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Magnetic force gradient mapping
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Motivated by the difficulty of obtaining quantitative micromagnetic results using current magnetic
force microscope imaging techniques, we have employed an imaging mode where the oscillation
amplitude of the tip was recorded versus the tip–sample separation as the tip was raster scanned
over a magneto-optic sample. The mechanical response of the cantilever depends on the magnetic,
but also on topographic, interferometric and nonmagnetic dissipative interactions between the tip
and the sample. We separated the magnetic signal from the other interactions and analyzed it in
terms of a refined theory of magnetic force microscope response. The extracted magnetic signal,
which we refer to as a force gradient map, showed some features not apparent in conventional
magnetic force microscope images and was well fit by a simple micromagnetic model of the
magneto-optic sample. ©2003 American Institute of Physics.@DOI: 10.1063/1.1623926#
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I. INTRODUCTION

A common application of noncontact, ac-mode force m
croscopy has been in the study of long-range electrosta1

and magnetic2–4 forces. Conventional noncontact micro
copy and tapping mode techniques have been hybridized
a two pass technique termed tapping/lift mode,5 which pro-
vides a means of simultaneously imaging both the sam
topography and associated long-range forces. In tapping
mode, an initial scan line measures the surface topogra
The same scan line is repeated at a constant distance a
the topographical features measured during the first scan
this second pass, the tip is primarily sensitive to the weak
long-range electromagnetic forces. This technique
proven to be very useful in studies of electrostatic6,7 and
magnetic samples,8–11 but there are a number of problem
associated with interpretation of magnetic force microsco
~MFM! images. The following does not present an exha
tive list but includes issues that this work will address.

A magnetic cantilever tip is sensitive to magnetic for
gradients, but the quantity of interest in many cases is
sample magnetization. Fundamentally, a consequence of
of Maxwell’s equations (“"B50) is that a body with a mag
netization distribution having a zero divergence,“"M50,
does not change the measured magnetic field outside o
body. Not surprisingly, even magnetization distributions t
differ by a term with a nonzero divergence can look the sa
to an external observer making a finite number of meas
ments. Moreover, it can be shown mathematically that,
general, it is impossible to uniquely determine the sam
magnetization from MFM measurements.12 In the special
case of a perpendicular sample magnetization, however

a!Electronic mail: tilman.schaeffer@uni-muenster.de
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magnetization can theoretically be determined up to
constant.13 In any case, the tip magnetization is as much
mystery as is the sample magnetization which further co
plicates the analysis. Interpretation of MFM results in ter
of the sample magnetization must necessarily involve so
sort of inverse modeling process where a number of mic
magnetic and geometrical parameters of the sample and
are iteratively optimized until the model agrees with the e
perimental image. As we shall show below, significantly d
ferent models can provide reasonable agreement with
same experimental MFM data. It was mathematically sho
that acquiring additional MFM images at different scanni
heights does not, in theory, provide any additional inform
tion about the stray field from the sample.12 In practice, we
found, however, that we could eliminate possible magne
models by taking measurements at different heights. The
son for this is that the signal-to-noise ratio of a single MF
image at a given height is usually too low for predicting t
stray field at other heights.

Another set of problems arises because, in addition
the magnetic forces of interest, the cantilever tip in an MF
experiences nonmagnetic interactions with the sample. Th
include short-range topographic forces, long-range diss
tive effects, and apparent deflections which are artifacts
the optical detection used to observe the cantilever posit
Interpretation of MFM images depends on a detailed und
standing of how the cantilever dynamics is affected by b
magnetic and other, nonmagnetic, interactions. In MFM i
ages taken without tapping/lift mode, the data are acquire
one, approximately constant, height. Therefore, both m
netic and nonmagnetic interactions are imaged together.
has made interpretation of the MFM response quite diffic
One of the main problems separating topography and lo
range interactions has been resolved by tapping/lift mo
5 © 2003 American Institute of Physics



ip
al
et
m

n
op
lin
th

th
o

a
lla
s

e
n

sc
gi
n
c

hic
a

ift

s
e

r-
d
it

s

rk
is
an-
We
ab-

nce

ti-

the

ap
the
ded

n-

en-
out
uter,
oft-
netic

to

he
t
use

es
of

pli-

ing
a
n-
/lift
data
ob-
ant
ing
ent
de
ing
es
m-

esis
can
are

n
wn

in
g
el
cu
or
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where data are acquired at two different values of the t
sample separation. Unfortunately, tapping/lift mode,
though extremely good at producing images with magn
contrast, does not address separating magnetic and non
netic long-range interactions.

Other scanning probe microscopies, such as the scan
tunneling microscope, can be operated in a spectrosc
mode where the bias voltage is ramped while the tunne
current is monitored. This idea has been extended to
atomic force microscope~AFM!. A ‘‘force map’’ 14–17 is ob-
tained by acquiring the deflection of the cantilever versus
tip–sample separation as a function of the lateral position
the tip. We have applied this technique to noncontact
mode force microscopy by acquiring the cantilever osci
tion amplitude versus the tip–sample separation and a
function of the lateral position of the tip.18,19 As the tip–
sample separation is varied, damping due to the presenc
the surface, laser interference effects, as well as the lo
range magnetic signal, affect the measured cantilever o
lation amplitude. We will describe a simple phenomenolo
cal procedure for removing the effects of dissipation a
variations in the detector sensitivity due to laser interferen
This procedure yields the separated magnetic signal w
can be analyzed in terms of the tip and sample microm
netic structure.

II. DATA ACQUISITION

A magnetooptic disk was imaged in the tapping/l
mode~Fig. 1!.20 The tapping mode image@Fig. 1~a!# shows
the sample topography. The lift mode image@Fig. 1~b!#
shows the associated noncontact image. The amplitude
point during the tapping mode image was 55 nm. The ‘‘fre
cantilever oscillation amplitude 3mm away from the surface
wasA0'70 nm. During the ‘‘lift’’ part of the scan, the tip–
sample separation was set toz5100 nm. We used a comme
cially available, 225mm long silicon diving-board-shape
cantilever,21 coated with 100 nm of CoCr alloy to make
magnetically active.22 Its resonance frequency wasf 0

573.7 kHz and its spring constant was determined ak
51.5 N/m using the Cleveland method.23 Prior to imaging, it
was magnetized parallel to thez axis in a magnetic field of

FIG. 1. ~a! Topography and~b! magnetic signal~amplitude change! of a
magnetic bit on a commercially available magneto-optic disk. The tapp
mode image~a! was made in constant amplitude mode. The lift mode ima
~b! was made at a lift height of 100 nm above the surface. The points lab
A–E are the locations of specific amplitude vs height curves used to dis
our method for separating the magnetic signal from interferometric, sh
range topographic, and nonmagnetic dissipative effects.
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'1 T. The coercive field of the tip parallel to thez axis was
'250– 290 Oe.24 The detection technique used in this wo
was the ‘‘slope detection’’ method where the cantilever
driven at a frequency that maximizes the change in the c
tilever oscillation amplitude due to a magnetic response.
recorded an amplitude spectrum of the cantilever in the
sence of a sample and chose the drive frequency,f D

573.47 kHz, at the point where the slope of the resona
curve,]A/] f , was the steepest.

Amplitude curves were acquired by recording the can
lever oscillation amplitude as a function of thez piezovolt-
age which was ramped. To generate an ‘‘amplitude map,’’
sample was slowly raster scanned in thex and y directions
while thez scans were being made. Thus, an amplitude m
is a three-dimensional map of the oscillation amplitude of
tip over the sample. The amplitude curves were recor
using modified Nanoscope III electronics~VEECO, Santa
Barbara, CA!. The Nanoscope itself was only used for ge
erating the scan voltages in thex and y directions. Thez
piezo was driven by analog electronics using a function g
erator biased by a high precision dc power supply with
feedback. The data were recorded on a separate comp
equipped with custom data acquisition hardware and s
ware. The data were then processed to separate the mag
signal from other effects~discussed below!. The separate
electronics could be bypassed so that thez voltage was con-
trolled by the Nanoscope again, thus making it possible
acquire conventional tapping/lift mode images.

Z scans of 670 nm range were made at 4–50 Hz. T
amplitude as a function of thez piezovoltage was sampled a
100 points during both the approach and retraction. Beca
of the slowz scan rate, usually only 128 amplitude curv
per line were recorded, resulting in lateral line scan rates
0.1–0.5 Hz. Although we recorded three-dimensional am
tude datasets,A(x,y,z), in the analysis below, we will dis-
cuss vertical slicesA(x,y5constant,z).

It might be possible to acquire the same data us
tapping/lift mode by simply taking lift mode images at
variety of z values. However, there are a number of adva
tages to the technique used in this work. Because tapping
mode requires two passes for each image, the resulting
acquisition takes twice as long. On the Nanoscope, we
served that this increase in time often resulted in signific
lateral drift between the beginning and end of the imag
process. This drift makes the alignment of the subsequ
images difficult, especially since the height of each lift mo
image varies within the image. We also found that operat
in lift mode with a height of less than 50 nm sometim
resulted in the lift mode image becoming unstable, presu
ably because of unwanted contact with the surface~‘‘tip
crashes’’!. This may have been because of creep or hyster
in the scanning piezo in the time between the tapping s
and the subsequent lift scan. All three of these problems
eliminated with force gradient maps.

III. EXTRACTING THE MAGNETIC SIGNAL

Typical amplitude versusz piezovoltage curves taken o
and around the central magnetooptic bit of Fig. 1 are sho
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in Fig. 2~a!. Note that the curves taken over positions C a
D are significantly different from the ones taken farther aw
from it ~A, B, and E!. It is also important to note that th
curves taken away from the bit lie on top of each other. T
behavior will be exploited in the following section to extra
the magnetic signal from the topographical, interferomet
and dissipative parts of the signal.

The short-range topographical interactions between
tip and sample were the simplest to handle in our analy
Whatever the origin of the topographical forces, their res
was a sudden apparently discontinuous change in the s
of the amplitude curves. We used this sudden change in s
to define the surface of the sample. For the particular am
tude curves here, data were acquired at 6.7 nm intervals

FIG. 2. Illustration of the method for extracting the force gradients from
other apparent and real effects the cantilever experiences.~a! Cantilever
oscillation amplitude vsz-piezo extension. Traces C and D are made o
the magneto-optic bit, traces A, B, and E are taken away from it~see Fig. 1!.
All traces exhibit a sharp change in slope where the cantilever first star
tap the surface of the sample (z'650 nm). If the amplitude setpoint durin
a regular tapping mode image was substantially less than the amplitu
this discontinuity, then the respective image would primarily be of to
graphic origin~tapping mode!. The magnetic interactions between the t
and the magneto-optic bit are primarily attractive in this measurement, s
ing the resonant frequency of the cantilever down. Because the cantilev
being driven below its resonance, this results in an increase of the canti
amplitude over the bit~C and D! relative to the periphery~A, B, and E!. The
free cantilever oscillation amplitude wasA0562 nm. ~b! Cantilever oscilla-
tion amplitude after the data to the left-hand side of the slope discontin
were removed and the curves were realigned with thez50 vertical axis. The
horizontal scale now more accurately reflects the tip–sample separatioz.
Curves A, B, and E contain the nonmagnetic dissipative and interferom
effects while C and D show a magnetic interaction as well.~c! Cantilever
oscillation amplitude after subtraction of the average of all curves in
force gradient map that are away from the bit. The nonmagnetic dissipa
the interferometric, and the topographic effects are now eliminated. Th
fore, curves A, B, and E are roughly zero while C and D are assumed to
contain magnetic information. Such curves were used to produce the g
scale images in Fig. 3.
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this scale, the transition from noncontact~off surface! to tap-
ping ~on surface! is relatively sharp and we can view th
slope in this transition region as changing discontinuou
The topographical effects were consequently removed
simply discarding the data points to the left-hand side of t
discontinuous change in slope and realigning the data w
the left-hand (z50) axis. This process defines the samp
surface (z50) for each amplitude curve. This transformatio
of the data is apparent in the shifting of the amplitude cur
@Fig. 2~a!# to the left-hand side@Fig. 2~b!#.

The remaining noncontact data contain dissipative, in
ferometric as well as magnetic information. The tip a
sample were both grounded to eliminate electrosta
forces.25 Other interactions, like van der Waals interaction
which are of much shorter range than the magnetic inte
tions, were neglected. Also, we checked the sample for
sipative magnetic interactions26 and found none.

Interferometric effects are caused by the optical det
tion of cantilever deflections.27,28When working with reflec-
tive samples, stray reflections from the sample surface in
fere with the reflection from the cantilever, causing appar
cantilever motion. When the AFM is operated in a conve
tional scanning mode and the scan size is much smaller
the laser spot size, interference effects are generally cons
over the scan field. When operating in the force mapp
mode, however, the tip–sample separation is continuou
changing, resulting in interference effects which often app
as periodic oscillations in the amplitude curves.

Dissipative effects are due to the mechanical damping
the cantilever motion, as there is usually a significant dam
ing effect when an oscillating cantilever approaches a s
face, due to hydrodynamic squeeze-film damping betw
the cantilever and the sample.29

We will make the simplest assumption that the chan
in cantilever oscillation amplitude due to these effects
independent of each other. This allowed the dissipative
interferometric effects to be subtracted from the amplitu
curves to yield the magnetic contribution. As evident fro
the overlapping of the force curves from nonbit areas@Fig.
2~b!#, both dissipative and interferometric effects did not d
pend on the lateral position of the cantilever. Our proced
therefore was to average several amplitude curves from n
bit areas of the sample to get the laterally independent in
ferometric and dissipative contribution to the amplitude, a
to subtract that average from each amplitude curve in
amplitude map to obtain the~conservative! magnetic contri-
bution to the cantilever amplitude@Fig. 2~c!#.

The presence of a magnetic force gradient in thez direc-
tion, Fz8 , which the tip experiences during its oscillatio
shifts the resonant frequency of the cantilever. For slope
tection, this shift is proportional to the measured change
amplitudeDAF8 :

D f F852S ]A

] f U
f D

D 21

DAF8 . ~1!

The slope of the resonant curve at the drive frequen
]A/] f u f D

, represents the sensitivity of the detection and v
ies with the tip–sample separation,z, mostly because the
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damping increases when the tip approaches the sam
surface.29 We measured this dependence onz by acquiring
amplitude curves at different frequencies aroundf D and tak-
ing the numerical derivative with respect tof . For the data
shown in this work, we found a nearly linear dependence
the slope onz. The effect was significant, typically decrea
ing the slope by about 20% fromz5670 nm to the ‘‘contact’’
point at z50 nm. This effect of decreasing sensitivity asz
decreased was accounted for in the conversion of the
from amplitude change to resonant frequency shift.

Converting the resonant frequency shift of the cantile
at a certain position into the experienced force gradien
that position is complex, since the tip oscillation cannot
treated in the small amplitude limit. Instead, it experience
varying force gradient along its oscillatory trajectory. Fo
lowing the work of Dürig,30,31 we define an ‘‘effective force
gradient,’’Fz,eff8 @sign convention see Fig. 4~a!#:

Fz,eff8 52
2k

f 0
D f F8 . ~2!

Note that in the special case of a purely harmonic interac
force, the ‘‘effective’’ force gradient becomes the ‘‘true
force gradient. We refer to the resulting data~force gradient
as a function of vertical and lateral position! as an~effective!
force gradient map. Vertical slices of force gradient ma
over the magneto-optic bit are displayed as grayscale ima
@Figs. 3~a!–3~d!#. The force gradient maps were acquir
with A0521, 40, 62, and 190 nm for Figs. 3~a!–3~d!, respec-
tively. An increase in the signal-to-noise ratio for increasi
A0 is apparent in the image series. The images in Fig
demonstrate that it is also important to consider the osc
tory movement of the tip during the imaging process a
reconfirm that the small amplitude limit is not applicab
here.

IV. MODELING THE MAGNETIC FORCE MICROSCOPY
RESPONSE

To calculate the MFM amplitude response for our mo
els from Eq.~2!, it is necessary to calculate the force gradie
acting between tip and sample.32 It is possible to do this by
utilizing Fourier-based methods.33,13 Here we will, however,
work in direct space. With the assumption that both sam
and tip coating consist of a magnetic material hard enoug
that their magnetizations do not affect each other,34 the force
gradient~in the z direction! experienced by the tip can b
calculated by integrating the second derivative of thez com-
ponent of the magnetic field from the sample with respec
z over the volume of the tip coating:4,35

Fz8~r !5m0M tipE
tip

]2Hz~r1s8!

]z2 dV8, ~3!

wherer is the position of the tip origin with respect to th
sample origin@Fig. 4~a!#. s denotes the position of a volum
element in the tip relative to the tip origin. We assumed t
the tip magnetization,M tip , is single domain and is oriente
in the z direction. This assumption is good for typical MFM
tips.36 ~Alternatively, integration over the induced magne
surfaces charges could have been performed, decreasin
le
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dimensionality of the integral.! In the long run, it would be
desirable to include the possibility of the micromagne
structure of the tip and sample modifying each other.37 For
the data presented here, however, the absence of hyste
dissipation effects suggests that the sample and tip mag
zation do not significantly affect each other. This is furth
supported by the fact that both the magnetic tip and
sample have relatively high coercive fields.24

Equation~3! is sufficient in the limit of small tip oscil-

FIG. 3. Experimental and theoretical grayscale images of the extracted m
netic response over the magneto-optic bit. The grayscale correspon
changes in the effective magnetic force gradient as a function of the la
and horizontal position of the tip. The experimental free cantilever osc
tion amplitudes (A0) were 21, 40, 62, and 190 nm for~a!–~d!, respectively.
Theoretical images calculated for the uniformly magnetized finite cylin
~double disk! model@~a!–~d!#, closely reproduce the experimental data. T
grayscale range of all images in the left-hand side column~and that of all
images in the right-hand side column, respectively! was chosen to be iden
tical.
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lation amplitudes. However, as discussed above, there ca
a significant dependence of the measurement signal on
cantilever oscillation amplitude. Among others,38,39 this
problem has been addressed by Du¨rig.30,31 In the limit of a
weak tip–sample interaction such that the motion of the tip
essentially harmonic, the effective force gradient, as defi
in Eq. ~2!, can be written as a convolution product,31

Fz,eff8 ~x,y,z!52
2

pA2 E
z

z12A

Fz~x,y,z8!

3g1S z82z

A
21Ddz8, ~4!

with a weakly diverging kernel

g1~u!52
u

A12u2
. ~5!

By applying partial integration to Eq.~4!, we find

Fz,eff8 ~x,y,z!5
2

pA E
z

z12A

Fz8~x,y,z8!g2S z82z

A
21Ddz8,

~6!

with a nondiverging kernel

FIG. 4. Schematic of the theoretical models used.~a! The tip was modeled
as a cone with its symmetry axis inz direction, 10mm in height, with an
opening angle of 17°, a spherical cap of radius 10 nm and a 100 nm t
magnetic coating that was completely magnetized along thez axis. ~b! First
magnetostatic model of the sample, representing the magneto-optic bit
uniformly magnetized 1mm diameter half-infinite cylinder in an oppositel
magnetized half-infinite volume~single disk model!. ~c! Second magneto-
static model of the sample, representing the magneto-optic bit as a
formly magnetized cylinder, 1mm in diameter, and 50 nm in thickness
placed in an infinite film of the same thickness that is uniformly magneti
in the opposite direction~double disk model!.
be
he

s
d

g2~u!5A12u2. ~7!

Due to the harmonic nature of the tip oscillation,g2@(z8
2z)/A21# is proportional to the tip velocity at each ti
position z8. Therefore, Eq.~6! obtains the effective force
gradient by weighting the force gradient at each posit
with the corresponding tip velocity and by calculating t
average over the oscillation range. The contribution of
force gradient to the effective (5weighted and averaged!
force gradient is highest at the respective static equilibri
position of the tip~where the tip velocity is highest! and is
lowest~zero! at the respective points of maximum/minimu
tip extension.

We modeled the sample as an infinitely extended film
thickness t and uniform magnetization inz direction, in
which a magneto-optic bit of opposite magnetization,Mbit ,
is embedded in the shape of a cylinder of diameterd
51 mm and thicknesst ~perpendicularly magnetized me
dium! @Fig. 4~a!#. The magnetic field above an infinitely ex
tended and uniformly magnetized film vanishes. Therefo
the relevant magnetic field~‘‘stray field’’ ! of our sample
model is effectively created by an isolated magnetic bit h
ing an effective magnetization of 2Mbit . ~Besides, MFM
measurements are insensitive to homogenous magn
fields.! There are no moving charges in the sample, so
can define a scalar magnetic potential und subsequently
duce the problem to that of two charged disks, one at the
surface (1) and one at the bottom surface (2) of the bit,
each with a magnetic surface charge density of40

s6562Mbit . ~8!

The magnetic field of the two charged disks becomes40

H~r !5
1

4p E
sample

s6

r2r 8
ur2r 8u3

dS8, ~9!

where the integral is to be performed over the top and
bottom surface of the disk.

Our first model represents a magnetic film of infini
thickness@Fig. 4~b!#, therefore, the magnetic field of the bo
tom disk vanishes and we have to consider a single disk~the
top one! only. Relevant for our MFM measurements is thez
component ofH in the xz plane ~the center of the disk is
assumed at the origin of the coordinate system,r50). Hz

can be expressed in cylindrical coordinates:

Hz
single~x,z!5

Mbit

2p E
0

2p

dw

3E
0

R zr

~x21z21r 222xr cosw!3/2dr.

~10!

Our second model represents a uniformly magneti
cylinder of a typical film thickness oft0550 nm, the mag-
netic field of which is that of two oppositely charged sing
disks, separated byt0 @Fig. 4~c!#:

Hz
double~x,z!5Hz

single~x,z!2Hz
single~x,z1t0!. ~11!

For both sample models, the tip was modeled4 as a truncated
cone, 10mm in height, with an opening half-angle of 17°
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and a spherical cap at the tip apex of radius 10 nm. T
opening angle was approximated by scanning electron
croscopy and the tip radius was estimated from the spe
cations of the manufacturer. Increasing the cone height in
tip model to more than 10mm did not significantly change
the results. Since we were only interested in qualitative co
parisons of the MFM responses, we left the saturation m
netization of the tip coating,M tip , as a linear fitting param
eter.

V. RESULTS AND DISCUSSION

To compare the quality of both sample models, we
lected four lateral traces at different tip heights from t
experimental force gradient map shown in Fig. 3~c! ~oscilla-
tion amplitude 62 nm! ~Figs. 5 and 6, markers!. Then, we
calculated the theoretical traces resulting from the two
ferent sample models: The single disk model~Fig. 5, solid
lines!, and the double disk model~Fig. 6, solid line!. All four
theoretical traces were least-square fit to the four respec
experimental curves simultaneously, with the tip magneti
tion and thex offset as global fitting parameters~i.e., the

FIG. 5. Comparison of the experimental force gradient map data with
single disk model for four different tip–sample separations (A0562 nm).
Traces from the tip model with~solid lines! and without ~dashed lines!
considering large-amplitude effects were fit to the experimental data si
taneously. At large values ofz, the fits seem reasonable but as the MFM
begins to sample the magnetic near field (z514 nm), the fits clearly begin
to disagree with the data. Clearly, a point dipole model~zero-tip size, small
oscillation amplitude! ~dotted lines! does not reproduce the data at all.
e
i-

fi-
e

-
g-

-

-

ve
-

same value for all traces!. The trace atz514 nm ~Fig. 5!
shows the main discrepancy between the data and the s
disk model: The fine structure on the edge of the bit is co
pletely missing from the calculated trace. Despite this d
crepancy, the theoretical traces fit reasonably well to the
perimental traces at larger values ofz. The calculated traces
of the double disk model~Fig. 6! fit the data much better a
all values ofz, especially in the near field~whenz is com-
parable to the media thickness!. The slight asymmetry in the
data~a lower dip on the left-hand side of the bit and a high
peak on its right-hand side! is probably due to the fact tha
the tip axis is tilted with respect to the vertical ('10°) in the
experiment but not in the theory.

As a demonstration that both the steps of~a! integrating
over the volume of the tip coating@Eq. ~3!# and ~b! correct-
ing for the large-amplitude tip oscillation@Eq. ~6!# are nec-
essary in the modeling, we also plotted the theoretical tra
without the large-amplitude correction~Figs. 5 and 6, dashed
lines!, and without both the large-amplitude correction a
the tip volume correction~point dipole tip model, Figs. 5 and
6, dotted lines!. The latter traces clearly do not fit the data f
both sample models.41 The former traces track the bas

e

l-

FIG. 6. Comparison of the experimental force gradient map data with
double disk model for four different tip–sample separations (A0562 nm).
Traces from the tip model with~solid lines! and without ~dashed lines!
considering large-amplitude effects were fit to the experimental data sim
taneously. A good fit is obtained for the full-grown tip model~solid lines!,
where the features of the experimental data are faithfully reproduced o
the length scales recorded. Again, a point dipole model~dotted lines! does
not reproduce the data at all.
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shape of the experimental traces. But a faithful reproduc
of the features of the experimental traces was only obtai
for the double disk sample model, using the full-grown
model ~Fig. 6, solid lines!. Such a fit had a chi-square th
was smaller by a factor of 2.5 than that from the single d
model. The results from the other data sets (A0521, 40, and
190 nm, respectively! were similar. Therefore, the doubl
disk model is a more likely model of the true sample ma
netization.

This analysis emphasizes the importance of examin
different length scales of the micromagnetic structure
sampling and modeling the MFM response at different v
ues ofz. If there is a micromagnetic structure with a cha
acteristic length,, it is necessary for the MFM to operate
the near field (z&,) to resolve the structure. In the case
the magneto-optic bit studied in this work, there were t
length scales we were able to study, the diameter of the
('1 mm) and the thickness of the media ('50 nm). The
diameter of the bit was clearly resolved and had appro
mately the same value in all of the measurements in Fig
and 6. If we had a sufficient signal-to-noise ratio to probz
.1 mm, we would certainly see the apparent diameter of
bit begin to grow. Moving in closer to the sample, the fin
media thickness became apparent only asz went below
'50 nm. For this reason, conventional MFM images that
usually acquired at a lift height of above 50 nm are not w
suited to discriminate between different magnetic sam
models. These effects are also visible in the experime
data shown in Figs. 3~a!–3~d!. The complete set of calcu
lated magnetic response for the double disk model is sh
in the grayscale images of Figs. 3~a!8–3~d!8, which are in
good agreement with the experimental data.

VI. CONCLUSION

We have presented a way of acquiring and display
images of magnetic information that is complementary
existing techniques. Force gradient maps provide a uni
and powerful way of displaying information about lon
range forces. By taking multiple amplitude curves, it is po
sible to separate the effective magnetic force gradient fr
other effects. When we applied this technique to magne
optic bits, we found that the MFM response could be m
accurately modeled if the effect of the finite oscillation ran
of the tip on the effective magnetic force gradient was c
sidered. The theoretical response of the MFM to a magn
optic bit was calculated assuming two simple models:~a! A
half-infinite uniformly magnetized cylinder~‘‘single disk’’ !
and ~b! a uniformly magnetized cylinder 50 nm thic
~‘‘double disk’’!. While conventional MFM images at
larger lift height could be reproduced by both models
constraining the MFM signal dependence of the tip–sam
separation, the force gradient map showed that the do
disk model provided a better description of the MFM r
sponse. These results highlight the importance of conside
the various length scales involved in MFM measureme
when interpreting magnetic images.
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