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We investigated the occurrence of magnetic domains in MnZn-ferrite grains by magnetic force
microscopy(MFM). At the surface of samples with different grain sizes in the range from 2 to 10

pm, small grains generally contain only one domain, while large grains contain two domains. The
crossover between these two intragranular domain states occurs at a critical grég, sizabout

4 um. This finding is in agreement with the conclusions from earlier neutron depolarization
measurements on the same samples and reemphasizes the large discrepancy between theoretical
calculations oD, for isolated grains and experimental values in the ferrites. Furthermore, we find

that the magnetic field profiles are not those expected from isolated grains. Modeling of the MFM
response shows that the magnetic environment of a grain plays an important role in its magnetic
configuration. ©1999 American Institute of Physids$S0021-897¢9)02709-1

I. INTRODUCTION for the estimates oD, barely reaches the experimental

Knowledge of the domain structure in a magnetic mateValue>? Moreover, the change in energy dissipation as
rial is a key factor in understanding its magnetic responsefunction of grain size can be surprisingly sharp, taking place
An important class of magnetic materials is formed by softn less than 0.1um.* Given the distribution of grain sizes
magnetic ferrites with the Spinel-type crystal structure. Dudnherent to ceramic materials, the expectation would be a
to their low conductivity they are used for high frequency more gradual change in the region where grains with single
applications t>10kHz). For optimum performance at these domains and two domains should coexist. Better understand-
high frequencies also their magnetic hysteresis or dissipatioid is clearly needed of the behavior of the magnetization
should be as low as possiblié Since this property is related and the domain wall in a grain in connection with its local
to domain wall motion, several studies have been performeédnvironment. Moreover, since the data from ND and dissipa-
lately on the domain structure of poly-crystalline MnZn andtion measurements reflect the average response of the bulk
Nizn ferrites, and its relation to the average grain size. material, it seems desirable to supplement the results of these
The latter parameter can be controlled by the sinter temperaxperiments with microscopic information on the level of
ture in the preparation process and allows tuning of the graisingle grains.
size with small size distributions from belowum to above In principle, magnetic force microscogilFM) can pro-

10 um while maintaining a constant compositibhDue to  vide information on the existence of domains and domain
the low magneto-crystalline anisotropy of certain MnZn-walls. The main question to be addressed in this article will
ferrite compositions, the domain wall size can be very largebe whether, in grains on the sample surface, a similar con-
of the order of 1um, so that the grain size can be varied nection can be made between grain size and number of do-
from below to above the domain wall size. This has severamains as found from the bulk-averaging ND measurements,
consequences. For instance, it was shown by neutron depasing the same MnZn-ferrite samples as previously studied
larization (ND) studies that a critical grain siZB, exists, by neutron depolarization.

below which the grains are mono-domdihFor the MnZn The article is arranged as follows; since the glaring dis-
ferrites to be discussed hei@, is about 4um. Recently, it  crepancies between measured and calculated valu@g,of
was found from magnetic susceptibility measurements thajre the main motivation for our investigation, we first re-
the energy dissipation at MHz frequencies is substantiallapulate the basis of such calculations in Sec. Il. Section il
lower in samples with grain sizZlB <D, which was attrib-  deals with the experimental details. In Sec. IV we present the
uted to the absence of domain walls in these small grdins. gata. They show that the samples with small grains do not

Still, a number of questions persists. For instance, theoshow magnetic contrast, which we interpret as the absence of
retical estimates foD, of an isolated graitr*yield values  gomain walls. In large-grained samples, magnetic contrast
WhiChﬁ‘re orders of magnitude lower than experimentallyc g a domain wall is always present within the grain, with a
found1° E\{en when taking _mto a_ccount that the grain is crossover regime fro® =3 um to D=5 wm. These num-
embedded in a soft magnetic environment, the upper limifg 5 gre essentially equivalent to the vallig=4 um found
in the ND measurements. Apart from this main conclusion,
dElectronic mail:aarts@rulko.1.leidenuniv.nl we find that the large grains show two different types of
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magnetic contrast. An Appendix is added to discuss this obfor M, the computation yielde®,~22 nm; a reduction of

servation. Although the issue cannot be fully resolved,MS (i.e., the magnetostatic energy of the gidig a factor of
simple model calculations indicate that such behavior is nobg \yas needed to come close to the experimental value of
expected for isolated grains. Apparently, neighboring graing 4 ,;m 12 Summarizing, major corrections are needed to re-
play a role in determining the distribution of the Surfaceproduce the experimentéD) values forD, in ferrites. An
magnetization and therefore, possibly in the domain wall foringependent determination of these values will therefore be

mation. useful.
Il. THEORETICAL ESTIMATES OF D, IIl. EXPERIMENT
Theoretically, for arisolatedmagnetic particle a transi- The investigated MnZn ferrites were the same as used in

tion to a monodomain state of uniform magnetization is €Xthe earlier studies cited earligf. Their composition is

pected with decreasing grain size, since the domain wall €MWINg 6ZNo 2 00,. They were prepared by using wet
ergy scales with the domain wall area, approximatelPas  chemical methods in the powder preparation and using sinter
whereas the magnetostatic energy decreases more rapidmperatures between 750 and 1250 °C which yields grain
with D2.%**0n a more quantitative level, exact expressionssizes between 0.2 and 18157 As a measure for the grain
were derived by Brown for the onvefg and upper bounds ofsjze D, the mean linear intercept was taken as determined
the critical radius of aphericalparticle’ There are two fun-  from electron microscopy images. For this study, samples
damental complications in comparing an experimentally deyith four different grain sizes around the value fbr,
terminedD, to a theoretically expected value. One is thatknown from the ND experimentsvere selected from the
the particle is usually not spherical, so that the magnetizationg;,ammeS previously investigated by ND: 2.5, 3.1, 5.4, and 7.3
need not be uniform and the nucleation process for a domaiﬂm_ For briefness, they will be designated as MZ25, MZ31,
wall can be different. The other is that the micromagnetic\izs4, and Mz73. The samples were embedded in epoxy
theory”** deals with isolated grains. In the bulk ferrite dis- and polished using Seyt6hto flat and shiny surfaces for the
cussed here, the grains are neither spherical not isolated aggi=n measurements.

especially the soft-magnetic environment of the grain should  The MFM used employs a home-built piezo-tube scan-
be taken into accourdt* This yields correlations between ner with a lateral range of 1@m on which the sample is
the magnetization direction in neighboring grains such thaFnounted, commercial atomic force microscopy triangular
the condition diw~0 between such grains is m@or in-  cantilevers with gold coating for enhanced reflectivity at the
stance, in the case when four neighboring grains form @ack, and optical detection of the deflection by using a laser
diamond-like magnetization structurén a first approxima-  giode and a position sensitive detector. Scan control and data
tion for the calculation oD, one can study the effect of the acquisition were performed by commercial electrorfREIK
soft-magnetic environment byartificially) lowering the Inc.). The SiN, tips were made magnetically sensitive by
magnetostatic energy of the grafhiThis can be done either eyaporation of a thin Fe film of about 80 nm, and covering
by using a reduced effective value for the saturation magnepis with 20 nm Au for oxidation protection. A shadow mask
tization Mg,** or by introducing an (isotropig initial  \yas used during the evaporation, in order to prevent coating
permeability” The latter yields a reduction of the demagne-of the cantilever arms. All experiments were performed at
tization energy by a facto§u;. Applying the permeability oom temperature, as were the previoN®) experiments:*
correction to the upper and lower limits for the critical grain gy face topology of the samples was measured in contact

size derived by Browhyields mode. The magnetic response of single grains was measured
2n in two steps. First, the grain was scanned in contact mode

Doer tower= 3.6 / s , (1) and a tilt compensation was made by mixing the lateral

’ %MOMé (X,Y) scan voltages with the heigliZ) scan voltage. Sub-

sequently, with the scan plane now equivalent to the plane of

A ZuiK the grain, the tip was retracted about 100 nm. This is rela-

Der,upper 28\/1 2 \/ 1 2' 2 tively far from the surface, but that was necessitated by the

zmoM3g soM3s

relatively large height differences on especially the fine
with A the exchange constant, the initial permeability at grained samples, as well as by the sometimes large magnetic
D¢, no the vacuum permeability and the anisotropy con- signals near grain boundaries and pores. The magnetic signal
stant. Using the numerical values pertaining to the MnZnwas measured in dynamic mode. The cantilever, which had a
ferrite studied heré, A=3x10 *2J/m, ©;=1200, K  force constant of 0.1 N/m, was driven to oscillate with a
=32J/n?, and uoM.=0.52 T yields a lower limit of 0.54 frequency close to its resonance frequency, around 30 kHz,
pm and an upper limit of 7.2m for D,, in quite reasonable and an amplitude of about 10 nm. Changes in the resonance
agreement with the experimentally foubq,~3.8+0.7 um, frequency of the oscillating cantilever were detected with a
by neutron depolarizatichNote that the soft-magnetic envi- lock-in amplifier by measuring the changes in vibration am-
ronment correction has increased the calculated critical graiplitude. Thus, actually thderivativeof the force on the can-
size by three orders of magnitude. The other approach to thilever in the direction along the tip is measured. Images
problem, of reducindVls, was applied recently in a numeri- were usually taken along 256 or 512 lines, with 258.2)
cal computation oD, in NiZn ferrite. Using the bulk value points per line. For a clear representation of the different
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FIG. 2. Images of a single grain in sample MZ2Beft) topographic image;
(right) magnetic image. The markers have a width @ir2. The white lines
show the cross sections given in Fig(\ith directions as indicated by the
arrows. The outline of the grain in the magnetic image is shown in black.

FIG. 1. Topographic image of sample MZ25, with an average grain size of
2.3 um. The gray scale corresponds to maximum height differences of about

200 nm. The marker has a width of . hand grain boundary, but otherwise it is rather featureless.
The VT line only crosses one grain boundary with a some-

what smaller step. The corresponding VM line does not

features in the images, signal changes will be shown alonghow any feature. The small-scale oscillations are due to the

cross-se_ctlonal lines, Wh'(?h were obta|.ned as follows. In to-smoothing—averaging procedure; the period is of the order of
pographical images, one image scan line could be taken d

i ithout further treat tIn th o | the resolution, the height is representative of the residual
rectly, without turiner treatment. In the€ magnetic IMages,,,ise Note that for this grain, apparently, the surrounding
improvement of signal-to-noise ratio was needed. In

. . aterial has the same direction of the magnetization. Other-
scanned line, a smoothing procedure was performed over

adjacent points, which typically corresponds to a width, an ise, the ensuing stray fields would have led to much stron-
o ; . S er signal variations near the grain boundary.

therefore a resolution, of about Qudn. Five such linestypi- 9 9 Y

cal distance 0.0Zm) were then averaged.

IV. RESULTS ON THE DOMAIN STRUCTURE

600 |- i
In this section, topographic and magnetic images are
presented from samples with different grain sizes. Magnetic
contrast is found within large grains and interpreted as the 11
occurrence of two magnetic domains. 400 |

signal (a.u.)

In Fig. 1, a topographic image of ¥12 um is shown
for sample Mz25. A number of features can be seen. First,
there is a clear distribution in grain sizes. The diameter of the
smallest grain in the images is abouju#h; the diameter of 200 |
the largest grain is over &m. This is not in contradiction
with the quoted average grain size, which was defined as the
mean chord along an arbitrary line in an electron . 2
micrograpt and determined froraveraginglines in several
pictures taken at various parts of the sample. Second, the
outlines of the grains can be seen clearly. The contrast only
derives from height differences, indicating that the polishing 4001
is more effective for some grains than for oth&tsror
Mz25, the maximum step height found was about 200 nm.
Finally, pores are also clearly present on the surface. Figure
2 shows a topographic image and a magnetic image of one
selected grain in MZ25 with dimensions of about 4 um. 2001
In the magnetic image, the outline of the grain is reproduced
as a thin black line, since it is difficult to detect in this image.
Two cross sections were made in both images, left-to-right
and bottom-to-top, shown as thin white lines. We designate
them HT, HM (horizontal topographic, magnetiand VT, distance (um)
VM (vertical topographic, magnejicThe data are given in ) ) . .
Fig. 3. The HT line[dotted line in Fig. 8)] shows a flat F'C: 3. Topographi¢dotted line; left-hand scaland magneti¢drawn line;

. . . . right hand scalesignal variations along the cross-sectional lines given in

surface with steps at both grain boundaries. In the HM lin€jg 2 The dashed vertical lines indicate the grain boundafaed eft-to-
there is a corresponding change in signal level at the rightright (called HT and HM; (b) bottom-to-top(called VT and VM.
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height (nm)

height (nm)
signal (a.u.)
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FIG. 4. Images of another single grain in sample MZ@2%ft) topographic
image; (right) magnetic image. The markers have a width ofuh. The
white lines show the cross sections given in Figwith directions as indi-
cated by the arrows The cross sections have one grain boundary in com-
mon, indicated withC. The outline of the grain in the magnetic image is
shown in black.

FIG. 6. Images of a single grain in sample MZ73, with an average grain size
of 7.3 um. (Left) topographic image(right) magnetic image. The markers
have a width of 5um. The white lines show the cross sections given in Fig.
7 (with directions as indicated by the arrow$he outline of the grain in the
magnetic image is shown in black.

On a total of 14 grains imaged for this sample, most

showed the same featureless magnetic signal inside the

grains. We interpret this as the signature of a single magnetigrain boundaries. Interestingly, the onset of the “magnetic”
domain. On the other hand, effects of the graoundaries boundary usually starts well inside the onset of the topo-
are not always absent, as demonstrated in Figs. 4 and 5. Tiaphic boundary. We will discuss this observation at the
grain displayed in Fig. 4 has a very elongated shape, with &nd of this section. Also, the two cross sections have one
long axis larger than 3m and a short axis of aboutAm.  grain boundary in commofdenoted ‘C” in Figs. 4 and 3,
Cross sections along both axes are given in Fig. 5, fron@nd it should be noticed that the magnetic signal variations at

lower-left to upper-right[long axis, Fig. %] and from
upper-left to lower-righfshort axis, Fig. 8)]. They clearly
demonstrate significant variations in magnetic signal near th

800

a.
600 |-
- E
E ol £
= 5
S S
s =
< a0k
0 -
-200
600 |
400 |
200} 5
3 s
-~ ©
5 Or 5
(0] ‘w
=
200 |
400 | ¢ i
1 ' A
0 2 4

distance (um)

FIG. 5. Topographi¢dotted line; left-hand scalend magneti¢drawn line;
right hand scalesignal variations along the cross-sectional lines given in
Fig. 4. The dashed vertical lines indicate the grain boundéajdsower left

to upper right(long axig. (b) Upper left to lower right(short axig. The
common grain boundary in both cross sections is ma@&ed

RIGHTS LI N '-"l}

this boundary are very simildand strongly peaked

Next we discuss the sample with the largest grains,
MZ73. Topographically, this sample is completely different.
It is very flat, without the height differences which conve-
niently indicated the perimeter of the grains in MZ25. The
only distinguishing features are pores, which are found regu-
larly at the so-called triple points. The connecting lines be-
tween the pores gives a reasonable indication for the position
of the grain boundaries. Figure 6 shows topographic and
magnetic images of a grain of about/8n diameter; the
grain perimeters drawn in the magnetic image was produced
by connecting the pores, visible as black dots in the topo-
graphic image. In the magnetic imagEig. 6(b)], a clear
feature can be seen running from top to bottom inside the
grain. Left-to-right and bottom-to-top cross sectidiagain
called HT, HM, and VT, VM, respective)yare given in Fig.

7. Starting with HT, HM[Fig. 7(a)], a pore at the left hand
grain boundary is clearly visible in both images, followed by
the unusually strong peak of the earlier mentioned feature in
HM (indicated with an arroyy at a position where HT is
completely flat. Further along the line, there is more mag-
netic signal variation at the position which roughly corre-
sponds to the right hand grain boundary. We interpret the
strong peak as the signature of a domain wall. The VM cross
section does not show features inside the grain, consistent
with the fact that it runs parallel to the feature inside the
grain in the magnetic imageee Fig. @)]. The trace shows
signs of both grain boundaries, particularly near the deep
pore at the top of the line, which again exerts its magnetic
influence over a few microns.

The peaked signal variation at the domain wall position
witnessed here is not the only type of variation observed.
Figure 8 shows another grain of about the same size, with
reasonably visible outlines from height contrast, even though
the surface is rather dusty. The corresponding magnetic im-
age shows a strong contrast change along a line roughly
through the middle of the grain. A cross sectitower left to
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FIG. 9. Topographic¢dotted line; left-hand scalend magneti¢drawn line;
: right hand scalesignal variations along the cross-sectional line given in Fig.
400t ' 8. The dashed vertical lines indicate the grain boundaries. The solid arrow
103 indicates the domain wall feature.
3 XA
£ T
%200 é of 13 grains was imaged, with nine showing one domain, and
2 four showing two domains. For MZ54, the situation is just
. {-1 opposite, with four grains showing one domain and nine
or showing two domains on a total of 13 grains imaged. Figure
10 summarizes the findings for all samples. For ease of com-

parison, part of the ND data for the MnZn ferritesre re-
distance (um) produced as well.
_ - _ - Having identified different domains within a single
FIG. 7. Topographi¢dotted line; left-hand scal@nd magneti¢drawn line; o ain \ve can also estimate the widgh of the domain walls
right hand scalesignal variations along the cross-sectional lines given in . .
Fig. 6. The dashed vertical lines indicate the grain boundat@deft-to-  TOM the images and compare these to the theoretical values,
right; the solid arrow indicates the domain wall featuts. Bottom-to-top. ~ as an additional check on the interpretation of the data. Both
the width of the peak in Fig. 7 and of the step in Fig. 9 are of
o o ) the order of 1 to 1.5um, well above the resolution of the
upper right is given in Fig. 9, showing the contrast change MEM of about 0.3um. Such a number agrees very reason-

as a step in signal level. Again we interpret this feature as @ply with a simple theoretical estimate fd, from the
domain wall, leaving the discussion of the reason for the

observation of two different types of contrast to the Appen-
dix. Ten grains were imaged, all showing a domain wall.

A description of the results of the final two samples,
MZz31 and MZ54, can be brief. Both samples contain grains
with a flat “monodomain” behavior as found in MZ25, as
well as grains with either the peak contrast or the step con-
trast associated with two domains. For MZ31, a total number

A [um]

Mn, Zn ..Fe, .0,

0.60<'0.35° 2,05

5
[ 1 domain
EEE 2 domains

domain ratio

0.0

0 2 4 6
D[pm]

FIG. 10. (a) Domain sizeA vs grain sizeD as determined from neutron
depolarization experiment@ata taken from Ref. )4 For the solid line,
FIG. 8. Images of another single grain in sample MZ73, with an averageA/D=1, the ratio corresponding to monodomain grains; the dashed line
grain size of 7.3um. (Left) topographic image(right) magnetic image. The corresponds ta/D = 0.63, the ratio calculated for grains in the two-domain
markers have a width of Zm. The white line shows the cross section given state.(b) Bar diagram showing the relative occurrence of one domain or two
in Fig. 9 (with direction as indicated by the arrgvilhe outline of the grain  domains per grain for the four samples studied by MFM at their respective
in the magnetic image is shown in black. values forD.
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known material parameters of the systefig;~ A/K, with ACKNOWLEDGMENTS
A the exchange constant akdthe anisotropy constant. Us-
ing the valuesA=30x10 *2J/m andK=32J/n? (Ref. 4
we find §,=1.3um. In an independent experiment with a
different and more sensitive setQsing a tip made magneti-
cally sensitive by electron beam depositioh*® we found
for a Nizn ferrite a much smaller value &f, (of the order of
0.2 um), reasonably consistent with a ten times smafer
and a ten times largé¢ for this ferrite? In view of the value
of &, for the MnZn ferrite, it is also significant that the onset
of the magnetic signal near the grain boundary in small
grained sampletsee Figs. 4 and)Ss found well within the
grain, at a distance of more than Qs from the boundary.
This can be interpreted as the manifestation of a domain w.
positioned at the grain boundary, extending inwards over-
such a long distance due to the small values of the anisotroq
constantK. Note that this yet again shows that the grains
should not be viewed as isolated particles.
Considering the overall results given in Fig. 10 and the APPENDIX: REMARKS ON THE MAGNETIC
. . . - CONTRAST
estimates fo,,,, the experimental picture seems straightfor-
ward. Although being based on measurementshe surface With respect to the origin of the two different types of
of the sample, it confirms that domain walls appear beyond aontrast observed in the large grains, we can make the fol-
certain grain size. Grains with large diameters contain a dolowing observations. In principle, the contrast depends on
main wall, which more or less divides the grain in two parts.the full sample stray field and on the shape and direction of
A critical grain sizeD,, determines whether a grain will the magnetic domain in the tip which acts as sensor. As first
accommodate one or two magnetic domains. The value afiscussed by Scmenberger and Alvaradband more re-
D lies around 4um; as was also found in the neutron cently by Huget al,8 different contrast regimes can be dis-
depolarization experimentsDue to the distribution of grain tinguished, depending on the length of the sensor domain in
sizes, samples with average size negrcontain both grains the tipL¢.,sand the characteristic wavelength, of the mag-
with one and with two domains, as would be intuitively ex- netic features of the sample. Roughly speaking, whgpis
pected, making the transition from one-domain samples t@maller tham ,,, the tip acts as a dipole and the force on the
two-domain samples a gradual rather than a sudden one. It i is due to the field gradient produced by the sample; when
tempting to attribute the much sharper transition seen in neutthe sensing domain is much longer thap, the tip acts as a
tron depolarization and high frequency dissipation to coop-monopole and the force is due to a filtered version of the
erative effects in the bulk of the sample. Moreover, the datdield itself. For our sputtered tips we expect the sensing do-
show that in almost all cases a magnetic signal variation isnain to be small with respect to the magnetic features, which
present at the grain boundary, indicating that the direction ohave a characteristic scale ofuln. The force is then due to
the magnetization changes from grain to grain. Especially fofield gradients. Since in our experiment the force gradient is
the small grains, it was suggest&that grains would contain measured, this is equivalent to the second derivative of the
one intragranular domain wall while the magnetizationfield along the direction of the tip. We therefore consider this
would be homogeneous over the boundary, which wouldsecond derivative of the stray field for two different direc-
lead to an effective domain size equal to the mean grain sizeions of the magnetization on both sides of the domain wall.
This situation is not observed. The stray field from the sampléy is calculated by integrat-
ing over the magnetization of the sample as described by
Rugaret al;?! H, is then used to calculate the force deriva-
tive in thez direction, taken along the tip and perpendicular
Domain walls have been observed in the surface grain® the scan plane, on a point dipole of arbitrary direction
of_ polycrystalline Mnzn-ferrite sz_imples by magnetic forc_e PH., azHy 52H,
microscopy. Importantly, the existence of a mono-domain  F,=m, 772 +my—=—=-+m
state for such Mnzn ferrites with grain size smaller than 4
pm is confirmed at the level of single grains. Small grains doThe assumption made here is that the deflection of the trian-
not necessarily have a homogeneous magnetization. Whengalar cantilever is only due to the force alongThe small
domain wall is present at the grain boundary, it extends intanisalignment of the tip with respect to the normal to the
the grain to a considerable length. This is a logical consesample plane(less than 0.2 radis therefore neglected.
guence of the weak magneto-crystalline anisotropy of thé&Knowing that the magnetization for these soft magnets will
material. In the surface grains under observation, the translie in-plane for thesébulk) samples, the simplest model for
tion of the one-domain situation to the two-domain situationa ferrite grain with a domain wall is a culhsee Fig. Ala)],
is gradual, following the distribution of grain sizes in the with its upper plane the scan plane<0), and a domain
sample. wall represented by a step in the magnetization from a con-
RIGHTS i
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FIG. Al. (a) Model configuration for an isolated grain with a grain bound- FIG. A2. (a) Model configuration for an isolated grain with a grain bound-
ary and head-tail directions of the magnetization; force derivativalong ary and antiparalllel directions of the magnetizatit); force derivativer’
x=0 for a tip with sensing dipol¢b) along thez direction;(c) along thex alongx=0, with the sensing dipole along tiedirection.

direction; (d) tilted 45° in thez—x plane.

1Q
a

X. The first casénot shown shows zero response along both
stant positive to a constant negative value atthe plane.  center lines of the cub&=0, y=0), and different signs of
Two choices are possible for the direction of the magnetizathe response in all four quadrants of the measured surface.
tion, alongx or y, and both will be considered below. Fur- step responses exist therefore, but they change sign when
thermore, we pay special attention to the response across ti@ssing one of the center lines. Such behavior has not been
domain wall along the center line of the scan plane, for reafound in the experiments. The second cdfiy. A2(b)]
sons to be discussed. For the direction of the magnetizatioshows a step response, which is quite flat in the middle and
alongy, the force derivative is well known since it is found very Steep at the sides of the gra|n aga|n because of flux
in longitudinal bit patterns in recording tapes. The behaviorciosure of the isolated cube; assuming as before that the lat-
along the center line is sketched in Figs.(BX Al(c), and  ter will be modified by the surroundings, this configuration
Al(d) for three different directions of the SenS|ng d|p0|e may exp|a|n the response found in F|g 9. However, such a
namely alongz, alongy and in thez,y plane. Obviously, a configuration will not produce a peaked response.
dipole alongx will not generate a signal. The scan heightis  These elementary considerations still lead to some quali-
used to define the length scales and set to 1, the sides of thgive conclusions. One is that the grains are clearly not mag-
cube are 5 times larger. For the dipole alanfFig. Al(b)]  netically isolated. Although this may seem obvious, it is im-
the response is peak-like; for the dipole alonFig. A1(©)],  portant in view of the fact that micromagnetic calculations
F' changes sign at=0, with two peaks before the signal faijl to reproduce the critical thickness for domain wall for-
drops to zero. The more general case of the dipole irefie  mation, unless the magnetic environment is taken into ac-
plane can be easily constructed from the vector sum of thgount in some manner. The other tentative conclusion is that
given signals. For instance, tilting 45° away fronstill leads  the peak-like domain wall contrast found in a number of
to a strong peakFig. Al(d)], with some undershoot on one grains stems from a head-tail magnetization configuration
side. Essentially such a configuration of magnetization angather than an anti-parallel one, although the latter might be

sensing dipole is probably present when the experimenhought more probable. Whether or not this is only true for
ShOWS peak-llke_ contrast. However, the |SO_|atEd CUbe- mOd@urface grains cannot be answered.
fails when moving away from the center line. The signals
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