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Magnetic force images of nanomagnetic domains taken
with platinum-coated tips
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This article deals with magnetic force microscope images of nanosized domains in Co-coated films
made by Pt-coated tips as well as micromagnetic images of data tracks written in recording media.
Pt-coated tips have improved image delineation of the magnetic field distribution compared to
images obtained by Co-coated hard magnetic tips. The force acting on Pt-coated tips in the magnetic
field of the substrate was modeled assuming a paramagnetic tip. Due to the ferromagnetic nature of
the interaction between the tip and substrate the spatial resolution of hard magnetic tips was shown
to be inadequate to measure details of the features of nanosized domains. A comparison of the
magnetic images made by Pt-coated tips with topographic images shows that magnetic domains
resist thermal erasure at ambient temperature when they are formed of eight metallic grains.
© 2003 American Institute of Physic§DOI: 10.1063/1.1579546

I. INTRODUCTION the Pt-coated tip interaction were modeled. The nanosize
magnetic domain structure of Co-coated films deposited on
Eilicon and the grain size structure were imaged and the

method _ussed to prc_)be the micromagnetic structure_ Shumber of grains that form stable magnetic domains was
samples—® However, it generally only allows an approxi- determined

mate pattern of the stray field distribution above a sample.
The reason is that the magnetization distribution, stray field,
coercivity and effective volume of the magnetic tip effect on!l. EXPERIMENT

t_he imaging are not knovyn. Thi_n—film probes can be magne- g image with magnetically hard MFM tips, we used a
tized so as to sense particular field components, thereby sindymmercial ThermoMicroscopes Auto Probe CP scanning
plifying image interpretation of sqmplég- Tips are most ;e microscopgSPM), which measures magnetic force
commoply mggnetlzed along their axis, although 'ateraGradients by detecting shifts in phase or resonance
magnetizing fields can also be usgegd; _ _ frequency® of the oscillating cantilever probes. The cantile-
_ Many of the past improvements in the disk-drive capacy,er \yas vibrated at the resonance frequefigwith 30 nm
ity r_esulted f_rom advances in the dlsk_ platter storage 'nfor'root-mean-squarérms) amplitude and was scanned with the
mation density. The problem, though, is that, as one shrinkg, 109 nm above the surface, about twice the designed flying
the size of the grains of the magnetic material o make,gight of the head above the disk. To image with Pt-coated
smgller bits, the grains can lose their ability to hold a magy\em tips we used a TopoMetrix TMX2000 scanning probe
netic moment at a given temperature. It really comes down icroscope. All of the imaging shown here was recorded at
the thermal stability of the media. Ultimately, the properties;,om temperature. MFM cantilevers were microfabricated
of the material media must be considered, such as the Co€jjicon diving boards with integrated tip&. The manufac-
civity or magnetic stability, and how a few grains can bey er coated the etched silicon pyramidal tips used in this
used to obtain the desired resistance to thermal erasurg. . \vith platinum or cobalt. Co-coated and Pt-coated can-
However, the spat?al _res_olution of magnetic force micro-javers with spring constants;= 1—5 N/m, resonant fre-
scope h_ard magnetic tips is probably not adequate to measUifienciesf,=150 kHz, and quality factor~270 in air
the profile of such a structure. o were used. Force versus separation curves were measured
This article describes magnetic field distributions thatusing a TopoMetrix TMX2000 atomic force microscope
were imaged by both Pt-coated and hard magnetic Co-coatqd gy, Each curve was registered using at least three differ-
tips. Initially data 'tracks written in recording mgdla were gnt tips with various approach velocities, and the average
used to characterize the performance of the tips. Imagegag evaluated using measurements at different points on the
taken using Pt-coated and Co-coated tips were compared iy hje Films of Co were deposited by magnetron sputtering
order to determine the effect of the magnetic properties ofom 4 Co target of 99.95% purity onto Czochralski-grown
the tip on the image resolution. The magnetic substrate an(:_ll_oo) Si substrates covered with a thin native oxide layer,
using an ATC-2000 sputtering system from AJA Interna-
dElectronic mail: oteschke@ifi.unicamp.br tional. The substrates were ultrasonically cleaned with a neu-

Magnetic force microscopyMFM) is a well-established

0021-8979/2003/94(1)/626/7/$20.00 626 © 2003 American Institute of Physics
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FIG. 1. (a) MFM data collected using a Pt-coated tip from a region of a hard

disk in which ~2.3 um transitions were written(b) Vertical profile image  FIG. 2. (a) MFM data collected using a Co-coated tip from a region of a
(VPI) indicated by the horizontal continuous line afwl the corresponding  hard disk in which~2.3 um transitions were written(b) Vertical profile
power spectrum densitfPSD). image andc) the corresponding power spectrum density.

tral detergent in de-ionized water for 30 min, then washedneasured by Rutherford backscattering spectros¢BBs)
repeatedly with de-ionized water and ethyl alcohol. Finally,and both scanning electron microscqi@EM) and transmis-
the substrates were dried in ultradry nitrogen. The films weresion electron microscopyTEM). In the present work, three
kept at room temperature during deposition with an argordifferent samples were used: pure Co thin films with00
pressure of 5 mTorr. The thicknesses of the Co films weream thickness, granular samples of Co—Sj~@lso 100 nm
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face. Figure (b) shows the vertical profile imag@/Pl) of
the parallel stripes while Fig.(@) shows the power spectrum
density(PSD.

To investigate the origin of the interaction that generated
the images obtained with the Pt tips, let us now compare this
image with the one with Co-coated tips from the same hard
disk sample. The result is shown in Fig. 2. Figute)Zhows
a pattern of lines that form the written track of the hard disk
and displays the sequence of bits. Figufie) Zhows the VPI
of the parallel stripes and Fig(@ the PSD. The same se-
quence of parallel lines with distinct separation is shown in
both Figs. 1 and 2. Then the sequence of bits displayed in the
image obtained by scanning the hard disk surface with Pt-
coated tipdFigs. 1a) and Xb)] shows that the contrast reg-
istered is magnetic in origin.

It is also clear both visuallyFigs. 1a) and Za)] and
from the VPI that the platinum tip allows the written signals
to be more readily resolved than the Co-coated tip does. The
thick, where the Co concentration is 77 vol@o77 and VPl and PSD show that the Co-coated tip image predomi-
granular samples of Co whose concentrations are 51 vol 9antly depicts the fundamental frequency, while the platinum
(Co51). For the Co77 case the concentration is above th&p VPI shows higher spatial frequency components. Similar
percolation threshold, and therefore the film behaves simitesults have been found with a number of platinum tips.
larly to pure Co films. Co77 films on Si substrates were then examined. Figure

A cylindrical shaped permanent magnet with a 2 cm di-3 shows a MFM image obtained with Pt-coated tips collected
ameter, length of 1 cm and measur@] value of ~0.1 T  from an area of a sample in which one can distinguish mag-
was used to modify the film's magnetic domain structure N€tically ordered regions that vary from250 to ~35 nm.

The permanent magnet was deposited on the top of the C&Jgure 4 shows an image from the same area of the sample

FIG. 3. MFM image from an area of a Co777 vol % Co concentration
film sputtered on a Si substrate collected with a Pt-coated tip.

coated silicon substrate. scanned with a Co-coated tip. The measured width of the
magnetic domains is almost uniform and equat660 nm;
. RESULTS consequently the presence of tip magnetization causes an in-

crease in the image dimensions of the magnetic features.

To establish the nature of the platinum tip response low-  In order to determine the grain size of the coated film,
density transition recording media were examined. Figurémages were collected with i, tips in contact mode
1(a) shows data from the MFM image collected from one (AFM) which show the grain morphology. The result is de-
area of a sample in which transitions were written~&.3  picted in Fig. 5.
um spacing Fig. 1(c)]. The tips were all scanned along the To unambiguously demonstrate the magnetic origin of
direction of the written data track. The images show twothe contrast in the images obtained with Pt-coated tips, re-
profiles simultaneously, with scratches observed &0° off  gions of thin Co-coated films were scanned. The result is
angle to the scanning direction and a sequence of bits thahown in Fig. 6. Then, this image was compared to the new
form the written track observed at90° off angle. The image from approximately the same regitspace shift of
scratches characterize the topography of the hard disk sur10 um) after interaction of the film with a permanent mag-

Opum 0nm

FIG. 4. MFM image of the same area as that shown in Fig. 3 collected withFIG. 5. AFM image of the same area as that shown in Fig. 3 collected with
a Co-coated tip. a SgN, tip showing the grain morphology.
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sputtered on a Si substrate collected with a Pt-coated tip.
FIG. 8. Force vs separation curve measured using a Pt-coated tip for a Si

substratgopen circlg and for a Co51 film on a Si substrafgosed circlé.

net. The result is shown in Fig. 7. The size of the magneti-

cally oriented regions increased substantially. distances far from the interface compared to the attraction
The approaching force curve on a substrate is a plot opbserved for Pt-coated tips and Si substrates and a force
the change in cantilever deflectiomy() versus sample dis- amplitude increase by a factor of 2. Figure 9 shows a force
placement §x). On a hard nondeformable surfageis pro-  versus separation curve at the maximum intensity field loca-
portional tox while the tip and the sample are in contact. tions measured for a hard disk substrate, using Co-coated
Rather than using the sample positie) it is more useful to  tips previously magnetized. Observe that the magnetic force
use an absolute distan@d) that is relative to the separation contribution increased from approximately 0.2 to 10 nN, an

between the tip and the sample surface. The correction tcrease of approximately a factor of 50. The magnetic field
produce a force—distance curve uses the relationship range extended-90 nm from the substrate.

= &x— 6y.112 The following force curves show the force
versus absolute distance plots. IV. DISCUSSION

Force versus separation curves were measured for Pt- o _
coated tips using nonmagnetic substrates, i.e., polished sili- A Stray magnetic field emanating from the surface of a
con surfaces. Figure 8 shows the force versus separaticig"Ple generates force on a magnetic tip, which is attached
curves for Pt-coated tips in air for a Si substrétpen circle to a flexible cantilever. A sensitive deflection sensor is used
and for a Co51 film on a Si substraiglosed circle. Various 0 detect cantilever motion and hence the fotoe force
force versus separation curves were measured after scanniggad'e”_l- To form an image, the strength of the sample—tip
the substrate and choosing points at the registered imagdderaction is mapped as a function of the position on the
that correspond to the maximum value|Bf on the surface sgm_ple. In order to ShOW that the contrast s magnetic in
and the maximum amplitude was registered. The averages gf'din, sequences of bits that form the written track of hqrd
five maximum amplitude force values are displayed on eac%'s’kS were imaged by both Co-coated and Pt-coated tips.

curve. The distinct features of this curve compared to the
ones measured for Si substrates are attraction of the tip at 50

Force (nN)

20 40 60 80 100 120 140
o nm Separation (nm)

FIG. 7. MFM image of approximately the same area as that shown in Fig. 61G. 9. Force vs separation curve measured using a Co-coated tip for a
(space shift of<10 um), after interaction of the film with a permanent Co51 film on a silicon substrat®: v=0.1um/s, ¢: v=0.5um/s, : v
magnet B~0.1T). =1pum/s andA: v=5 um/s.
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Figure ¥a) shows the sequence of bits imaged by Pt-coated Paramagnetic Interaction
tips and Fig. 2a) that imaged by Co-coated tips. It is clear
that the pattern measured is associated with the written track
in both configurations since the distance between the bits is
not periodic, consequently images are not the result of an
oscillatory regime of the cantilever. The second feature
observed is that the thicknesses of the imaged bits are
distinctive.

Further verification of the magnetic origin of the contrast
in the registered images is shown by a comparison of Figs. 6
and 7. Initially an area of the film was scanned and the image
shows domains that have width 6200 nm. The head of the
microscope was then removed and a permanent maghet (
~0.1T) was brought into contact with the Co films. After a
few minutes the permanent magnet was removed and ap-
proximately the same area previously imaged was scanned
by the cantilever tip. The result is shown in Fig. 7. A com-
parison of the images shows that the magnetic field of the
permanent magnet has altered the size of the magnetic detG. 10. Schematic diagram of the tip and magnetic substrate paramagnetic
mains. interaction associated with the exchange of a region on the top of the mag-

The minimum force that can be detected is determined®ic substrate with magnetic permeability by a Pt-coated tip with mag-
by the sensitivity of the deflection sensor which is typically hetic permeabilityy =4mx 21X 107"

around 0.01 nm. Wit a 1 N/m cantilever, this deflection o ) ) o )
corresponds to a minimum detectable force Bf,, & Similar expression was derived for electric interaction be-

~0.01 nN. If in Fig. 8 we subtract the contribution associ-tWeen the tip and substraté The force is obtained by the
ated to capillarity and electric forcéspen circle from the ~ gradient of  the energy  expression, i.e.F,
magnetic force(closed circlg, we obtain at the Co film/air =(—dAW)/dz, where
interfaceAF~0.2 nN. This force is 20 times larger than the B%(2)
e |
0

minimum detectable force previously estimated.
The tip/substrate interaction present during immersion of K
the Co-coated tip in the substrate film magnetic field was To compare the experiments with calculations, we fit the
previously described " the Pt-coated tip/substrate interac- force versus separation curves to the gradient in(Eq.The
tion is going to be discussed next. The tip was defined abest results of fitting the force versus separation curve mea-
having a sharpened conical shape with one flat end with aregured for Co77 films is shown in Fig. 11 by the dotted line.
of 7r2. The magnetic densit(z) is determined by the The maximum calculated value for for€eacting on the tip
normal component of the magnetization vector of the ferrofor |B(D=0)|~0.055 T andR=~25 nmis 0.1 nN, and this
magnetic film. value is four orders of magnitude larger than the calculated
diamagnetic force so a paramagnetic tip/substrate tip is very
likely to be responsible for the imaging effect. Figure 11 also

1
7T(R+Ztan0[)2(l—m)d2. (1)

A. Model of tip—surface interaction

The expression derived for the diamagnetic interaction is
given in the Appendix. The calculated values of the force
acting on the tip foB(D=~0) ~0.055 T is shown in Fig. 11
by the dashed line and its maximum value at the film surface
is ~10 ' N. This force is three orders of magnitude smaller
than the minimum detectable force previously estimated as
0.01 nN.

We then assume a paramagnetic interaction between the
tip and substrate. In order to verify this hypothesis we cal-
culated the MFM force acting on the tip during its immersion
in the magnetic field of the film for Pt-coated tips with a
magnetic susceptibility of =47 x 21x 10~ 6.8 A schematic 04 . . . .
diagram of tip immersion in the region is depicted in Fig. 10. 0 20 40 60 80
The elemental volumedp) of the trapezoidal tip immersed Separation (nm)
in the substrate magnetic field is given v =a(R
+ ztana)zdz and the change in magnetic energy in immer-FIG. 11. Diffe_rence(sol_id line) between_ the magnetic for(_:e curves in Fig. 8
sion of the tip with a magnetic susceptibiliyin the stray ~ Mmeasured using a &i0,), -, magnetic substratpen circl¢ and a non-

. . . . magnetic substrat&losed circl¢. Force calculate¢closed circle using Eq.
field of the substrate is calculated by integrating the energy,) for B(D=0)=0.055 T, tip radius 250 nm ang=4mx 21x 10-5; dia-
over the tip immersed volume in the magnetic field. Recentlymagnetic forcgdash-dotted ling

Experimental
0.2 ® Calculated Paramagnetic
------- Calculated Diamagnetic

Force {(nN)
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B. Magnetically correlated nanograins

Let us now address another part of our work associated
with the increase in the information density stored in disk
platters. As one shrinks the size of the grains in magnetic
material, the grains can come close to the point of holding a
magnetic moment at a given temperature. The analysis in
Fig. 4 compared to the one shown in Fig. 3 indicates that
scanned images with hard magnetic tips do not have ad-
equate resolution to measure such a structure; only Pt-coated
tip scanned images display regions, which we call “magnetic
clusters,” that can be considered small magnetic domains;

Opm inside this the orientation of each particle moment is highly
FIG. 12. Reconstructed image of data shown in Figp) tollected by a _Co'rrelated. to that of nelg_hbo?'gBy comparing FIgS: 3 and 5
Pt-coated tip, which corresponds only to the harmonics of the fundamentdf IS possible to determine how few morphological grains
spatial frequency indicated in the PSD. form magnetic clusters that could show the desired thermal
stability at ambient temperature. This was accomplished by

] measuring the area of the individual magnetic domains in
shows that the model fits the measured curves for reasonab,lf;g. 3 and the average area of individual morphological
values of the magn_etic fi_eIE~0.055 T af[ the_ film inter_face. grains shown in Fig. Fobtained using $N, tips) modeled

A MFM operating with Pt-coated tips images simulta- 55 single objects in the image analysis progfamBy count-
neously magnetic and topography features, as shown in Fighg the number of single objects and clusters and measuring
1(8). Separating the magnetic and topographic influences ofhe area of each single object it is possible to determine the
the cantilever’s behavior could be a difficult task in SOMe,yerage of how many morphological graiffg. 5 form a
samples. However the results displayed in Figs. 1 and 1l,agnetic clustefFig. 3). The result is that small, isolated
show that this is not the case in the observed configuratior}m;lgnetiC domains are formed by an average of eight mor-
indicating that the magnetic force at the scanned tip/substratg,|ogical grains of Co sputtered grains. These isolated eight
distance is larger than the forces involved in topographiyain particles have remanence and coercivity, resulting in
imaging. This fact is confirmed when we compare the forc§mages with 35 nm diameters when scanned with Pt-coated
acting on the tip as it approaches a nonmagnetic substrai@,s This result is in full agreement with recent results ob-
(open circle in Fig. $and a magnetic filmiclosed circle in gined for Co—Si—@granular samples, where the nanostruc-
Fig. 8). _ _ . o ture was indirectly inferred from magnetic dafaln that

~ The three-dimensional image shown in Fig. 12 was oby,qrk  Denardin et al. explained their results within the
tained from the one shown in Fig(a by selecting onlyflze framework of independent 3D magnetic clusters that involve
harmonics of the fundamental spatial peri@3 um) around 25 particles. In fact, it corresponds to the observation
shown in Fig. 1c) by the PSD. For comparison, a three- o the formation of a collective magnetic state arising from
d|men3|c_>n§1I(3D) image c_)f the san_1p|e Sc_anned with the CO'dipolar and exchange interactions among individual particles
coated tip is shown in Fig. 13. It is possible to observe that (5o called “superferromagnetic” by some autfdys
using th_e Co-coated_hard magnetic tip, the _highest da_ta track  nlike Co and other ferromagnetic tip coatings, mag-
density is the one displayed by the hard disk; but using Ptyegic properties of the individual particles in films should not
coate_d t|ps,_|t is possible to obtain a density readn_wg at leagle ajtered by the tip when scanning with Pt-coated tips. A
two times higher. Consequently, the presence of tip magnesy,gy of the erasure resistance of the domains of Co sput-
tization causes broadening in the image as seen in the cOfsred samples as a function of the temperature is then pos-
parison of Figs. 3 and 4 and Figs. 12 and 13. sible using images scanned by Pt-coated tips. The state of the
art magnetic recording bit size isgdmx 0.2 um with a tran-
sition width of ~20 nm?? The results shown in this work
indicated that platinum tips conform images of the magnetic
structure of the magnetic domains as well as of the transition

1474 pm region.

V. CONCLUSIONS

Images made with Pt-coated tips display magnetic fea-
tures. The spatial resolution of hard magnetic tips was shown
to be inadequate to measure nanosized domain features. The

Opm magnetic substrate interaction with Pt-coated tips was mod-
FIG. 13. Reconstructed image of data shown in Fign) Zollected by a  €led and shown to be associated with the paramagnetic na-
Co-coated tip displayed for comparison. ture of the Pt-coated tips. The magnetic nanosized domains
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in Co77 films were shown to be formed by about eight mor-  We tried to fit the force versus separation curves with the

phological grains when imaged using Pt-coated tips. gradient of the above equation and the results are shown in
Fig. 11 by the dashed line.
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