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The stray field, magnetic microstructure, and switching behavior of high-resolution electron beam
fabricated thin film tips for magnetic force microscogylFM) are investigated with different
imaging modes in a transmission electron microsc@feM). As the tiny smooth carbon needles
covered with a thermally evaporated magnetic thin film are transparent to the electron energies used
in these TEMs it is possible to observe both the external stray field emanating from the tips as well
as their internal domain structure. The experiments confirm the basic features of electron beam
fabricated thin film tips concluded from various MFM observations using these tips. Only a weak
but highly concentrated stray field is observed emanating from the immediate apex region of the tip,
consistent with their capability for high resolution. It also supports the negligible perturbation of the
magnetization sample due to the tip stray field observed in MFM experiments. Investigation of the
magnetization distributions within the tips, as well as preliminary magnetizing experiments, confirm
a preferred single domain state of the high aspect ratio tips. To exclude artefacts of the observation
techniques both nonmagnetic tips and those supporting different magnetization states are used for
comparison. ©1996 American Institute of PhysifS0021-897¢05)04023-3

I. INTRODUCTION tive domain structure was only accessible by modelling the
ic § i h dtob measured MFM sign&lDue to their good electron transpar-

Magnetic force microscopyMFM) has proved to be @ ooy alectron beam fabricated tips offer the possibility to

useful characterization tool for magnetic recording matgrlal%tudy the microstructure and the domain structure within the

(see for example Ref. 1 and references thereoth their ) jiseif using appropriate imaging techniques in a transmis-

!ntr|ns_|c do dma.”;] E‘;ruhcture laqd wrlt(tjen.b_lt platternsl can besion electron microscope. Thus direct access to the domain
mv_estlggte l\\/lNlétM "9 're_sod‘,“'on zn mlnlmba sampie prerr’]a'configuration is possible and the magnetic behavior of this
ration. But is an indirect domain observation tec " type of tip can be studied in more detail.

nigue, mainly probing the stray field emanating from the

surface and not the magnetization vector within the sample.

Therefore a comparison of a micromagnetic model for thd!- ELECTRON BEAM FABRICATION OF THIN FILM

sample magnetization and the stray field derived therefroY!FM TIPS

with the measured MFM signals is usually required for a  We recently demonstrated that electron beam fabricated
quantitative interpretation of the images. As in other scantips offer a lot of advantages if used in MFMThere the
ning probe techniques, however, the formation of the MFMmagnetic volume is formed by a high aspect ratio thin film
signal is not straightforward in most cases due to perturbaelement deposited on a tiny carbon contamination needle
tions arising from tip artefacts, surface topography, or tip-which is prepared in a standard scanning electron microscope
sample interactions which are in general difficult to separate(SEM). The preparation process is shown in Fig. 1 together
An especial problem is the usually unknown magnetic statgvith a SEM picture of a tip prepared on top of a bent tung-
of the tip and the fact that its magnetic behavior in the straysten wire cantilever. The needles can be grown on all types
field emanating from the sample may lead to perturbations 0bf cantilever and their position and orientation is easily con-
the observed MFM signal and misinterpretation of the im-trollable during the growing process. Whilst the diameter of
ages. Therefore, detailed magnetic characterization of thghe needles is more or less consténtour case: about 200
tips used is required in order to allow a quantitative interprenm) mainly depending on the stability of the SEM used for
tation of MFM images. Various experiments carried out inthe preparation, their length can be varied by adjusting the
this field in the past were mainly focused on the observatioriwelling time of the focused electron beam. In addition the
of the stray field emanating from the tips because of the lownagnetic properties of the tips can be tailored over a wide
electron transparency of common tips. Either Lorentzrange by using appropriate magnetic coating materials. If the
microscopy~* or electron holograpliyhas been used. Con- needles are grown slightly off center, the shadowing effect
sequently only indirect information with respect to the mag-can be used during the evaporation of the magnetic material
netization within MFM tips could be obtained and the effec-to form magnetically isolated high aspect ratio tips. The very
good reproducibility of the preparation process, the high

apresent address: Dept. of Physics and Astronomy, University of GlasgowsN@pe anisotropy, the parallel side walls, the smooth carbon
Glasgow G12 8QQ, United Kingdom. surface, and the rounded apex of the needles should lead to a
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FIG. 1. Electron beam fabrication of MFM tips. On top of the cantilever a 80 p
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thin film element tip with a well defined single domain mag-
netization state and therefore with an improved switching
behavior. MFM experiments as well as transmission electron
microscopy(TEM) studies of the tip stray field and the in-
ternal magnetization distribution are presented below as con-
firmation.

force gradient 9%, —

@

. MFM OBSERVATIONS USING ELECTRON BEAM
FABRICATED TIPS

The electron beam fabricated tips used in the fOIIOWingFIG. 2. (a) MFM observation of a magneto optically written bit track in a
MFM experiments are typically 1.2m long carbon needles co/pt multilayer. The diameter of the individual bits is about 2rf. (b)
with a diameter of about 200 nm grown on bent tungstentypical scan lines measured with the MFM reveal the theoretically derived
cantilevers and coated with a i, alloy with a nominal behavior(c) assuming a monopolelike tip configuration.
thickness of 20 nm. The tips are magnetized prior to the
measurements along their axis in a field of about 0.8 T to
ensure a well defined magnetization state. All MFM obser-asymmetry in the signal of the two transitions might be due
vations obtained on various magnetic materials reveal # a misalignment of the tip with respect to the normal to the
monopolelike behavior of the tips. An example is given insurface of the sample.

Fig. 2, where a typical scan line across a magneto optically From the switching behavior of the tips observed occa-
written bit structure in a perpendicular magnetized Co/Psionally during scanning we concluded alreadyat at least
multilayer is shown. The similarity to the theoretically pre- the active magnetic volume of tips is in the form of a single
dicted MFM signal(force gradientassuming a single pole- domain element, assuming a preferred magnetization direc-
like magnetic state of the tip scanning across a narrow dation along the tip axis due to the shape anisotropy of the high
main in a perpendicular magnetized médi clear. Strong  aspect ratio thin film element. The typical switching behavior
asymmetric peaks on either side of the bit are visible ass indicated in Fig. 3. While scanning above a written bit
predicted by theory. The asymmetry in the MFM signal with pattern in an ME-tape the magnetic state of the tip is inverted
respect to attractivéwhite) and repulsive(black) forces is leading to an inversion of the measured MFM signal repre-
related to an increasing influence of van-der-Waals forcesented by two typical scan lines befofgcan 3 and after
with decreasing tip-sample distante, problem difficult to  (scan 2 switching. Another reversal flips the tip magnetiza-
overcome if working in an attractive gradient at small dis-tion back to the previous magnetic state leading again to the
tances in order to achieve high resolution. The observedhitially observed MFM signalscan 3. This behavior sug-
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FIG. 4. Sample geometry for TEM observations: series of carbon needles
are grown on top of a tungsten wire fixed on a standard copper TEM grid
(with 9=~10°) and covered afterwards from the side with 20 nm of CoNi.

wards with the magnetic layéCogNi,g alloy with a nomi-

nal thickness of 20 nin The growth direction was perpen-
dicular to the wire and about 10° out of the grid plaifrég.

4). In all TEM experiments described in the following, the
observation direction is chosen to coincide with the evapo-
ration direction of the magnetic materi@long thex axis in

Fig. 4). To exclude the possibility of artefacts during obser-
vation due to electrostatic charging, additional needles were
grown afterwards but remained uncoat@dnmagnetig for
comparison.

intensity [arb. units]

A. Bright field images

distance [um] —» Figure 5 shows bright field images taken in a conven-
tional TEM (CTEM JEOL 2000 FX, 200 ke\Mfrom Fig. 5a)
FIG. 3. (a) Reversal of the tip magnetization during scanning above a trackan uncovered carbon tip and from Figbba tip coated with
written with a wavelengtih=1 um in a CoNi ME tape(b) The MFM signal
is represented by three typical scan liri¢s3) before and after the switch-
ing.

—mom |

gests a square hysteresis loop for the tip magnetization, typi-
cal for single domain switching.

IV. TRANSMISSION ELECTRON MICROSCOPY
OBSERVATIONS

Various modes of transmission electron microscopy
(TEM) were used to study electron beam fabricated tips in
more detail. Whilst their microstructure was investigated
with conventional TEM several Lorentz modes were used for
their magnetic characterization. The generation of the mag-
netic contrast in Lorentz microscopy can be understood clas-
sically in terms of the Lorentz force leading to a deflection of
the electron beam when passing through a field of magnetic
induction. Only components of the magnetic flux density
perpendicular to the beam are effective and the resulting de-
flection is linearly proportional to this flux density compo-
nent integrated over the whole electron trajectory. In this way
both the internal induction distribution as well as stray fields
emanating from the tips are accessible, the former depending
on the transparency of the tip itself for electrons of the en-
ergy used. Sample preparation, usually rather difficult in
TEM, is straightforward for the electron beam prepared tips.
To mount the tips in the TEM, a series of needles with dif-

ferent aSPeCt ratios were grown on a tun_gSten \diameter: g 5. Bright field TEM image ofa) an uncoated carbon needle & of
10 um) fixed on a standard copper grid and coated aftera carbon needle after evaporation of 20 nm CoNi.
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FIG. 6. (a), (b) Orthogonal Foucault images of the stray field emanating from a carbon needle covered with CoNi togett@rarstthematic interpretation.
An uncovered, e.g., nonmagnetic needle is shown for comparison.

20 nm CgqgNi,e. No indication for a grain structure was already assumed from the interpretation of MFM images ob-
found in the carbon contamination needle and electron diftained with this type of needles, is apparent. No stray field is
fraction patterngdnot shown of the uncoated tip reveal an emanating from the parallel sidewalls of the needles clearly
amorphous structure. Due to their very smooth surface thegiemonstrating the advantage of the electron beam fabrication
form an ideal substrate for the subsequent evaporation of thmethod producing amorphous tiny cylindrical carbon needles
magnetic material and allow the deposition of high qualitywith a rounded apex and very smooth surface. The magneti-
films. This can be demonstrated by TEM observations ofation configuration was stable up to the maximum field of
coated needlegld=ig. 5(b)] showing homogenous films with a 10 mT provided by a magnetization stage within the TEM.
fine crystalline structure and very few defects. The latterReversing the tip magnetization in an external field of 0.4 T
forms a major advantage for the use in MFM as defects plajed to inverted contrast, further confirmation of the magnetic
an important role during the remagnetization process in maggerigin of the observed contrast.
netic thin films. The estimated grain size is about 5 nm and
djffraction patterns obtained from continuous films prepargdc_ Differential phase contrast (DPC) mode
simultaneously on standard amorphous carbon TEM grids
reveal a hexagonal structure of theggi, alloy. With the DPC mode implemented in a scanning TEM
(STEM VG HB5, 100 kV it is possible to map quantita-
tively two orthogonal in plane components of the magnetic
induction perpendicular to the electron beam on line by using
Using the Foucault mode in a TEKCTEM JEOL 2000 a quadrant detectdf.In the following, DPC imaging is used
FX, 200 keV equipped with a nonimmersion objective lensto get first insights into the mechanism involved during the
providing a magnetic field free space in the region of theremagnetization process of electron beam fabricated tips.
specimei'® the stray field emanating from the needles canFrom the tip switching behavior observed occasionally in
be observed:* The Foucault mode relies on a slight off cen- MFM experiments(see abovewe concluded already that at
tering of the objective aperture obstructing half of the dif- least the active volume of the tip should only consist of a
fraction plane. The method shows regular magnetic contrastingle domain revealing a square hysteresis loop. In order to
which is easy to interpret, but the details depend critically orcheck the validity of this inference, we performed magnetiz-
the exact position and nature of the diaphragm edge whicing experiments within the electron microscope along with
are in general not known. By changing the aperture positiombservations of the magnetic state of the tip. As the tips are
different components of the induction orthogonal to the elecnear opaque for the maximum electron energy in this micro-
tron beam can be mapped. Therefore, despite its nonlineacope it was only possible to image the emanating stray field.
contrast formation, the Foucault method is well suited forMoreover, only remanent states could be observed as the
many investigations and with care the direction of inductionfield was supplied by pulsing the objective lens which is not
can be determined even semiquantitatiVélyVe used this excited when imaging the magnetic induction. Starting from
method to get first insights about the distribution of the straya state saturated along the tip akisz direction we applied
field emerging from the tips. Results are shown in Fig. 6increasing field pulses with a componétht,, along the+z
where in Fig. §a) the sensitivity axis of the magnetic con- direction in order to remagnetize the tip. The results are sum-
trast is oriented near parallel to the tip axis whereas in Figmarized in Fig. 7 where the two simultaneously mapped or-
6(b) it is near perpendicular. A nonmagnetic needle is shownhogonal induction components are shown together with
for comparison. By combining information from both orien- schematics of the stray field distribution inferred from the
tations, the stray field distribution, shown schematically inobserved contrasts. A magnetic and a nonmagnetic needle are
Fig. 6(c), is inferred. The monopolelike behavior of the tip, again shown for comparison. The initial remanent state after

B. Foucault mode
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FIG. 7. Switching behavior of the tips in an external field supplied by the microscope objective lens. DPC images of different remanent states are shown
together with a schematics of a possible domain configuration within the tip.

saturation along the tip ax[€igs. 1a) and 7b)] reveals the domain magnetized along the tip axis, consistent with the
monopolelike contrast already observed in the Foucault exMFM experiments. Moreover the reduced signal in the re-
periments. Only a weak stray field is emanating from theversed MFM scafiscan 2 in Fig. &)] might be understood
immediate apex region and no stray field is observed along such a way that the-z component of the tip magnetiza-
the parallel side-walls of the needle. Below lens field pulsesion in the intermediate staf€ig. 7(d)—7(i)] is partially can-

of about 0.2 T the initially observed contrast remained un-celled by the domain still magnetized along the direction.
changed. After applying a higher field pulse the contrast at

the tip end is inverted and additional stray field is seen ema-

nating from the side wallgFigs. 7d) and 7e)]. A hypotheti- “. Coherent Foucaut (CF) mode
cal magnetization distribution consistent with the observed  Using the coherent FoucadlEF) imaging techniqu€ in
contrast is shown schematically in Fig(f)7involving two  a Philips CM 20 CTEM/STEM(200 kV) equipped with a
domains magnetized along the tip axis separated by thermally assisted field emission gUREG) providing high
head-on wal[note: such highly charged walls, known from spatial coherence, the magnetic structure can be imaged di-
the easy axis magnetization process in thin films, tend to foldectly in the form of magnetic interferograms. In this way
(“zigzag” wall) in order to reduce the attended stray fieldimmediate quantitative access to the magnetic induction dis-
energyl. The inferred picture coincides with the observation,tribution within the samples is provided, impossible in the
that the observed contrast can be shifted continuously alongonventional Foucault technique as mentioned above. De-
the tip axis with slightly higher field pulsd$igs. 7g) and  pending on the position and nature of the aperture, different
7(h)]. This might be attributed to a movement of the head-orcomponents of the magnetic induction can be imaged as in
wall [Fig. 7(i)]. No indication was found in the experiments the conventional Foucault mode but additional quantitative
that the immediate end of the tip consists of more than onénformation can be obtained from the interference pattern, a

J. Appl. Phys., Vol. 79, No. 6, 15 March 1996 Ruhrig et al. 2917
Downloaded-12-0ct-2001-t0-130.89.34.231.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/japo/japcr.jsp



"as grown*

blocked
opagque aperture

FIG. 9. Computer simulations of the experiment in Figr)8The samplda)
consists of two carbon cylinders covered with a magnetic thin film magne-
tized homogeneously and antiparallel. The interferogfamis calculated

for a semi-infinite opaque aperture cutting just the central spot of the dif-
fraction pattern.

After inverting the sensitivity axis by adjusting the opaque
aperture in the back focal plane of the objective the fringes
disappear in both needlgd=ig. 8(c)]. Saturation of the
sample in thet-z direction causes the fringes again to appear
in both needle$Fig. 8d)] clearly demonstrating their mag-
netic origin. Note that the separation of the fringes varies
FIG. 8. Coherent Foucault images of different tip remanent magnetizatiorgcross the needle diameter and that this variation is inverted
;tates. The central portion of the Qiﬁraction patterns_together With the posifrom Fig. 8(b) to 8(d) This can be understood in the quan-
tion of the opaque aperture used is shown schematically in the insets. . " . Lo

tum mechanical description of the image formation if an ad-

ditional phase shift is included arising from the varying

sample thickness across the diameter of the cylindrical
kind of in-line hologram. For the theoretical description of needles. The experimental observations can be confirmed by
this imaging mode a quantum mechanical treatment of theomputer simulations of the interferograms. Results are
electron-specimen interaction is required. A detailed analysigiven in Fig. 9 for two carbon wires covered with a magnetic
together with two-dimensional computer simulations forthin film magnetized antiparallel and homogeneously along
various magnetization distributions can be foundthe wire axis. A schematic cross section is indicated in the
elsewheré? However, for the understanding of the experi- inset of Fig. %a). The interferogram derived out of this con-
ments described in the following it is sufficient to mention figuration is shown in Fig. ®) if a semi-infinite opaque
the basic result: if the interaction is purely magnetic, theaperture is inserted in the diffraction pattern to block just the

interferogram can be interpreted in terms of magnetic linegentral spot. The resemblance with the observations in Fig.
of force and thus reveals immediately the variation of theg(a) is apparent.

magnetic induction within the sample. We used this tech-

nigue to investigate the domain structure of the MFM thin

film tips with different remanent magnetization states. CFV' CONCLUSIONS

images are shown in Fig. 8 for two needles grown next to By imaging the stray field of electron beam fabricated
each other; different images reveal the as-grown state as weMFM tips with the conventional Foucault and the differential
as after application of different fields along the tip axis. Thephase contrast mode in transmission electron microscopy it
field is provided by tilting the sample through 90° around thewas possible to get first direct insights into their magnetic
y axis and exciting the objective lens to its maximum valuebehavior. The observations confirmed the basic features al-
of 0.7 T (note that the objective lens is usually not excitedready claimed indirectly out of MFM observations using
when imaging magnetic structures, instead additional, sthese tips. The emanating stray field is concentrated at the
called Lorentz lenses are used to provide field-free imagingmmediate apex region of the tiny needles emphasizing their
of the specimen In the as-grown statfFig. 8@a)] the mag- high-resolution capability if used in MFM. Although stray
netization of the two needles is antiparallel. A schematic offield observations are only an indirect method with respect to
the central portion of the diffraction pattern obtained fromthe domain structure within the tip, no indication could be
this state is shown in the inset. Adjusting the position of theobserved during the remagnetization process that the imme-
aperture enables domains lying along the direction to  diate apex region consists of more than one domain magne-
contribute to the signal. Only in this region are fringes vis-tized along the tip axis. Unfortunately, the precise orientation
ible, whereas electrons passing through areas magnetized the needles relative to the applied lens field is not exactly
along the+z direction are blocked leading to homogeneousknown due to uncertainties in the sample geométgnding
dark areas. After saturation of the sample in tredirection  of the needles during the evaporation of the magnetic thin
fringes become visible in both needlgSig. 8b)] without  film). Therefore a comparison of the switching field value
changing the position of the aperture in the diffraction planefound in the experiments with the upper limit calculated
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