFM image obtained
by the analyzing apparatus shown in FIG. 1;

[0033] FIG. 6A is a diagram showing an example of distri-
bution pattern of reversed magnetic domains mapped on X-Y
coordinate axes obtained by the analyzing apparatus that
analyzes the distribution of coercive forces in a perpendicular
magnetic recording medium utilizing a magnetic microscope
in accordance with the present invention; and

[0034] FIG. 6B is a diagram showing the relationship
between coercive force and occupied area in the example of
distribution pattern of the inverted magnetic domains mapped
on the X-Y coordinate axes obtained by the analyzing appa-
ratus that analyzes the distribution of coercive forces in a
perpendicular magnetic recording medium utilizing a mag-
netic microscope in accordance with the present invention.

BEST MODE FOR CARRYING OUT THE
INVENTION

[0035] With reference to the drawings, description will be
given of a method for analyzing the distribution of coercive
forces in a perpendicular magnetic recording medium utiliz-
ing a magnetic-force microscope in accordance with the
present invention.

[0036] FIG. 1 is a block diagram showing an analyzing
apparatus that analyzes the distribution of coercive forces in a
perpendicular magnetic recording medium utilizing a mag-
netic-force microscope in accordance with the present inven-
tion.

[0037] In FIG. 1, reference numeral 100 denotes a mag-
netic-force microscope having a magnetic field applying
function. Reference numeral 2 denotes a cantilever serving as
aprobing section of the magnetic-force microscope; the can-
tilever is made of a nonmagnetic substance and has a probe
2A at its free end. The cantilever 2 is vibratorily supported by
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apiezo element 4, and the probe 2A at the tip of the cantilever
is placed on a sample 6. In a magnetic domain observing
mode in which the distribution of coercive forces is analyzed,
the probe 2A needs to be subjected to an acting force accord-
ing to the magnetism of a magnetic domain. The probe 2A is
thus made of a ferromagnetic material. In a morphology
observing mode in which the surface morphology of the
sample 6, that is, recesses and protrusions on the surface, is
analyzed, the probe 2A needs to be an acting force other than
the magnetism which acts between the sample 6 and the probe
2A, for example, an atomic force. The probe 2A is thus a
metal piece or the like which is made of a nonmagnetic
material. Consequently, the cantilever 2 is removable from
the piezo element 4 or from the apparatus together with the
piezo element 4. The cantilever 2 can be replaced with one
compatible with the observing mode.

[0038] The sample 6 comprises a perpendicularly magneti-
cally recordable ferromagnetic thin film, for example,
CoCrPt—SiO formed on a film-like substrate. The sample 6
is supported on an X-Y stage 8 that slightly moves the sample
6 in an X-Y plane. In terms of magnetic domains, the surface
of'the sample 6 is normally shaped to have granular recesses
and protrusions. To prevent the recesses and protrusions from
affecting the analysis of distribution of coercive forces, the
surface morphology is preferably observed so that the sample
6 is controlled in a Z direction on the basis of the morphology
as described below.

[0039] The X-Y stage 8 is supported on a Z stage 10 that
slightly moves the sample 6 in the Z direction. Controlling the
Z stage 10 enables a first distance to be maintained between
the sample 6 and the probe 2A; the first distance is suitable for
the morphology observing mode, in which the surface mor-
phology of the sample 6 is observed. Controlling the Z stage
10 also enables a second distance to be maintained between
the sample 6 and the probe 2A; the second distance is suitable
for the magnetic domain observing mode, in which the mag-
netic domains of the sample 6 are observed. Normally, the
first distance, set in the morphology observing mode, is suf-
ficiently shorter than the second distance, set in the magnetic
domain observing mode. Further, the morphology observing
mode utilizes the acting force acting between the sample 6
and the probe 2A. This places the probe 2A sufficiently close
to the sample 6. In the magnetic domain observing mode,
magnetic forces from magnetic domains act further than the
acting force (for example, an atomic force) between the
sample 6 and the probe 2A. The probe 2A is thus located
relatively away from the surface of the sample 6. Further, in
the magnetic domain observing mode, controlling the Z stage
10 on the basis of morphology of the surface of the sample 6
enables a substantially fixed distance between the surface of
the sample 6 and the probe 2A. Moreover, the magnetic force
can be measured with the acting force between the surface of
the sample 6 and the probe 2A substantially neglected. The
sufficiently flat (in terms of several tens of nanometers) sur-
face of the sample 6 eliminates the need to perform control
such that in the magnetic domain observing mode, the Z stage
10 maintains a sufficiently fixed distance between the surface
of the sample 6 and the probe 2A.

[0040] The piezo element 4 is connected to a piezo element
driver 34 and driven in accordance with high-frequency alter-
nating signals supplied by the piezo element driver 34. The
magnetic probe 2A atthe tip of the piezo element 4 is vibrated
up and down on the surface of the sample 6. Further, the X-Y
stage 8 and Z stage 10 are connected to a stage control section

Nov. 20, 2008

36 that drives the Z stage 10 to control the distance between
the sample 6 and the magnetic probe 2A to a predetermined
distance. Furthermore, the X-Y stage 8 is slightly moved in
the X-Y plane by the stage control section 36. Consequently,
the sample 6 has its surface scanned by the probe 2A with the
fixed distance maintained between the surface of the sample
6 and the probe 2A.

[0041] A space in which the sample 6 and cantilever 2 are
arranged is kept substantially in a vacuum by an evacuation
mechanism (not shown). Further, to eliminate positional
drifts during observations, the magnet and its peripheries are
cooled by a cooling device and kept at a fixed temperature.
That is, the sample 6 and cantilever 2 are kept in an atmo-
sphere at the fixed temperature so as not to thermally vary
their own characteristics. Accordingly, the sample 6 is kept in
athermally fixed state during measurements. The above appa-
ratus offers a maximum magnetic field intensity of, for
example, +6 kOe during observations. Further, to prevent a
measuring system from being affected by magnetic fields, a
sample holder and the probe are fixed to a magnetic-force
microscope (MFM) apparatus system composed of a non-
magnetic material.

[0042] A firstball piece 12 is placed above and opposite the
sample 6. A second ball piece 14 is placed below and opposite
the sample 6. A measuring perpendicular magnetic field (ex-
ternal magnetic field) is generated between the first and sec-
ond ball pieces 12 and 14 to enable the sample 6 to be
magnetized or demagnetized.

[0043] The magnetic probe 2A is similarly demagnetized
or magnetized by the measuring perpendicular magnetic
field. Accordingly, the magnetic probe 2A is provided with a
coercive force in response to the measuring perpendicular
magnetic field. Provided that the measuring perpendicular
magnetic field is kept fixed, the magnetic probe is not affected
by the measuring perpendicular magnetic field but is sub-
jected to magnetic repulsion or attraction caused only by
leakage magnetic fields from the magnetic domains of the
sample 6.

[0044] The first and second ball pieces 12, 14 are magneti-
cally coupled together by a magnetic yoke 16. Electromag-
nets 18, 20 are provided around the peripheries of the first and
second ball pieces 12, 14, respectively. The electromagnets
18, 20 are connected to a current source 22 and excited by a
current from the current source 22. The excitation generates a
measuring perpendicular magnetic field with a predetermined
magnetic field intensity between the first and second ball
pieces 12, 14 as described below.

[0045] Displacement of tip of the cantilever 2 is detected in
accordance with what is called an optical cantilever scheme.
The back surface at the tip of the cantilever 2 is formed into a
mirror surface in order to measure the movement of tip of the
cantilever 2. The microscope is also provided with a laser 24
that emits laser beams toward the mirror surface and an opti-
cal sensor 26 that detects laser beams reflected by the mirror
surface of the cantilever 2. The laser 24 is driven by a laser
driver 28 to emit laser beams of a given intensity toward the
tip of the cantilever 2. Further, detection signals from the
optical sensor 26 are output to a detection signal processing
section 30. In the morphology measuring mode, in which the
surface morphology of the sample 6 is measured, the detec-
tion signal processing section 30 outputs, to a surface mor-
phology analyzing section 38, a surface morphology signal
having an output level corresponding to recesses and protru-
sions on the surface of the sample 6. In the magnetic domain
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observing mode, in which the magnetic domain intensity is
detected, the detection signal processing section 30 outputs a
magnetic density detection signal corresponding to a leakage
flux from a magnetic domain, to a magnetic domain image
processing and generating section 32.

[0046] The detection signal processing section 30 is sup-
plied with a piezo element driving signal from the piezo
element driver 34. The detection signal processing section 30
then compares the driving signal with an output signal from
the optical sensor 26 to extract a surface morphology signal
and a magnetic intensity detection signal.

[0047] Inthe morphology measuring mode, if the sample 6
is perfectly flat, a fixed force acts between the sample 6 and
the probe 2A. The noiseless output signal from the optical
sensor 26 has a signal waveform substantially similar to that
of'the piezo element driving signal. Thus, a surface morphol-
ogy signal corresponding to flatness is generated. In contrast,
in the morphology measuring mode, if the sample 6 has
recesses and protrusions, the acting force between the sample
6 and the probe 2A varies to make the waveform of the
noiseless output signal from the optical sensor 26 different
from that of the piezo element driving signal. Removing the
signal waveform corresponding to the piezo element driving
signal from the output signal from the optical sensor 26
results in a surface morphology signal corresponding to
recesses and protrusions on the sample 6. That is, a compara-
tor or an adder (not shown) provided in the detection signal
processing section 30 compares the output signal from the
optical sensor 26 with the piezo element driving signal to
generate a surface morphology signal corresponding to
recesses and protrusions on the sample 6.

[0048] Further, in the magnetic domain observing mode, if
there is no leakage flux from any magnetic domain of the
sample 6 with an external perpendicular magnetic field
applied to the sample 6, neither attraction nor repulsion
occurs between the magnetic domains and the magnetic
probe 2A. Thus, as described above, the noiseless output
signal from the optical sensor 26 and the piezo element driv-
ing signal have substantially similar signal waveforms. Sub-
stantially no magnetic intensity detection signal correspond-
ing to a leakage flux is generated by any magnetic domain. In
contrast, in the magnetic domain observing mode, if there is
aleakage flux from any magnetic domain of the sample 6 with
an external perpendicular magnetic field applied to the
sample 6, an attraction or a repulsion occurs between the
magnetic domain and the magnetic probe 2A. Removing the
signal waveform corresponding to the piezo element driving
signal from the optical sensor 26 results in a magnetic inten-
sity detection signal corresponding to the leakage signal from
the magnetic domain. That is, as described above, the com-
parator or adder (not shown), provided in the detection signal
processing section 30, compares the output signal from the
optical sensor 26 with the piezo element driving signal to
generate a magnetic intensity detection signal corresponding
to the leakage signal from the magnetic domain. In a physical
sense, the action of a leakage flux on the vibrating magnetic
probe 2A shifts the mechanical resonance point between the
magnetic probe 2A and cantilever 2. The amount of the shift
varies depending on the magnitude of the leakage flux. Thus,
the signal processing section 30 detects a variation in reso-
nance point and converts it into a magnetic intensity detection
signal corresponding to the leakage flux. The signal is sup-
plied to the magnetic domain image processing and generat-
ing section 32. The external perpendicular magnetic field
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includes a zero magnetic field corresponding to the genera-
tion of no magnetic field as described below.

[0049] The surface morphology signal is supplied to the
surface morphology analyzing section 38, which uses X-Y
coordinates as a function to convert the surface morphology
signal into a signal for recesses and protrusions in a Z direc-
tion. The resulting signal is stored in a memory 40. The
surface morphology signal stored in the memory 40 is read as
the X-Y stage 8 moves in the magnetic domain observing
mode. This moves the Z stage 10 up or down. Thus, as
described above, the magnetic probe 2A searches the sample
6 along its recesses and protrusions so as to maintain a fixed
distance between the magnetic probe 2A and the sample 6.

[0050] The magnetic domain image processing and gener-
ating section 32 converts an input magnetic intensity detec-
tion signal into shade data depending on the level of the
magnetic intensity detection signal; the shade data uses X-Y
coordinates as a function. The area scanned by the magnetic
probe 2A is converted into a shading image. This image data
is stored in a frame memory 42 as a frame image for each
measuring perpendicular magnetic field. The frame image
can be displayed by a display device 48 in accordance with an
instruction from an I/O section 44, for example, a keyboard,
under the control of CPU 46. The frame image can be output
to a printer (not shown) as required.

[0051] Further, the shade data is binarized by the magnetic
domain image processing and generating section 32 on the
basis of a reference residual magnetic flux density selected as
a threshold or normalized magnetization (M/Ms). For the
binarized image data, a magnetic domain area with a residual
magnetic flux density or magnetization greater than the ref-
erence or normalized value is converted into a first color (for
example, black). A magnetic domain area with a residual
magnetic flux density or magnetization smaller than the ref-
erence or normalized value is converted into a second color
(for example, white). This binarized image data is also stored
in the frame memory 42 after processing. The binarized
image data is acquired every time the intensity of the external
perpendicular magnetic field corresponding to the reference
residual magnetic flux density or reference normalized mag-
netization is changed. The binarized image data is created
from measurement data so that the number of the binarized
image data corresponds to the preset level of intensity of the
external perpendicular magnetic field.

[0052] The magnetic domain image processing and gener-
ating section 32 extracts two frames of binarized image data
involving similar measurement conditions, from the plurality
of binarized image data prepared as described above. The
magnetic domain image processing and generating section 32
takes the difference between the two frame image data to
determine an area corresponding to the difference. The mag-
netic domain image processing and generating section 32
converts the area into a first coloring area. Similarly, the
magnetic domain image processing and generating section 32
extracts another combination of two binarized frame image
data involving similar measurement conditions, takes the dif-
ference between the two frame image data to determine an
area corresponding to the difference, and converts the area
into a second coloring area. This operation is repeated to
pattern the distribution of coercive forces in the magnetic
domains. The magnetic domain areas are differently colored
to create one image frame data indicating the coercive force
distribution. The image frame data indicating the coercive
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force distribution is stored in the frame memory 42 and dis-
played in the display section 48 as described above.

[0053] With reference to FIGS. 2 to 6B, a detailed descrip-
tion will be given of a measuring procedure and operations
performed by the analyzing apparatus that analyzes the dis-
tribution of coercive forces in a perpendicular magnetic
recording medium utilizing a magnetic-force microscope as
shown in FIG. 1.

[0054] As shown in FIG. 2, first, a perpendicular magnetic
recording medium (magnetic medium having a magnetic thin
film applied to a substrate) as a sample 6 is prepared. Then, as
shown in FIG. 2, the average magnetic characteristic (hyster-
esis characteristic) of the perpendicular magnetic recording
medium is measured using a macroscopic magnetization
measuring apparatus, for example, a vibration sample mag-
netometer or a Kerr effect surface magnetization measuring
apparatus (steps S10 and S12). Here, the average magnetic
characteristic means the average magnetic characteristic of a
magnetic substance as a set of a large number of magnetic
domains. The average magnetic characteristic is different
from that of individual magnetic domains for which the dis-
tribution of coercive forces is to be analyzed or of a very small
area corresponding to a set of a number of magnetic domains.
[0055] The average magnetic characteristic has such a hys-
teresis curve as shown in FIG. 3, for which at least three, and
in the example described below, four normalized magnetiza-
tion (M/Ms) points are specified. Magnetization images at
these points are generated as described below. FIG. 3 shows a
hysteresis curve of CoCrPt—SiO,, in which the axis of
abscissa indicates an external perpendicular applied magnetic
field (kOe), whereas the axis of ordinate indicates normalized
magnetization (M/Ms ratio). Here, the normalized magneti-
zation indicates the ratio of the magnetic flux density (M) of
a magnetic substance based on its saturation magnetic flux
density (Ms). The sample 6 prepared is pre-magnetized up to
saturation, the external perpendicular applied magnetic field
is zero, and the normalized magnetization (M/Ms ratio) is 1.
Obviously, although the normalized magnetization is mea-
sured in this case, a hysteresis curve of magnetic flux density
of coercive forces may be used instead of the hysteresis curve
of'the normalized magnetization. Alternatively, a known hys-
teresis curve may be used instead of measurements.

[0056] As shown in step S14 in FIG. 2, external perpen-
dicular applied magnetic fields at N points are selected from
the hysteresis curve. In this example, four points a, b, ¢, and d
(N=4) are selected. Point a corresponds a first external per-
pendicular applied magnetic field of zero and a normalized
magnetization (M/Ms ratio) of 1. Further, point b corresponds
to the demagnetized sample 6 with a second external perpen-
dicular applied magnetic field of —2(kOe) and a normalized
magnetization (M/Ms ratio) of substantially 0.7. Moreover,
point ¢ corresponds to the demagnetized sample 6 with a third
external perpendicular applied magnetic field of —-4(kOe) and
a normalized magnetization (M/Ms ratio) of substantially
zero. Point d corresponds to the demagnetized sample 6 with
a fourth external perpendicular applied magnetic field of
-6(kOe) and a normalized magnetization (M/Ms ratio) of
substantially —0.5. In this case, these four points are selected.
However, extraction of the difference between image patterns
described below makes it only necessary to select at least two
points. Preferably, at least three points are selected to allow
the display of an image of distribution of coercive forces in
the magnetic domains. Further, when a magnetic substance is
used as a recording medium, the external magnetic field is
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preferably selected so as to obtain a magnetic domain coer-
cive force distribution corresponding to a normalized magne-
tization (M/Ms ratio) of substantially zero.

[0057] The, as shown in step S16, the surface of the sample
6 is searched by a nonmagnetic probe 2A. The surface mor-
phology analyzing section 38 analyzes recesses and protru-
sions on the sample surface to obtain a Z coordinate using
X-Y coordinates as parameters. The Z parameter is then
stored in the memory 40 as surface morphology analysis data.
The surface morphology analysis data is sufficient to enable
the surface morphology to be displayed as an image. The
resolution of the surface morphology analysis is preferably
equivalent to that of measurements of magnetic forces in the
magnetic-force microscope. The surface morphology analy-
sis data is preferably processed by a surface morphology
image processing section (not shown) so as to enable the
corresponding image to be displayed. Images based on sur-
face morphology analysis data are known as atomic force
microscopic images (AFM images) and will thus not be
described in detail.

[0058] Then, the cantilever 2 with the nonmagnetic probe
2A is replaced with one with a magnetic probe 2A, and
measurements are started. Before the measurement, the
sample 6 is magnetized up to a normalized magnetization
(M/Ms ratio) of 1. The sample 6 magnetized up to the satu-
ration magnetic flux density is held on the X-Y stage 8. As
shown in step S18, the leakage flux densities of the surface
magnetic domains are measured using the magnetic probe 2A
with the measuring external perpendicular applied magnetic
field set to zero. The measured magnetic domain area is
updated as the X-Y stage 8 moves. Leakage magnetic fluxes
are detected one after another using X-Y coordinates indicat-
ing the magnetic domain areas as parameters. Magnetic inten-
sity detection signals using the X-Y coordinates as param-
eters are supplied to the magnetic domain image processing
and generating section 32. In this case, the Z stage 10 is
moved up or down in response to the recesses and protrusions
on the surface of the sample 6. Accordingly, components
acting on the magnetic probe 2A in association with the
recesses and protrusions on the surface of the sample 6 are
removed from the magnetic intensity detection signals.

[0059] Predetermined areas of the sample 6 are scanned by
the magnetic probe 2A to detect the leakage flux densities of
these magnetic domain areas. Then, the magnetic domain
image processing and generating section 32 converts the lev-
els of the leakage fluxes into shading image signals (MFM
image signals) that use the X-Y coordinates as parameters.
Image data (MFM image data) comprising these image sig-
nals are stored in the frame memory 42 and displayed in the
display section 48 as images (MFM images) in accordance
with an instruction from the input section 44. FIG. 4 sche-
matically shows an example of an MFM image. The level of
the leakage flux is in proportion to the retained magnetic flux
density of the magnetic domain. Accordingly, the image
shows the distribution of retained magnetic flux densities of
the magnetic domains. In FIG. 4, areas displayed in black
indicate magnetic domains with the highest magnetic flux
density. Areas displayed in white indicate magnetic domains
with the inverted magnetization, the reversed magnetic flux,
and the highest magnetic flux density in the opposite direc-
tion. The areas between the white and black display areas are
shaded. These shaded areas correspond to an intermediate
magnetic flux density. In actual images, these areas exhibit
different densities because the corresponding magnetic
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domains have different magnetic flux densities. However, for
simplification of the figure, the areas are shown with the
single density in FIG. 4.

[0060] Then, each image signal is binarized by the mag-
netic domain image processing and generating section 32. In
this case, the image signal is binarized using the normalized
magnetization shown at point (a) in FIG. 3 (M/Ms ratio=1) as
athreshold. Thatis, almost all of the shaded area corresponds
to the normalized magnetization (M/Ms ratio=1). Setting this
normalized magnetization (M/Ms ratio=1) to be a threshold
allows areas with a magnetization equal to or greater than the
threshold to be shaded or displayed in black. Accordingly,
when such an image signal as shown in FIG. 4 is binarized
using the normalized magnetization (M/Ms ratio=1) as a
threshold, the shaded and black areas in FIG. 4 are all dis-
played in black as shown in FIG. 5A. The other areas dis-
played in white in FIG. 4 are displayed in white against the
black background. Thus, in the image in FIG. 5A, the areas
displayed in black correspond to magnetic domains magne-
tized at least the normalized magnetization shown at point (a)
in FIG. 3 (M/Ms ratio=1). The areas displayed in white cor-
respond to magnetic domains magnetized at most the normal-
ized magnetization shown at point (a) in FIG. 3 (M/Ms
ratio=1). In other words, even with the average saturation
magnetic flux density, the sample 6 has areas shown in white
and comprising magnetic domains inverted down to the satu-
ration magnetic flux density or lower and areas shown in
black and comprising magnetic domains magnetized up to the
saturation magnetic flux density or greater. It should be noted
that FIGS. 4 and 5A are only schematically drawn for under-
standing and do not precisely circumscribe the areas.

[0061] As shown in step S22, since N binarized images
have not been generated yet, step 18 is executed again. That is,
an external perpendicular magnetic field (-2 kOe) is applied
to the sample 6 so as to averagely provide the sample 6 with
the normalized magnetization shown at point (b) in FIG. 3
(M/Ms ratio=0.7).

[0062] An external perpendicular magnetic field (-2 kOe)
is applied to the sample 6. Then, as described above, the
predetermined areas of the sample 6 are scanned by the mag-
netic probe 2A to detect the leakage flux densities of these
magnetic domain areas. Then, the magnetic domain image
processing and generating section 32 converts the levels of
the leakage fluxes into shading image signals (MFM image
signals) that use the X-Y coordinates as parameters. Image
data (MFM image data) comprising these image signals are
stored in the frame memory 42 and displayed in the display
section 48 as images (MFM images) in accordance with an
instruction from the input section 44 as shown in FIG. 4.
[0063] Then, each image signal is binarized by the mag-
netic domain image processing and generating section 32. In
this case, the image signal is binarized using the normalized
magnetization shown at point (b) in FIG. 3 (M/Ms ratio=0.7)
as athreshold. That is, in an image similar to the one shown in
FIG. 4, almost all of the shaded area corresponds to the
normalized magnetization (M/Ms ratio=0.7). Setting this nor-
malized magnetization (M/Ms ratio=0.7) to be a threshold
allows areas with a magnetization equal to or greater than the
threshold to be shaded or displayed in black. Accordingly,
when such an image signal as shown in FIG. 4 is binarized
using the normalized magnetization (M/Ms ratio=0.7) as a
threshold, the shaded and black areas in FIG. 4 are all dis-
played in black as shown in FIG. 5B. In the image similar to
the one shown in FIG. 4, the other areas displayed in white are
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displayed in white against the black background. Thus, in the
image in FIG. 5B, the areas displayed in black correspond to
magnetic domains magnetized at least the normalized mag-
netization shown at point (b) in FIG. 3 (M/Ms ratio —-0.7). The
areas displayed in white correspond to magnetic domains
magnetized at most the normalized magnetization shown at
point (b) in FIG. 3 (M/Ms ratio=0.7). In other words, even
with the average magnetization (M/Ms ration=0.7), the
sample 6 has areas shown in white and comprising magnetic
domains inverted down to the normalized magnetization
(M/Ms ratio=0.7) or lower and areas shown in black and
comprising magnetic domains magnetized up to the normal-
ized magnetization (M/Ms ratio=0.7) or greater.

[0064] The process is repeated until N binarized images are
generated as shown in step S22. As shown in step S18, exter-
nal perpendicular magnetic fields (-4 kOe and -5 kOe) are
applied to the sample 6 so that the sample 6 is averagely
provided with the normalized magnetizations shown at points
(c) and (d) in FIG. 3 (M/Ms ratio=0 and M/Ms ratio=0.5).

[0065] The external perpendicular magnetic fields (-4 kOe
and -5 kOe) are applied to the sample 6. Then, as described
above, the predetermined areas of the sample 6 are scanned by
the magnetic probe 2A to detect the leakage flux densities of
these magnetic domain areas. Then, the magnetic domain
image processing and generating section 32 converts the lev-
els of the leakage fluxes into shading image signals (MFM
image signals) that use the X-Y coordinates as parameters.
Image data (MFM image data) comprising these image sig-
nals are stored in the frame memory 42 and displayed in the
display section 48 as images (MFM images) in accordance
with an instruction from the input section 44 as shown in FI1G.
4

[0066] Then, each image signal is binarized by the mag-
netic domain image processing and generating section 32. In
this case, the image signal is binarized using the normalized
magnetizations shown at points (¢) and (d) in FIG. 3 (M/Ms
ratio=0 and M/Ms ratio=0.5) as thresholds. That is, in an
image similar to the one shown in FIG. 4, almost all of the
shaded area corresponds to the normalized magnetizations
(M/Ms ratio=0 and M/Ms ratio=0.5). Setting these normal-
ized magnetizations (M/Ms ratio=0 and M/Ms ratio=0.5) to
be thresholds allows areas with a magnetization equal to or
greater than the threshold to be shaded or displayed in black.
Accordingly, when such an image signal as shown in FIG. 4
is binarized using the normalized magnetizations (M/M
ratio=0 and M/Ms ratio=0.5) as thresholds, the shaded and
black areas in FIG. 4 are all displayed in black as shown in
FIG. 5D. In the image similar to the one shown in FIG. 4, the
other areas displayed in white are displayed in white against
the black background. Thus, in the images in FIGS. 5C and
5D, the areas displayed in black correspond to magnetic
domains magnetized at at least the normalized magnetiza-
tions shown at points (c¢) and (d) in FIG. 3 (M/Ms ratio=0 and
M/Ms ratio=0.5). The areas displayed in white correspond to
magnetic domains magnetized at most the normalized mag-
netizations shown at points (¢) and (d) in FIG. 3 (M/Ms
ratio=0 and M/Ms ratio=0.5). In other words, even with the
average normalized magnetizations (M/Ms ratio=0 and
M/Ms ratio=0.5), the sample 6 has areas shown in white and
comprising magnetic domains inverted down to the normal-
ized magnetizations (M/Ms ratio=0 and M/Ms ratio=0.5) or
lower and areas shown in black and comprising magnetic
domains magnetized up to the normalized magnetizations
(M/Ms ratio=0 and M/Ms ratio=0.5) or greater.
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[0067] The above process results in N (N=4) binarized
images. After the generation, the binarized image shown in
FIG. 5A is compared with the binarized image shown in FIG.
5B to generate image data corresponding to the difference
between these images. For the image corresponding to the
difference, only the distribution of data on magnetic domains
remains which domains have their retained magnetic flux
density switched in response to the switching of the normal-
ized magnetization from M/Ms=1.0 to M/Ms=0.7 as a result
of'a change in the value for the external perpendicular mag-
netic field from zero to (-2 kOe) (during application of an
inverted magnetic field). That is, for the image data on the
difference, only the distribution pattern of magnetic domains
remains which domains have their normalized magnetization
switched from M/Ms=1.0to M/Ms=0.7 as aresult of achange
in external perpendicular magnetic field. These magnetic
domains actually correspond to the magnetic domains
reversed on the basis of a certain normalized magnetization
(M/MS=1.0) and are thus called reversed magnetic domains.
The distribution pattern of the inverted magnetic domains is
mapped to the X-Y coordinate axes, and the inverted mag-
netic domain areas are displayed in a first color as shown in
FIGS. 6A and 6B. Similarly, the binarized image shown in
FIG. 5B is compared with the binarized image shown in FIG.
5C to generate image data corresponding to the difference
between these images. The distribution pattern of the inverted
magnetic domains is mapped to the X-Y coordinate axes, and
the inverted magnetic domain areas are displayed in a second
coloras shown in FIGS. 6A and 6B. In this case, for the image
corresponding to the difference, only the distribution of data
on magnetic domains remains which domains have their
retained magnetic flux density switched in response to the
switching of the normalized magnetization from M/Ms=0.7
to M/Ms=0 as a result of a change in the value for the external
perpendicular magnetic field from (-2 kOe) to (-4 kOe)
(during application of an inverted magnetic field). Further,
similarly, the binarized image shown in FIG. 5C is compared
with the binarized image shown in FIG. 5D to generate image
data corresponding to the difference between these images.
The distribution pattern of the inverted magnetic domains is
mapped to the X-Y coordinate axes, and the inverted mag-
netic domain areas are displayed in a third color as shown in
FIGS. 6A and 6B. In this case, for the image corresponding to
the difference, only the distribution of data on magnetic
domains remains which domains have their retained mag-
netic flux density switched in response to the switching of the
normalized magnetization from M/Ms=0 to M/Ms=0.5 as a
result of a change in the value for the external perpendicular
magnetic field from (-4 kOe) to (-6 kOe) (during application
of an inverted magnetic field). A similar process is repeated
for the normalized magnetizations shown at the N points. This
results in a diagram of magnetic domain distribution of
retained magnetic flux densities displayed in a plurality of
colors including but not limited to the first to third colors as
shown in FIGS. 6 A and 6B. Data on the diagram of magnetic
domain distribution of retained magnetic flux densities is
stored in the frame memory 42 and displayed in the display
section 48 or printed as required.

[0068] Inthe above process, the sample 6 is magnetized up
to the positive saturation magnetic flux density and then
demagnetized and negatively magnetized by varying the
external magnetic field from positive direction to negative
direction. Then, the magnetic domain structure resulting from
any measuring magnetic field is determined. However, as is
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apparent from this principle of measurements, it is also pos-
sible to magnetize the sample 6 up to a negative saturation
magnetic flux density and then varying the external magnetic
field from negative direction to positive direction to positively
magnetize the sample 6, with the magnetic domain structure
resulting from any measuring magnetic field determined.

[0069] Inthe above process, when the measuring magnetic
field is defined as Hn (n=1, 2, 3, .. . ), the pattern in the image
is displayed in two colors (binarized) in order to allow the
image to display the magnetic domains resulting from any
magnetic field. That is, the corresponding normalized mag-
netization (M/Ms) is set to be a threshold so that the magnetic
domain areas can be classified into those with magnetizations
higher than the normalized magnetization (M/Ms) and those
with magnetizations lower than the normalized magnetiza-
tion (M/Ms). Then, this pattern is displayed in two colors.

[0070] Here, it is assumed that the areas displayed in the
two different colors indicate upward and downward magnetic
domain areas, respectively. For example, it is assumed that
bright and dark areas indicate upward and downward mag-
netic domain areas, respectively.

[0071] When the sizes of the upward and downward mag-
netic domain areas are ST and S|, respectively, (St-S|)/
(S1+48S)) is equal to the normalized magnetization.

[0072] For image processing executed by the magnetic
domain image processing and generating section, image data
is preferably displayed in two colors so that the value (S -
SL)/(ST+S)) is equal to a value determined by macroscopic
magnetization measurements (for example, vibration sample
magnetometer or a surface magnetization measuring appara-
tus based on the Kerr effect). Binarized data is preferably
subjected to a calibrating process so as to obtain the average
normalized magnetization (M/Ms).

[0073] Further, in the above process, the difference
between magnetic domain structures resulting from different
magnetic fields Hn and Hn, , is determined. Further, the mag-
netic domain areas inverted between these magnetic fields are
determined. These areas are defined as An-n, . The areas
An-n  determined by the differentiating process are mea-
sured, and all n images are combined together into a single
image. This results in the distribution of coercive forces in the
sample.

[0074] Theapparatus shown in FIG. 1 has been described in
conjunction with the mechanism that detects leakage fluxes
using the magnetic probe 2A. However, obviously, the
present invention is not limited to the magnetic probe and a
mechanism may be adopted which uses another optical or
electric means to detect leakage fluxes. The mechanism
detecting leakage fluxes may be electric detection of distor-
tion of the probe itself, or irradiation of the sample surface
with near field light, resulting in rotation of the polarization
surface of the near field light on the sample surface owing to
the Kerr effect, with the rotation angle detected by a detection
system.

[0075] As described above, according to the method for
analyzing the distribution of coercive forces in a perpendicu-
lar magnetic recording medium and the analyzing apparatus
for the method in accordance with the present invention, an
image of nano-scale distribution of coercive forces in the
perpendicular magnetic recording medium can be displayed
utilizing a magnetic-force microscope. The magnetic domain
structure of the perpendicular magnetic recording medium
can thus be determined to reduce noise in the perpendicular
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magnetic recording medium. This makes it possible to con-
tribute to developing very-high-density recording media.
[0076] Further, according to the method for analyzing the
distribution of coercive forces and the analyzing apparatus for
the method in accordance with the present invention, the
magnetization inverting process can be continuously or stro-
boscopically observed in magnetic fields. Further, an image
of distribution of coercive forces in the sample can be
obtained on the basis of the difference among image data
obtained by various magnetic fields. The image of the coer-
cive force distribution enables a fluctuation in magnetism in a
pattern medium or a very-high-density magnetic recording
medium to be quantitatively determined. This enables, for
example, the direct observation and quantitative evaluation of
activation volume.

INDUSTRIAL APPLICABILITY

[0077] The present invention provides a method of analyz-
ing image outputs from a magnetic-force microscope to dis-
play an image of distribution of coercive forces in a perpen-
dicular magnetic recording medium and an analyzing
apparatus for the method. Therefore, the method and appara-
tus in accordance with the present invention serve to develop
perpendicular magnetic recording media and to improve their
characteristics.

1. An analyzing apparatus which analyzes a distribution of
coercive forces in a sample comprising a perpendicularly
magnetically recordable magnetic thin film on a surface of the
sample, the apparatus comprising:

a magnet device which applies a magnetic field substan-

tially perpendicularly to the sample surface;

a flux sensing section which generates a flux detection
signal in response to a leakage flux generated in a mag-
netic domain on a surface of the sample;

a moving mechanism which two-dimensionally moves the
sample and the flux sensing section relative to each other
to allow the flux sensing section to search the sample
surface;

a setting section which holds a first threshold and a second
threshold selected from a hysteresis characteristic cor-
responding to average magnetization of the sample to set
a first external magnetic field and a second external
magnetic field corresponding to the first and second
thresholds, respectively;

an image generating section which generates first magnetic
domain image data corresponding to the distribution of
magnetic fluxes on the sample surface on the basis of the
flux detection signal resulting from the relative move-
ment of the sample while allowing the magnet device to
apply the first external magnetic field to the sample, the
image generating section generating second magnetic
domain image data while allowing the magnet device to
apply the second external magnetic field to the sample
and to hold the first and second image data; and

an image processing section which uses the first and sec-
ond thresholds to binarize the first and second image
data to convert the first and second image data into first
binarized image data and second binarized image data,
the image processing section comparing the first bina-
rized image data with the second binarized image data to
generate a first coercive force distribution pattern corre-
sponding to a difference between the first and second
binarized image data.
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2. The coercive force distribution analyzing apparatus
according to claim 1, wherein the setting section sets a third
external magnetic field corresponding to a third threshold
selected from the hysteresis characteristic,

the control section allows the image generating section to

generate third magnetic domain image data while allow-
ing the magnet device to apply the third external mag-
netic field to the sample, and

the image processing section uses the third threshold to

binarize the third image data to convert the third image
data into third binarized image data, and compares the
second binarized image data with the third binarized
image data to generate a second coercive force distribu-
tion pattern corresponding to a difference between the
second and third binarized image data.

3. The coercive force distribution analyzing apparatus
according to claim 2, wherein the setting section sets a fourth
external magnetic field corresponding to a fourth threshold
selected from the hysteresis characteristic,

the control section allows the image generating section to

generate fourth magnetic domain image data while
allowing the magnet device to apply the fourth external
magnetic field to the sample, and

the image processing section uses the third threshold to

binarize the fourth image data to convert the fourth
image data into fourth binarized image data, and com-
pares the third binarized image data with the fourth
binarized image data to generate a third coercive force
distribution pattern corresponding to a difference
between the third and fourth binarized image data, and
maps the first, second, and third coercive force distribu-
tion patterns on the same coercive force distribution
pattern image data in different colors or at different gray
scales.

4. The coercive force distribution analyzing apparatus
according to claim 1, wherein the magnetic flux sensing sec-
tion includes a magnetic needle which senses a leakage flux
from the sample surface and a mechanism which detects
displacement of the magnetic needle to generate a magnetic
flux detection signal.

5. The coercive force distribution analyzing apparatus
according to claim 3, wherein the magnetic flux sensing sec-
tion includes an optical detecting mechanism which optically
detects a variation in the magnetic needle to generate a mag-
netic flux detection signal.

6. The coercive force distribution analyzing apparatus
according to claim 1, wherein the magnetic flux sensing sec-
tion includes a searching section which searches the sample
surface.

7. The coercive force distribution analyzing apparatus
according to claim 5, further comprising a surface morphol-
ogy detecting section which detects a recess and protrusion
morphology of the sample surface to hold surface morphol-
ogy data on the recess and protrusion morphology,

wherein on the basis of the surface morphology data, the

moving mechanism moves the sample and the searching
section relative to each other in a vertical direction to
maintain a fixed distance between the sample surface
and the searching section.

8. A method for analyzing a distribution of coercive forces
in a sample comprising a perpendicularly magnetically
recordable magnetic thin film on a surface of the sample, the
method comprising:
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selecting a first threshold and a second threshold from a
hysteresis characteristic corresponding to average mag-
netization of the sample;

applying a first external magnetic field to the sample and

detecting a leakage flux generated in a magnetic domain
on the sample while two-dimensionally searching a sur-
face of the sample to allow a first flux detection signal to
be generated, generating first magnetic domain image
data corresponding to a distribution of magnetic fluxes
on the sample surface;

applying a second external magnetic field to the sample and

detecting a leakage flux generated in the magnetic
domain on the sample while two-dimensionally search-
ing the sample surface to allow a second flux detection
signal to be generated, generating second magnetic
domain image data corresponding to the distribution of
the magnetic fluxes on the sample surface;

using the first and second thresholds to binarize the first and

second image data to convert the first and second image
data into first binarized image data and second binarized
image data, and comparing the first binarized image data
with the second binarized image data to generate a first
coercive force distribution pattern corresponding to a
difference between the first and second binarized image
data.

9. The method for analyzing a coercive force distribution

according to claim 8, further comprising:

selecting a third threshold from the hysteresis characteris-
tic to set a third external magnetic field corresponding to
the third threshold,

applying a third external magnetic field to the sample and
detecting a leakage flux generated in the magnetic
domain on the sample while two-dimensionally search-
ing the sample surface to allow a third flux detection
signal to be generated, generating third magnetic
domain image data corresponding to the distribution of
the magnetic fluxes on the sample surface;

using the third threshold to binarize the third image data to

convert the third image data into third binarized image
data, and compares the second binarized image data with
the third binarized image data to generate a second coer-
cive force distribution pattern corresponding to a differ-
ence between the second and third binarized image data.
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10. The method for analyzing a coercive force distribution
according to claim 9, further comprising:

selecting a fourth threshold from the hysteresis character-

istic to set a fourth external magnetic field correspond-
ing to the fourth threshold,

applying a fourth external magnetic field to the sample and

detecting a leakage flux generated in the magnetic
domain on the sample while two-dimensionally search-
ing the sample surface to allow a fourth flux detection
signal to be generated, generating fourth magnetic
domain image data corresponding to the distribution of
the magnetic fluxes on the sample surface;

using the third threshold to binarize the fourth image data

to convert the fourth image data into fourth binarized
image data, and compares the third binarized image data
with the fourth binarized image data to generate a third
coercive force distribution pattern corresponding to a
difference between the third and fourth binarized image
data, and mapping the first, second, and third coercive
force distribution patterns on the same coercive force
distribution pattern image data in different colors or at
different gray scales.

11. The method for analyzing a coercive force distribution
according to claim 8, further comprising detecting displace-
ment of a magnetic needle which senses a leakage flux from
the sample surface to generate a magnetic flux detection
signal.

12. The method for analyzing a coercive force distribution
according to claim 11, further comprising optically detecting
a variation in the magnetic needle to generate a magnetic flux
detection signal.

13. The method for analyzing a coercive force distribution
according to claim 8, further comprising:

detecting a recess and protrusion morphology of the

sample surface to hold surface morphology data on the
recess and protrusion morphology; and

on the basis of the surface morphology data, moving the

sample and a searching section which searches the
sample relative to each other in a vertical direction to
maintain a fixed distance between the sample surface
and the searching section.
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