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Magnetic force microscopyMFM) in the presence of an external magnetic field has been
developed. This has led to further understanding of image formation in MFM as well as new insights
concerning the interaction of magnetic recording media with an external field. Our results confirm
that, at low applied fields, image formation results from the interaction of the component by the
local surface field along the direction of the probe’s magnetization. By reorienting the probe’s
magnetization by an appropriate application of an external field, it is possible to selectively image
specific components of the local field. At higher applied fields, the probe becomes saturated and the
changes in the images may be attributed to magnetization reversal of the sample. We have observed
the transformations that occur at various stages of the dc erasure of thin-film recording media. This
technique has also been applied to conventional magneto-optical media to study domain collapse
caused by increasing temperature with an external bias field. The methods, results, and their analysis
are presented. €1996 American Institute of Physids$0021-89786)57008-5

I. INTRODUCTION eters. The probe is comprised of a cantilever beam with a
sharp, magnetic tip at one end that is forced to oscillate at its
resonance frequency. It is then rastered across the surface
while the changes in the oscillation phase of the cantilever
are recorded in an array as a function of its two dimensional
nient requirements on sample preparation and operating ela}teral positiqn. The change of the_ oscillation phase is .di-
. ; . rIJectIy proportional to the force gradient, so that the resulting
vironments, has made it a workhorse in technology deveIOpérray by using computer graphics, forms an image of the
ment as well as fundamental investigations of surfaed distriE)ution of the local force gradie’nt
biologicaf magnetism. Despite_ its widespread use, howeve_r, The technique can be understood.by considering the mo-
most MFM images were obtained under ambient magnetig . <o o hiover probe as a single-point masander-

gglr(rjl ?gs?f)lgi?]nséi'tbrﬁarainrgsllélcl‘:élftur?tlni?nZaxgtitz)ggnorlIrrzltr::n;?\%mng one-dimensional forced harmonic oscillation along the
stateps 9 y 9 ertical z axis® The resonance frequency is determined by

Recently. the capability of imaging samples in the pre the intrinsic elastic constant of the cantilever, in combination
€ y, the cap W.O 'maging pe PrESith a small perturbation due to the probe-surface interaction
ence of an external magnetic field has been develdféis

has allowed direct imaging of the microscopic evolution 0fforceF(z). The latter is incorporated by expandifRgz) in a
1S allow Irect imaging ! pic ev _u' Taylor series and keeping the first order teffih= dF/dz,.
thin-film recording patterns undergoing dc erasure; and h

N . S i ) hen the driving frequency is near the resonance,w,
opened up the possibility of investigating microscopic MaYy6 |ocal force gradierf’ will shift the resonance frequency

netic properties of surfaces at any point along the magneti- ,

zationpch;ve. In this paper, we grcf)vide the getails ofgourby an a'mountAwogwo(F /.Zk)' Aso a consequence, .the

technique and discuss the implications of subjecting both th hase will vary from its nominal 90° out-of-phase condition
. . relative to the driving term by an amount

probe and sample to an external field. We focused our studies

on thin-film recording and magneto-optical media, not only Aw QF’

because of their importance in the storage industry but be- A¢~—-2Q——=———, (1)

cause they represent excellent case models for in-plane and 0

out-of-plane magnetization structures.

Since the first reports of its development in 198%ag-
netic force microscopyMFM) has emerged as a powerful
tool in understanding the micromagnetics of surfacés.
capability to resolve<100 nm features, combined with le-

where Q is the quality factor of the cantilever. The phase
variation at each point is proportional to the local force gra-
Il. TECHNIQUE dient.

Our commercial device, the Nanoscope Il MFM, oper-
ates in the so-called lift and phase sensitive detection

Magnetic force microscopy generates a two dimensionaiethod’ The topography of the surface is first measured by
mapping of the local force-gradient between a magnetiaising atomic force microscopy techniques and the contour is
probe and a sample, separated by about a hundred nanonetraced with the probe at a preset height above the surface

A. Background
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FIG. 1. Electromagnet design for MFM with an external in-plane magnetic current (mA)

field. FIG. 2. Magnetic field and temperature calibration vs input current.

as the forCE'gradient iS measured. In th|$ manner, the Surfa%tic fields primar"y oriented a|ong the Samp|e surface
topographical effects are minimized. plane. The dimensions were constrained by the available
Since the probe is coated with a ferromagnetic alloy, thespace in our device. The materials and coil specifications
tip-surface force is dominated by the magnetic interaction if\Nere chosen to Optimize the magnetic field Strength gener-
short-range adhesion foréeare neglected. For simplicity, ated at the gap location and subject to a heating constraint to
we describe the tip as a single constant magnetic dipoleyrevent temperature-induced problems, such as drifts, depo-
My . The force experienced by this dipole in a local mag-|arization of the piezoelectric scanners, and heat-induced
netic fieldH is® changes in the sample magnetic properties. The magnetic
F=—(Mgp-VH. (2)  field generated in the gap of lengtly can be estimated as

Only thez component of the force contributes to the oscilla- B = #oNT
tion. By differentiating with respect teand usingV xH=0, 9 Ly
Egs.(1) and(2) yield an explicit expression for contrast for-
mation in phase-detection MFM:

(MKSA units), (4)

whereN is the total number of turns,is the current, ang,
is the permeability of free space. This can be derived from
9°H; Ampere’s law for the case where the permeability of the iron
02 (3 core s large. The relevant parameters ate4700 turns and
_ . _ Lg=0.76 mm. At 30 mA,B;=2330 G and it is expected to
This equation states that as long as the magnetic propertiegach saturation aB,=4500 G for a current of 56 mA. A
of the sample and the probe are unaffected by their mutugheasurement of the horizontal component of the field, shown
interaction, the contrast in MFM arises from the variations ofin Fig. 2, was obtained by using a miniature Hall probe
the second derivative of the component of the surface field (LakeShore HT 2100which was calibrated against a known
in the direction of the probe’s magnetization. field. The data indicate that the magnetic field varies linearly
One consequence of E(B) is that it is possible to se- with current from 0 to 30 mA, demonstrating that within this
lectively image specific components of the second derivativeange, the iron yoke is driven at the reversible regime of its
of the local surface magnetic field by appropriately orientingmagnetization curve. High-frequency fluctuations in the field
the probe magnetization direction. In other words, by a judiwvere found to be about 0.5%. Similarly, the temperature was
cious choice of probe magnetization directions, it is feasibleneasured by using a calibrated thermocouple which was spot
to individually map out thez derivatives of the three Carte- welded near the gap region. Heating effects, concurrently
sian components of the local surface magnetic field vectorslotted in Fig. 2, show that a dc current of up to 32 mA

One way, of course, is to prepare probes in a highly conelevates the temperature to less than 55 °C.
trolled manner in order to have the easy axis aligned along

deflmte dlrect_lons. In prlnC|p!e, specific probes can be use_q”_ RESULTS AND DISCUSSION

to image particular surface field components. In our experi-

ments, however, the reorientation of the direction of the  The samples used in our experiment were obtained from

probe’s magnetization is accomplished by applying an extereonventional and experimental thin film disks as well as con-

nal dc magnetic field during imaging. The intention is to ventional magneto-optic samples. The macroscopic proper-
orient the probe magnetization by sufficiently low fields ties of some of these samples were previously measured and
which preclude significant effects on the sample. reported elsewher?

A. Probe effect: Component-resolved imaging

B. Magnet design Confirming the predictions of Eq(5), the individual

Adding an external field in MFM involves the incorpo- components of the local surface magnetic fields of the thin
ration of an electromagnet at the sample stage. Figure film in-plane recorded medium are shown in Fig. 3. A dia-
shows the critical details of our design which produces maggram representing the expected distribution of the magneti-
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In other words, MFM imaging with the-axis probe orienta-
tion yields images that are proportional to the divergence of
the magnetization or the volume magnetic charge density
while the x-axis orientation yields images that are propor-
tional to the distribution of magnetization. In real systems,
the images may deviate from this simple interpretation, albeit
only slightly. For example, for an in-plane arctangent transi-
tion with a transition length of 150 nm, the main difference
between the divergence of the magnetization and the second
derivative of the field withz is the broadness of the peak.
The FWHM widths are 400 nm fo#M/dx and 200 nm for
8°H,/ 9z° 1 Once instrumental resolution limits of about 100
o . . _ nm are taken into account, the distinction becomes less con-
FIG. 3. Component-selective images of a thin-film recording medium. Im-__ . . . .
ages obtained with probe nominally oriented along tA¢ normal z axis, spicuous. Natura"y' in order to obtain quantitative results,
(B) in-planex axis, and(C) in-planey axis, reflecting the contributions of 0One would have to use E3) to derive the actual image of
the Ioca_l su_rface field at these directions, respectively. Bottom: sketch of thmagnetization from a set of MFM raw images.
magnetization pattern. By extending this approach, we have selectively imaged
the crosstrack oy componeri‘t2 as shown in Fig. &€). This
is obtained by preparing the sample such that the tracks are
perpendicular to the direction of the applied field. Note that

zation distribution is drawn in the bottom of the figure. Fig- @part from the contrast at the transition regions, pairs of lo-
ures 3A) and 3B) were obtained from the same area of thecalized bright and dark areas are visible along both edges of
disk. In Fig. 3A), the probe was premagnetized by a 3.5 kogthe track. These crosstrack features are distinctive in that a

magnet along the vertical direction prior to image acquisitionPr@dominantly bright edge structure is paired with a dark

and no external horizontal field was applied to the sampl _edgg ftructure on the opposite edge in any spemﬂc "oy
bit,” we mean the entire rectangular area having a con-

Neglecting some nonlinear effects due to the probe-sampl% L o
interaction, the probe magnetization in FigiA3 can be stant magnetization direction.These edge features are

taken asm~m, ;m,,m,~0. The contrast formation in Fig. clearly distinct from the edges in Fig(®), although both

3(A) ar dominantly from2H /az2 and it are manifestations of the same magnetic feature. In one case,
arises predominantly iro A0z-and It appears as o yransyerse component of the edge magnetizatin

an alterngting series of bright fi_nd dark_ strips that are mOre Qfrawn in the diagrainis detected, and on the other, the
less localized along the tr_ansmon_reglons. Note_thaF desplttéomponent or the magnetic charges accompanying the edge
the fact that the pattern is a series of alternating in plangnagnetizations are measured. The intensity of the features
magnetizations, very little contrast can be observed withinyre relatively weak in comparison with the main transitions,
the interior regions of the patterns. In fact, the image contrasihich explains the higher noise contribution in the image. In
in the interior regions is similar to the background areas outyeneral, they depend upon the combined effects of the head
side of the patterns. In Fig(B), which was acquired with a geometry and a weakly oriented recording medidm.
200 Oe field along the track direction, the interior features  While the images still show partial mixing between the
have emerged and the two opposite magnetization directioriadividual components of the field, they nevertheless clearly
are clearly distinguishable. This arises because the externalipport the assertions of E). The recurring influence of
horizontal dc magnetic field produced a nonvanishing thezcontribution may have resulted from the combination of
component of the probe magnetization which induces dwo effects, namely, the external field having a component
dominant term proportional t6°H,/9z>. along thez direction or the probe having a slight anisotropy
We offer the following qualitative interpretation of these favoring vertical alignment.
images in terms of the physical quantities such as the mag-
netic charges and the magnetization. For illustrative pur-
poses, consider the simple case of a one-dimensional sin§ Probe hysteretic effects
soidal magnetization pattetd, =M, sin(kx), in a medium Having established the reorientation of the probe due to
of thicknesss. The local surface magnetic field componentsthe external field, we now study the probe hysteretic behav-
above the surface for this configuration can be comptfted, ior along thex direction. Specifically, we focus on the trans-
and the corresponding second derivatives with respeet to formation of the images as the horizontal field is cycled be-
are tween moderately large negative and positive values. The
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by fitting each of the experimental lineshapes with the mod-
eled response given by E¢3) and extracting the relative
coefficientsm, andm,. However, since the-component con-
tribution is confined at the transition regions, we simply de-
rived them, contribution for each image by measuring the
average contrast levels at the midpoints of the “bits” while
keeping track of the separate magnetization directions. The
resulting plot clearly exhibits the hysteretic property of the
probe.

Special points along the probe’s magnetization loop are
shown in images @)—4(H). They depict how changing the
probe magnetization alters the image formation. The contrast

i "" ll ' ' l[! I l ‘ I 1 i ‘ i l mechanism with no applied field is shown in image\%
after performing the standard procedure of pre-magnetizing
AT Sy [T e o - 3 the probe along the direction. The features are confined
' jﬂ !:“rh’ !i‘ .! exclusively at the transition regions and thus, the horizontal

probe magnetization components, can be taken to be
nearly zero at this initial state. This is a widely used imple-
mentation of the MFM and most images of thin-film media

A% 23R e ' IFF] i 'iil in the literature belong in this category.
UIll'l'l' ; _ The contribution of the horizontal component increases

linearly with the field until it attains the contrast shown in
H H ﬂ ﬂ 1 g_-i N NN ] 4(B). Further increases of the external field do not produce
aF £ E e ‘ 5 BN . significant variations since the probe’s magnetization is satu-
[ rated along the direction of the field. Once the field has been
removed, however, image@) differs only slightly from the
saturated state, indicating that horizontally realigned do-
mains maintain their orientation. This large remanent mag-
netization can be beneficial in being able to premagnetize the

probe along the horizontal direction instead of the customary
vertical direction, and increase its sensitivity in detecting the

52 -
§ ; X BT 26 local horizontal field contribution. Note, however, that while
83 _— the horizontal component is large, the contribution fromzhe
Bz ZE#*— == component is still quite significant. This implies that the
- e probe contains numerous domains, some of which have
Field (Oe) strong anisotropy favoring magnetization along thdirec-
tion.
FIG. 4. Hysteretic behavior of MFM probe magnetization aloraxis and The onset ofm, reversal is illustrated in(), which also
corresponding images at saturation, remanence, and coercivity. identifies the coercivity of this specific probe. Note that

while m~0, the image is clearly different from(4). Weak
dark strips have appeared to the left of the nominally bright

main goal is to derive, from the images, the changes in th@reas. This suggests that the process of magnetization rever-

m, component of the probe under an external bias dc field. S8 N thex direction invariably causes some moments to
The result is summarized in Fig. 4. The sequence wakotate in the opposite direction. At negative saturation, im-
started by premagnetizing the probe along the vertical direc@9€ 4E) shows the complete reversal of the contrast, includ-
tion and acquiring the initial image. The horizontal field wasiNg the vertical component. Upon removal of the field, the
slowly raised up to+500 Oe, ramped back down te500 resulting image &), which is at negative remanence, shows
Oe, and again reversed direction 700 Oe. Images were a somewhat weaker vertical component. It appears that some
acquired at each field increment all along the cyclic pathOf the moments that were oriented along the direction
The plot at the center of the figure is an actual measuremef@ve reverted back te-z or to the other orthogonal direc-
of the probe’s horizontal magnetization component. Eacfiions when the field was removed. The amountipfreten-
data point along this curve was derived by averaging the linéion appearing less in(#) than in the positive remanence
profiles of the uppeflong wavelengthtrack as shown in the image 4C) is due to the fact that the probe was deliberately
images. Since the images were obtained from the same aresiented in the+ z direction before application of the field.
and the external field was low in comparison with the coer- At positive coercivity, image @) is analogous to @),
civity of the medium H.>1600 Oe, then the magnetization with the exception that the dark regions are affected by high-
component of the probe along the track direction can be defrequency noise. We speculate that since the probe is in a
rived from the images and E¢B). Ideally, this can be done demagnetized state, the influence of local fields at the dark
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FIG. 5. MFM images of magneto-optic medium at various probe orienta-
tions. Tip(+) and tip(—) indicate vertically premagnetized probes, arrows
indicate directions of the 600 Oe in-plane external field.

regions may induce transient switching of some magnetic
moments of the probe which leads to a noisy image. As the
field is brought back to positive saturation, imagéiyap-
pears identical to @), except that the contrast at the transi-
tion areadz contributior) appears to be less pronounced. In
successive experiments, we observed thatztbentribution
decreases progressively and repeated cycling of the horizon-
tal fields destroys then, alignments of the probe.

In the above discussion, the probe orientation was as-
sumed to be perpendicular to the surface. In practice, how-
ever, there is a slight angle of about 10° between the main
axis of the conical tip and the true vertical direction. This
may account for some of the asymmetries between the
equivalent points along the ascending and descending- Erasure process of a thin-film medium
branches of then-H loop. Once the probe’s response to the field is understood, the

Probe reorientation effects for perpendicularly magne-microscopic characteristics of the sample undergoing gradual
tized surfaces are a conventional magneto-optic media amc erasure can be studied. A typical result is shown in Fig. 6.
shown in Fig. 5. The upper images, obtained at no bias fieldThe plot at the bottom is the descending branch of the mea-
correspond to a vertically Orientediﬁmz,mx,my%O while sured magnetization curve, and the images are labeled ac-
the lower images, obtained at500 Oe horizontal applied cording to the positions on this curve. The horizontal field
fields, correspond to a nonvanishimg component. The con-  feinforces the magnetization component of the pattern paral-
trast reversals follow directly from the change in sign of Eq.!€! t0 its direction and at the same time reverses the compo-
(3).2% In analogy with the treatment of in-plane magnetiza-nem in Fhe .opposne direction. _Thus, the curve represents _the
tion, we assume a simple model for the surface magnetiz4n@gnetization component being reversed by the applied

. . ) X d.
tion M,=Mgsinkx). The interpretation that the e .
z-component imaging is sensitive to the distribution of mag- The patterns were unperturbed by relatively weak mag-

. ) L . - netic fields, and imagéA) shows the initial magnetization
netic charges still holds. One distinction, however, is that mdistribution. The system was stable up to about 700 Oe

this case the volume charge density vanishes and the d'sco\?vhere changes in the patterns become noticeable. The initial

tinuity of magnetization at the surface-air interface produce§tage occurred over some field range which is characterized
the surface magnetic charges. Hence, Z@mponent im- ., o htje expansion of the bright areas and moderate rough-
ages are proportional f,. From Laplace’s equation, it fol-  gning of the transition regions. By taking the power spectrum
lows that thex-component images must be proportional tof the image at 700 Oe, we obtain an average roughness
the discontinuity of surface charges. In other words, thegrrelation distance of about 04m, which may be related
x-component images are sensitive to the domain walléiis 1o the average switching volume for this medium. Roughen-
property is illustrated in the lower images which show theing continued with increasing field and as the field ap-
bright and dark features on opposite edges of the markgroached coercivity, favorably magnetized areas conglomer-
which follow the direction of the applied field. ated at various spots along the track. Expanding domains

WAGNETIZATION (AL}

FIG. 6. Erasure of thin-film recording medium with increasing dc field.
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temperature configurations after recovering from the elevated
temperatures. No visible perturbation of the patterns oc-
curred with heating until about 150 °C where subtle shape
variations became evident. The onset of domain movement
produced irregular wall boundaries as the marks deviated
from their originally circular shapes. This clearly suggests
nonuniformity on a local scale and our observations are in
qualitative agreement with theoretical simulations of
“patchy” amorphous media with voids. This inhomogene-

ity further resulted in the multidomain character of indi-
vidual marks and caused the domains to collapse at different
rates. The blue and red arrows indicate the locations of
marks which disappeared at 155 °C even as most other
marks were still intact. The white arrow shows direct evi-
dence of patterns breaking up to microdomains which shrink
independently. The microdomains had diameters less than
200 nm wide and were located on opposite grooves. The
images at 157 °C and higher exhibit the final states of do-
main disappearance. In general, there was no correlation be-
tween erasure characteristics and the position relative to
other marks, i.e., stray magnetic fields did not influence the
stability of the marks. Just prior to complete erasure, the
image at 157 °C shows that all remaining domains were
those attached to the mechanical grooves, providing direct
evidence that wall pinning occurred at the mechanical
defects. The combination of reduced film thickness, tilted

, o _ easy axis and increased substrate jaggedness at the side walls
FIG. 7. Erasure of TbFeCo magneto-optic marks with increasing tempera- . . .
ture. of the grooves are believed to be responsible for retarding
complete domain collapse at those regions.
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