High resolution imaging of thin-film recording heads by superparamagnetic
magnetic force microscopy tips
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We have used superparamagnetic magnetic force microsd@dpi) tips to obtain high spatial
resolution MFM images of recording heads. Profiles of the magnetic field gradient above a thin-film
recording head under 3 mA bias current to the head and various tip-head distance conditions are
presented. At a low tip-head distance, the gap width, gap location, and gap-field structure can be
well resolved in these MFM images. Superparamagnetic tips show promise for the magnetic
imaging of recording heads with gap widths below 200 nm. 1€97 American Institute of Physics.
[S0003-695097)01701-4

Magnetic force microscopyMFM) has been used to reduced tip hysteresis effects and clearly delineate the gap-
study the field profile of thin-film recording heatis> MFM field profiles from the pole pieces.
applications in the design and development disk drive com-  The tips used in this experiment were commercial silicon
ponents have expanded rapidly over the last few years benicromachined cantilevers coated with superparamagnetic
cause of the need to explore nanometer scale phenomena thra,(Si0,) 54 films. The cantilevers have spring constants of
limit recording density. In this letter, we report a method to1-5 N/m, resonant frequencies of 70—89 kHz, and quality
improve resolution in the measurement of gap-field profilefactors of about 200 in air. Details of the film preparation
of thin-film recording heads. We have been able to determinend its magnetic properties can be found in previous
relevant details of the gap-field profiles and precisely deterpublicationst>~*® The samples investigated were inductive
mine the gap position. thin-film recording heads typical of those currently found in

It is very difficult to characterize and evaluate the mag-hard-disk drives. The gap width of these thin-film recording
netic response of thin-film heads before they have been irheads is about 200 nm. The recording heads were driven by
corporated into a disk drive. Presently, most studies of rea dc current in the range of 2 to 10 mA. The topographic and
cording head response are based on direct recordingiagnetic images were taken simultaneously permitting di-
performance. The direct determination of the head-field prorect correlation of magnetic profile to the topography of the
file is very useful when comparing the performance of thepole pieces. The topographic data were taken by an atomic
recording head with design models. Quantifying the spatiatorce microscop€AFM) in intermittent contact and the mag-
variation of head fields and field gradients provides a usefuhetic data(MFM image were recorded with the tip at vari-
feedback to the design goals, and is critical for the developeus fixed distances from the air bearing surfésBS) of the
ment of new heads. It is not easy to explain the gap-fieldhin-film recording head®=22In this method, the force gra-
structure from MFM images of recording heads, becdlge dient between the sample and the sensing tip was measured
the field profile is not well resolved?) the magnetic hyster- by the frequency shift of the cantilever.
esis in the MFM tips causes history-dependent interactions  The best MFM spatial resolution occurred while the tips
between the tip and the sample, af8) the “semihard” were scanned at nearly zero distance above the ABS. The
magnetic nature of the MFM tip coatings produces imagesictual distance above the ABS is about half of the rms am-
that are difficult to use in estimating field profiles in the gap,plitude of the cantilever plus the scan height. The distance
due to the huge magnetic flux densities in proximity to thebetween the center of the vibrating cantilever and the surface
gap. As recording densities increase, recording gaps in futuref the sample was fixed when the MFM image was recorded.
heads may be even smaller than the currently typical valueas the vibration amplitude goes down, the tip moves away
of 200-500 nnt* Improvements in MFM techniques are from the surface. One of the methods to achieve nearly zero
clearly needed to keep pace with industrial developments. distance above the ABS is to use a low scan height and

The advantage of using superparamagnetic tips in thgradually reduce the vibration amplitude until there is no
imaging of recording heads was demonstrated recéhtly.  topography interaction between the cantilever and the sample
comparison to the MFM images taken usingsflar;s coated  during the recording of the magnetic signal. The lowest dis-
tips, the MFM images using superparamagnetic tips showgance above ABS achieved in this work was about 15 nm
which is half of the rms amplitude of the cantilever. The

apresent address: National Institute of Standard and Technology, Boulde¥iPrating amplitude used for vaUiSitif)n of MFM image;
CO 80303. Electronic mail: sliou@unlinfo.unl.edu (about 8 nm was about 1/4 of the amplitude used for acqui-
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FIG. 1. 10um X 10 um images of a thin-film recording head, by using an g
80 nm Fey(Si0,) 5, superparamagnetic tiga) AFM image, (b) correspond- -

ing MFM image with 15 nm tip-head spacing, and 3 mA current bias to the 0
head. The color-contrast scales fay and (b) are 20 nm and 300 Hz re- Sc 1
spectively. In(b), the light color represents attractive forge., a reduction an Length (um)
of the frequency.

FIG. 2. 2um X 2 um images of a thin-film recording head, by using an 80

.. .. . . nm Fey(Si0,) 3, superparamagnetic tiga) AFM image corresponds to the
sition of topographic images. The reduction of the cantilevel,yeq area that is shown in Figial; (b) corresponding MFM image with a

vibration amplitude does not affect the magnitude of the fre-15 nm tip-head spacing, and 3 mA current bias to the h@adhe line plot
quency shift. We observed only a decrease of the signal tef the MFM image(b_). The coIor-C(_)ntrast scales féa) and (b) are 20 nm
noise (S/N) ratio. It has been shown that the signal is pro-?Cr;?tﬁzopg;krizﬁiggﬁﬁ'fg‘t;heer'é%hljc‘i%ﬁrorffggsffg;i:ﬂ??“ve force. In
portional to the thickness of magnetic coating of MFM tps.
In this report, we show only the results obtained using a 80
nm Fe(Si0,)4 tip coating which is twice the thickness duency shift above pole pieces and response to the field gra-
used in the previous work The results obtained from using dient. A principle feature of superparamagnetism is the lack
the Fey(Si0,) o tips with 40-nm-thick coatings are similar of hysteresis; that is, it has zero remanance and magnetic
and have about half the frequency shift of the 80 nm tips. coercivity. In contrast to the assumed fixed magnetic mo-
Figure 1 shows 1Qum X10 um images of a thin-film ment,m, of ferromagnetic coated tips) for superparamag-
recording head using a R£SiO,)3, superparamagnetic netic tips depends on the applied magnetic field. The mag-
MFM tip with a coating thickness of 80 nm. Figur¢alis a  netization is always along the field direction, so the net force
topographical image of the recording region taken by thds always attractive. Because of the field dependence of the
AFM. The cantilever was vibrated at a resonance frequencynagnetization of the tip, the interaction is very sensitive to
of 77.2182 kHz with about 30 nm rms amplitude. It shows athe strength of the magnetic field as well as the field gradi-
typical thin-film recording head with two pole pieces that areent.
approximately 4um X6 um each as measured by the AFM. As shown in Fig. 1b), the gap position and the gap
The gap is visible between the pole pieces, as are polishingtructure are clearly observed. There is a clear double peak,
marks that happen when the pole pieces are lapped. Figurehich is expected due to the strong field gradient near the
1(b) is the corresponding MFM image of the same region inpole pieces. The field-gradient profile is asymmetric, with an
Fig. 1(a). This image was taken with a bias current of 3 mA additional peak at the left side of the double peak. This sug-
to the head, and tip-head distance of about 15 nm. The tip igests that there is a small magnetic flux leakage that may be
not touching the sample, since the topographic features ddue to the insufficient magnetic coupling at the interface be-
not appear in the magnetic image. Fringing fields around théween the gap layer and the left pole piece.
head poles are clearly visible. Unlike images taken with  Figure 2a) is a 2 um X2 um topographic image corre-
other types of magnetic tips and tip coatiffg$’the images sponding to the box shown in Fig(a). Figure Zb) is an
taken with a superparamagnetic tip show only a small freMFM image corresponding to the topography in Fig&)?2
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T T T only a single peak, and the estimated gap width was about

[ Tip-Head Distance ] 2-3 times higher than the actual gap width. This was due to
\/JJEJJID— the large tip-sample distan¢e- 100 nm) used in the previous
\/fﬂm‘ experiments. As shown in Fig. 3, the gap width and position
. w are more accurately measured because of the reduced tip-
T Vm— head distance. The shape of the field-gradient profile did not
£ w change when the direction of the current was reve(sata
® a5 not shown. This also means that the force between the tip
§’ V and the sample is always attractive and does not depend on
2 25 the direction of the magnetic field. Near the gap region, the
g N ] frequency shift of the cantilever increases with increasing
b |50 Hz bias current and saturates at a current of about 4 mA, in
agreement with the head manufacturer’s specifications.
s ‘ ‘/gggnm - In summary, we have shown a method using a super-
. ' ' paramagnetic tip coating that allows us to obtain high-
00 05 10 15 20 resolution MFM images of thin-film recording heads. The
Scan Length (um) gap width and the gap-field structure are well resolved. Fur-

thermore, we should be able to image a recording head with
FIG. 3. 2um traces taken horizontally across the gap of the thin film re-& gap width well below 200 nm. The implication of distor-
cording head, with a bias current to the head 3 mA and at different tip-headions of magnetic field-gradient profiles in recording heads
distances. The measured frequency shift is proportional to the force gradierthgyld be interesting for further study of correlation to re-
on the MFM tip. cording performance.
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