JOURNAL OF APPLIED PHYSICS VOLUME 94, NUMBER 10 15 NOVEMBER 2003

Magnetic force gradient mapping
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Motivated by the difficulty of obtaining quantitative micromagnetic results using current magnetic
force microscope imaging technigues, 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. @003 American Institute of Physic§DOI: 10.1063/1.1623926

I. INTRODUCTION magnetization can theoretically be determined up to a
o _constant® In any case, the tip magnetization is as much a
A common application of noncontact, ac-mode force mi-p,ystery as is the sample magnetization which further com-

croscopy ha%_eeen in the study of long-range eleCtr_OJstat"blicates the analysis. Interpretation of MFM results in terms
and magnetic ™ forces. Conventional noncontact micros- o the sample magnetization must necessarily involve some

copy and tapping mode techniques have been hybridized i, of inverse modeling process where a number of micro-

a two pass technique termed tapping/lift m3deich pro- magnetic and geometrical parameters of the sample and tip
vides a means of simultaneously imaging both the samplg¢ jieratively optimized until the model agrees with the ex-
topography and associated long-range forces. In tapping/lifberimental image. As we shall show below, significantly dif-
mode, an initial scan line measures the surface topographjarent models can provide reasonable agreement with the
The same scan line is repeated at a constant distance abQ¥gne experimental MFM data. It was mathematically shown
the topographical features measured during the first scan. I 4 acquiring additional MFM images at different scanning
this second pass, the tip is primarily sensitive to the weak bultneights does not, in theory, provide any additional informa-
long-range electromagnetic forces. This technique haggn apout the stray field from the sampfeln practice, we
proven to be very useful in studies of electrosfatiand  t;,nq. however, that we could eliminate possible magnetic

H ~11
magnetic sample%;™ but there are a number of problems 6 el by taking measurements at different heights. The rea-
associated with interpretation of magnetic force microscopy,, for this is that the signal-to-noise ratio of a single MFM

(MFM) images. The following does not present an exhausinaqe at a given height is usually too low for predicting the
tive list but includes issues that this work will address. stray field at other heights.

A magnetic cantilever tip is sensitive to magnetic force  anqther set of problems arises because, in addition to
gradients, but the quantity of interest in many cases is thg,e magnetic forces of interest, the cantilever tip in an MFM
sample magnetization. Fundamentally, a consequence of ORgneriences nonmagnetic interactions with the sample. These
of Maxwell's equations ¥ -B=0) is that a body with amag- jncjyde short-range topographic forces, long-range dissipa-
netization distribution having a zero divergend&M=0, e effects, and apparent deflections which are artifacts of
does not change the measured magnetic field outside of thae ontical detection used to observe the cantilever position.
bpdy. Not surpns!ngly, even magnetlzauon distributions thatlnterpretation of MFM images depends on a detailed under-
differ by a term with a nonzero divergence can look the Sam@anding of how the cantilever dynamics is affected by both
to an external observer making a finite number of measures agnetic and other, nonmagnetic, interactions. In MFM im-
ments. Moreover, it can be shown mathematically that, inyyeg taken without tapping/lift mode, the data are acquired at
general_, it is impossible to uniquely determine the S‘f‘mpl%ne, approximately constant, height. Therefore, both mag-
magnetization from MFM measuremer’l_fsln_ the special  netic and nonmagnetic interactions are imaged together. This
case of a perpendicular sample magnetization, however, the,s made interpretation of the MFM response quite difficult.
One of the main problems separating topography and long-
dElectronic mail: tilman.schaeffer@uni-muenster.de range interactions has been resolved by tapping/lift mode,
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iSppinginiods Inags lift fiode Image 35 ~1T. The coercive field of the tip parallel to tzeaxis was

~250—290 O&* The detection technique used in this work
was the “slope detection” method where the cantilever is
driven at a frequency that maximizes the change in the can-
tilever oscillation amplitude due to a magnetic response. We
recorded an amplitude spectrum of the cantilever in the ab-
sence of a sample and chose the drive frequerigy,
=73.47 kHz, at the point where the slope of the resonance
0 curve,dA/df , was the steepest.
Amplitude curves were acquired by recording the canti-
FIG. 1. (a) Topography andb) magnetic signalamplitude changeof a  lever oscillation amplitude as a function of tkepiezovolt-
magnetic bit on a commercially available magneto-optic disk. The tappingage which was ramped. To generate an “amplitude map,” the
e e e e e s asegaPIe 25 slowly raster scanned in thandy direcions
A-—E are the locations of specific amplitude vs height curves used to discus‘é’hIIe thez scans were being made. Thus, an amplitude map
our method for separating the magnetic signal from interferometric, shortiS a three-dimensional map of the oscillation amplitude of the
range topographic, and nonmagnetic dissipative effects. tip over the sample. The amplitude curves were recorded
using modified Nanoscope Il electroni¢¢EECO, Santa
Barbara, CA. The Nanoscope itself was only used for gen-
“erating the scan voltages in teandy directions. Thez
“piezo was driven by analog electronics using a function gen-
rator biased by a high precision dc power supply without

AA (nm)

where data are acquired at two different values of the tip
sample separation. Unfortunately, tapping/lit mode, al
though extremely good at producing images with magneti

con_trast, does nqt addre_ss separating magnetic and NONM3Gadback. The data were recorded on a separate computer,
netu(:)!{(r)]ng-range_ mtera(t:)tlons_. . h as th . equipped with custom data acquisition hardware and soft-
nerscanning prob€ MICroscopies, such as Ine scanningy e ‘The gata were then processed to separate the magnetic
tunneling MICTOSCope, can be_ operated n a spectroscqugnal from other effectgdiscussed beloy The separate
mode where the bias voltage is ramped while the tunne“n%lectronics could be bypassed so thatzhmltage was con-

curre_nt N mon_ltored. This idea “has been Fﬁtir;c_ied to thﬁolled by the Nanoscope again, thus making it possible to
atomic force microscopeiFM). A *force map Is ob- acquire conventional tapping/lift mode images.

tained by acquiring the deflection of the cantilever versus the Z scans of 670 nm range were made at 4-50 Hz. The

tip—s.ample separation'as a f.u netion Qf the lateral position OIamplitude as a function of thepiezovoltage was sampled at
the tip. We ha_lve applied this te_c_hnlque to n_oncontact_ aci00 points during both the approach and retraction. Because
mode forge microscopy by acquinng the cantll_ever OSCIIIa'of the slowz scan rate, usually only 128 amplitude curves
tion gmplltude Versus the_t_lp—sample _se%aratlon a_nd as Ser line were recorded, resulting in lateral line scan rates of
function of the lateral position of the ti3:" As the tip— 0,1-0.5 Hz. Although we recorded three-dimensional ampli-

sample separation is varied, damping due to the presence RIde datasetsA(x,y,2), in the analysis below, we will dis-
the surface, laser interference effects, as well as the IongF N '
i

L ; uss vertical sliceé\(x,y=constantz).
range mag_nenc S|gnal,. affect t.he me_asured cantilever OSCll= ¢ might be possible to acquire the same data using
lation amplitude. We will Qescnbe a simple ph'en.ome.nologl- apping/lift mode by simply taking lift mode images at a
caI.pr.oced'ure for removing t.h € effects of dlsglpatlon an ariety of z values. However, there are a number of advan-
Var_'a“"”s in the d_etector sensitivity due to Ias_er m_terferen(_: ages to the technigue used in this work. Because tapping/Iift
This procedure vyields the separated magnetic signal whic

b vzed in t f the i d | . ode requires two passes for each image, the resulting data
g‘;gc setrag'ij)r/ezze in terms ot the tip and sample mICrom‘fig%\cquisition takes twice as long. On the Nanoscope, we ob-

served that this increase in time often resulted in significant
lateral drift between the beginning and end of the imaging
IIl. DATA ACQUISITION process. This drift makes the alignment of the subsequent

A magnetooptic disk was imaged in the tapp|ng/||ft images difficult, eSpeCia”y since the helght of each lift mode
mode (Fig. 1).?° The tapping mode imagé=ig. 1(a)] shows image varies within the image. We also found that operating
the sample topography. The lift mode ima€ig. 1(b)] in lift mode with a height of less than 50 nm sometimes
shows the associated noncontact image. The amplitude ségsulted in the lift mode image becoming unstable, presum-
point during the tapping mode image was 55 nm. The “free”ably because of unwanted contact with the surféttip
cantilever oscillation amplitude @m away from the surface crashes]. This may have been because of creep or hysteresis
wasAy~70 nm. During the “lift” part of the scan, the tip— In the scanning piezo in the time between the tapping scan
Samp|e separation was setze 100 nm. We used a commer- and the Subsequent lift scan. All three of these problems are
cially available, 225um long silicon diving-board-shaped eliminated with force gradient maps.
cantilever! coated with 100 nm of CoCr alloy to make it

magnetically activé® Its resonance frequency wask, L. EXTRACTING THE MAGNETIC SIGNAL
=73.7kHz and its spring constant was determinedkas
=1.5 N/m using the Cleveland meth&tPrior to imaging, it Typical amplitude versus piezovoltage curves taken on

was magnetized parallel to ttzeaxis in a magnetic field of and around the central magnetooptic bit of Fig. 1 are shown
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this scale, the transition from noncont#off surface to tap-
ping (on surfacg is relatively sharp and we can view the
slope in this transition region as changing discontinuously.
The topographical effects were consequently removed by
. simply discarding the data points to the left-hand side of this
© 48 | . | | discontinuous change in slope and realigning the data with
600 400 200 0 the left-hand ¢=0) axis. This process defines the sample
z-piezo extension (nm) surface ¢g=0) for each amplitude curve. This transformation
of the data is apparent in the shifting of the amplitude curves

E g0 [Fig. 2@)] to the left-hand sidgFig. 2(b)].

‘%T The remaining noncontact data contain dissipative, inter-
255 ferometric as well as magnetic information. The tip and
'g'- sample were both grounded to eliminate electrostatic
® 50 forces? Other interactions, like van der Waals interactions,

which are of much shorter range than the magnetic interac-
tions, were neglected. Also, we checked the sample for dis-
sipative magnetic interactioffsand found none.
Interferometric effects are caused by the optical detec-
tion of cantilever deflection¥:?®When working with reflec-
tive samples, stray reflections from the sample surface inter-
0 200 200 500 fere with the reflection from the cantilever, causing apparent
tip-sample separation, z (nm) cantilever motion. When the AFM is operated in a conven-
tional scanning mode and the scan size is much smaller than
FIG. 2. lllustration of the method for extracting the force gradients from theipa |55er spot size, interference effects are generally constant
other apparent and real effects the cantilever experiedep<Lantilever h fi |,d Wh . in the f .
oscillation amplitude vg-piezo extension. Traces C and D are made over OVEr the scan field. . en operating In t e .Orce mapplng
the magneto-optic bit, traces A, B, and E are taken away frase# Fig. L mode, however, the tip—sample separation is continuously
All traces exhibit a sharp change in slope where the cantilever first starts tghanging, resulting in interference effects which often appear
tap the surface of the sample=<650 nm). If the amplitude setpoint during 5g periodic oscillations in the amplitude curves.

a regular tapping mode image was substantially less than the amplitude at L . . .

this discontinuity, then the respective image would primarily be of topo- Dlss_lpat|ve efft_ECtS are due t.O the mecharjlca_ll_damplng of
graphic origin(tapping modg The magnetic interactions between the tip the cantilever motion, as there is usually a significant damp-
and the magneto-optic bit are primarily attractive in this measurement, shifting effect when an oscillating cantilever approaches a sur-

ing the resonant frequency of the cantilever down. Because the cantilever Bice. due to hydrodynamic squeeze—film damping between
being driven below its resonance, this results in an increase of the cantilev '

amplitude over the bitC and D relative to the peripher{A, B, and B. The ?he cantilever and the Samﬁ%-
free cantilever oscillation amplitude was =62 nm. (b) Cantilever oscilla- We will make the simplest assumption that the changes
tion amplitude after the data to the left-hand side of the slope discontinuityin cantilever oscillation amplitude due to these effects are
were removed and the curves were realigned witlzth® vertical axis. The independent of each other. This allowed the dissipative and
horizontal scale now more accurately reflects the tip—sample separmtion, . . .
Curves A, B, and E contain the nonmagnetic dissipative and interferometriémerferome'_[rIC effects to be_ SUbtra_Cte(_j from the_ amplitude
effects while C and D show a magnetic interaction as wejl.Cantilever ~ CUrves to yield the magnetic contribution. As evident from
oscillation amplitude after subtraction of the average of all curves in thethe overlapping of the force curves from nonbit arfaig).
force gradient map that are away from the bit. The nonmagnetic dissipativez(b)] both dissipative and interferometric effects did not de-
the interferometric, and the topographic effects are now eliminated. There- ! " .
fore, curves A, B, and E are roughly zero while C and D are assumed to onlf')end on the lateral position of the cantilever. Our procedure
contain magnetic information. Such curves were used to produce the gragherefore was to average several amplitude curves from non-
scale images in Fig. 3. bit areas of the sample to get the laterally independent inter-
ferometric and dissipative contribution to the amplitude, and

to subtract that average from each amplitude curve in the

in Fig. 2(a). Note that the curves taken over positions C and®MPlitude map to obtain theonservative magnetic contri-

D are significantly different from the ones taken farther awayPution to the cantilever amplitud&ig. 20)].
from it (A, B, and B. It is also important to note that the The presence of a magnetic force gradient inZfurec-

!/

curves taken away from the bit lie on top of each other. Thidion, F, which the tip experiences during its oscillation,
behavior will be exploited in the following section to extract Shifts the resonant frequency of the cantilever. For slope de-
the magnetic signal from the topographical, interferometric€ction, this shift is proportional to the measured change in
and dissipative parts of the signal. amplitudeAAg :

The short-range topographical interactions between the
tip and sample were the simplest to handle in our analysis. Af., =—
Whatever the origin of the topographical forces, their result
was a sudden apparently discontinuous change in the slope
of the amplitude curves. We used this sudden change in slopehe slope of the resonant curve at the drive frequency,
to define the surface of the sample. For the particular ampli?A/df [+, represents the sensitivity of the detection and var-
tude curves here, data were acquired at 6.7 nm intervals. Grs with the tip—sample separation, mostly because the

AA.. (nm)
O =2 N W A

-1
AAg . (1)

af

fo
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damping increases when the tip approaches the sampl experiment
surface?® We measured this dependence by acquiring
amplitude curves at different frequencies arodigcand tak-
ing the numerical derivative with respect to For the data
shown in this work, we found a nearly linear dependence of
the slope ore. The effect was significant, typically decreas-
ing the slope by about 20% froe+ 670 nm to the “contact”
point atz=0 nm. This effect of decreasing sensitivity as
decreased was accounted for in the conversion of the datic
from amplitude change to resonant frequency shift. S
Converting the resonant frequency shift of the cantilever N
at a certain position into the experienced force gradient at
that position is complex, since the tip oscillation cannot be
treated in the small amplitude limit. Instead, it experiences a
varying force gradient along its oscillatory trajectory. Fol-
lowing the work of Duig,>*3!we define an “effective force
gradient,”F; .« [sign convention see Fig.(&]:

) 2k
z.eff:_EAfF" (2)
Note that in the special case of a purely harmonic interaction
force, the “effective” force gradient becomes the “true”
force gradient. We refer to the resulting détarce gradient

as a function of vertical and lateral positjcers an(effective
force gradient map. Vertical slices of force gradient maps
over the magneto-optic bit are displayed as grayscale image:
[Figs. 3a)—3(d)]. The force gradient maps were acquired
with Ap=21, 40, 62, and 190 nm for Figs(83—3(d), respec-
tively. An increase in the signal-to-noise ratio for increasing
Ao is apparent in the image series. The images in Fig. 3
demonstrate that it is also important to consider the oscilla-
tory movement of the tip during the imaging process and
reconfirm that the small amplitude limit is not applicable
here.

IV. MODELING THE MAGNETIC FORCE MICROSCOPY
RESPONSE

To calculate the MFM amplitude response for our mod- —>X 1 pm
els from Eq.(2), it is necessary to calculate the force gradient
acting between tip and sampﬂ%lt is possible to do this by FIG. 3. Experimental and theoretical grayscale images of the extracted mag-

utilizing Fourier-based method®12Here we will. however netic response over the magneto-optic bit. The grayscale corresponds to
’ ! ’ changes in the effective magnetic force gradient as a function of the lateral

work in direct space. With the assumption that both samplgng nhorizontal position of the tip. The experimental free cantilever oscilla-
and tip coating consist of a magnetic material hard enough s@n amplitudes A,) were 21, 40, 62, and 190 nm féa)—(d), respectively.
that their magnetizations do not affect each ofﬁq;h,e force  Theoretical images calculated for the uniformly magnetized finite cylinder

; : ; ; ; ; (double disk model[(a)—(d)], closely reproduce the experimental data. The
gradient(in th? z dlre(.:tlor’) experienced .by .the tip can be grayscale range of all images in the left-hand side colgamd that of all
calculated by integrating the second derivative ofzleam- images in the right-hand side column, respectiv@gs chosen to be iden-
ponent of the magnetic field from the sample with respect taical.

z over the volume of the tip coatirft®®

PH,(r+s)
Fé(f)=,uo|\/|tipf_ oz 4V (3)  dimensionality of the integralIn the long run, it would be
tip desirable to include the possibility of the micromagnetic
wherer is the position of the tip origin with respect to the structure of the tip and sample modifying each otfefor
sample originFig. 4@)]. s denotes the position of a volume the data presented here, however, the absence of hysteretic
element in the tip relative to the tip origin. We assumed thatissipation effects suggests that the sample and tip magneti-
the tip magnetizationyy,, is single domain and is oriented zation do not significantly affect each other. This is further
in the z direction. This assumption is good for typical MFM supported by the fact that both the magnetic tip and the
tips3® (Alternatively, integration over the induced magnetic sample have relatively high coercive fiefds.

surfaces charges could have been performed, decreasing the Equation(3) is sufficient in the limit of small tip oscil-
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FIG. 4. Schematic of the theoretical models udeilThe tip was modeled
as a cone with its symmetry axis mdirection, 10um in height, with an
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go(u)=+1—u? 7)

Due to the harmonic nature of the tip oscillatiagy[ (2’
—2z)/A—1] is proportional to the tip velocity at each tip
position z'. Therefore, Eq.6) obtains the effective force
gradient by weighting the force gradient at each position
with the corresponding tip velocity and by calculating the
average over the oscillation range. The contribution of the
force gradient to the effective=(weighted and averaggd
force gradient is highest at the respective static equilibrium
position of the tip(where the tip velocity is highesand is
lowest(zerg at the respective points of maximum/minimum
tip extension.

We modeled the sample as an infinitely extended film of
thicknesst and uniform magnetization iz direction, in
which a magneto-optic bit of opposite magnetizatibh;;,
is embedded in the shape of a cylinder of diameder
=1 um and thicknesg (perpendicularly magnetized me-
dium) [Fig. 4(@)]. The magnetic field above an infinitely ex-
tended and uniformly magnetized film vanishes. Therefore,
the relevant magnetic field‘stray field”) of our sample
model is effectively created by an isolated magnetic bit hav-
ing an effective magnetization of\2,;. (Besides, MFM
measurements are insensitive to homogenous magnetic
fields) There are no moving charges in the sample, so one
can define a scalar magnetic potential und subsequently re-
duce the problem to that of two charged disks, one at the top

opening angle of 17°, a spherical cap of radius 10 nm and a 100 nm thicsurface (+) and one at the bottom surface-} of the bit,

magnetic coating that was completely magnetized along tneés. (b) First each with a magnetic surface charge densifgﬁ) of
magnetostatic model of the sample, representing the magneto-optic bit as a
0+ =*2Mp;. (8)

uniformly magnetized Jum diameter half-infinite cylinder in an oppositely
magnetized half-infinite volumésingle disk model (c) Second magneto-

static model of the sample, representing the magneto-optic bit as a unit he magnetic field of the two charged disks becdthes
formly magnetized cylinder, um in diameter, and 50 nm in thickness,

placed in an infinite film of the same thickness that is uniformly magnetized H(r) = 1 r—r’ ds 9
in the opposite directiofdouble disk model (= E Sampleo-i |r_ e ) 9

where the integral is to be performed over the top and the

lation amplitudes. However, as discussed above, there can B@ttom surface of the disk.
a significant dependence of the measurement signal on the Qur first model represents a magnetic film of infinite

cantilever oscillation amplitude. Among othéfs® this
problem has been addressed byripid®3! In the limit of a

thicknesqFig. 4(b)], therefore, the magnetic field of the bot-
tom disk vanishes and we have to consider a single (disk

weak tip—Sample interaction such that the motion of the tlp |3:0p One On|y_ Relevant for our MFM measurements is the
essentially harmonic, the effective force gradient, as definedomponent ofH in the xz plane (the center of the disk is

in Eq. (2), can be written as a convolution proddtt,
2 z+2A
wA? |,

Flen(X,y,2)=— F,(xy,2")

zZ'—-z
A

with a weakly diverging kernel

X0z

—1>dz’, (4)

u
gl(u):_ \/1_—u2

By applying partial integration to Ed4), we find

©)

2 z+2A 7' —z
Fé,eff(xryaz): mfz Fé(xayvz,)gz( A _1)dz,:
(6)

with a nondiverging kernel

assumed at the origin of the coordinate system(). H,
can be expressed in cylindrical coordinates:

: M., (27
singl _ hit
H3"9(x,2) 27 o do

JR zr q
X o (X2+Z2+r%2—2xr cosg)3? r
(10)

Our second model represents a uniformly magnetized
cylinder of a typical film thickness df,=50 nm, the mag-
netic field of which is that of two oppositely charged single
disks, separated by, [Fig. 4(c)]:

H ;ioubIE(X,Z) _ Hiingk‘-‘(x,z) —H iingle(X,Z‘f‘ to). (11)

For both sample models, the tip was modé&las a truncated
cone, 10um in height, with an opening half-angle of 17°,
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effective magnetic force gradient (a.u.)
effective magnetic force gradient (a.u.)

O experiment O experiment
~—— theory = theory

X 1um X 1pm

FIG. 5. Comparison of the experimental force gradient map data with théFIG. 6. Comparison of the experimental force gradient map data with the
single disk model for four different tip—sample separatioAg=62 nm). double disk model for four different tip—sample separatioAg=62 nm).
Traces from the tip model witlisolid lines and without(dashed lines ~ Traces from the tip model witfisolid lines and without(dashed lines
considering large-amplitude effects were fit to the experimental data simulconsidering large-amplitude effects were fit to the experimental data simul-
taneously. At large values af the fits seem reasonable but as the MFM tip taneously. A good fit is obtained for the full-grown tip modsolid lines,
begins to sample the magnetic near fietd=(L4 nm), the fits clearly begin where the features of the experimental data are faithfully reproduced on all
to disagree with the data. Clearly, a point dipole modefo-tip size, small  the length scales recorded. Again, a point dipole medetted lineg does
oscillation amplitudg (dotted line$ does not reproduce the data at all. not reproduce the data at all.

and a spherical cap at the tip apex of radius 10 nm. Theame value for all tracgsThe trace az=14 nm (Fig. 5
opening angle was approximated by scanning electron mishows the main discrepancy between the data and the single
croscopy and the tip radius was estimated from the specifidisk model: The fine structure on the edge of the bit is com-
cations of the manufacturer. Increasing the cone height in thpletely missing from the calculated trace. Despite this dis-
tip model to more than 1@m did not significantly change crepancy, the theoretical traces fit reasonably well to the ex-
the results. Since we were only interested in qualitative comperimental traces at larger valuesafThe calculated traces
parisons of the MFM responses, we left the saturation magef the double disk modelFig. 6) fit the data much better at
netization of the tip coatingW,, as a linear fitting param- all values ofz, especially in the near fielvhenz is com-
eter. parable to the media thickngs3he slight asymmetry in the
data(a lower dip on the left-hand side of the bit and a higher
peak on its right-hand siglés probably due to the fact that
the tip axis is tilted with respect to the vertica+(0°) in the

To compare the quality of both sample models, we seexperiment but not in the theory.
lected four lateral traces at different tip heights from the  As a demonstration that both the stepqafintegrating
experimental force gradient map shown in Figc)Joscilla-  over the volume of the tip coatindeg. (3)] and (b) correct-
tion amplitude 62 nm(Figs. 5 and 6, markersThen, we ing for the large-amplitude tip oscillatiofEqg. (6)] are nec-
calculated the theoretical traces resulting from the two dif-essary in the modeling, we also plotted the theoretical traces
ferent sample models: The single disk modeig. 5, solid  without the large-amplitude correctigrigs. 5 and 6, dashed
lines), and the double disk modéFig. 6, solid ling. All four lines), and without both the large-amplitude correction and
theoretical traces were least-square fit to the four respectivine tip volume correctiofpoint dipole tip model, Figs. 5 and
experimental curves simultaneously, with the tip magnetiza®, dotted linegs The latter traces clearly do not fit the data for
tion and thex offset as global fitting parametefse., the  both sample models. The former traces track the basic

V. RESULTS AND DISCUSSION
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shape of the experimental traces. But a faithful reproductioMCKNOWLEDGMENTS
of the features of the experimental traces was only obtained

for the double disk sample model, using the full-grown tip
model (Fig. 6, solid lineg. Such a fit had a chi-square that
was smaller by a factor of 2.5 than that from the single dis
model. The results from the other data seéig=21, 40, and
190 nm, respectivelywere similar. Therefore, the double

. . . 1 H A H
disk model is a more likely model of the true sample mag- g'leTct)lgﬁlgég' Abraham, and H. K. Wickramasinghe, Appl. Phys. Lett.

netlzat_lon. ) ) . o 2Y. Martin and H. K. Wickramasinghe, Appl. Phys. LeB0, 1455(1987.
This analysis emphasizes the importance of examining®p. Gritter, H. J. Mamin and D. RugaiMagnetic Force Microscopy

different length scales of the micromagnetic structure byA(Springer, Berlin, 1992 pp. 151-207.

sampling and modeling the MFM response at different val- D. Rugar, H. J. Mamin, P. Guenther, S. E. Lambert, J. E. Stern, |. McFay-

f fth . . . ith h den, and T. Yogi, J. Appl. Phy$8, 1169(1990.
ues ofz. If there is a micromagnetic structure with a char- SImplemented on the Nanoscope IlI from Digital Instruments, Santa Bar-

acteristic length, it is necessary for the MFM to operate in  bara, CA.

the near field ¢<¢) to resolve the structure. In the case of °K.M. Jones, F(’- Visﬁontiy F. Yun, A. A. Baski, and H. Morkoc, Appl. Phys.
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