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using scanning ion microscopy with polarization analysis
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Studies of magnetic domain distributions in patterned magnetic materials are of pivotal importance
in the areas of ultrahigh density magnetic recording, MRAM design, and miniaturized magnetic
sensor arrays. Scanning ion microscopy with polarization anal$MPA) is used to perfornin

situ topographic and magnetic domain imaging and focused ion b@dB) patterning. For
FIB-patterned 30 nm thick Co films, it is found that rectangular Co bars of sizes between &6+30
exhibit S type, whereas circular shaped magnetic elements skbviype micromagnetic
magnetization patterns. It is shown that SIMPA provides a simple way to directly identify different
micromagnetic domain patterns. @004 American Institute of Physics.
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Quite recently, studies of magnetic domains and mag- We note that these different magnetic structures depend
netic domain walls have received great attention, not onlystrongly on the material and shape, size, thickness and crys-
because of their theoretical and experimental interest itallographic microstructure of the magnetic elements. There-
studying a wealth of fundamental magnetization structurefore, it is advantageous not only to employ experimental
that emerge when one dimension of the sample is of théethods that are able to detect changes of the vectorial ori-
order of the bulk Bloch wall thickness, but also because ofntation and magnitude of the magnetization at the surface of
their pivotal importance for the development of highly so-the elements, but also their surface topographic structure.
phisticated magnetic devices. Presently, nano- and microrJsing scanning ion microscopy with polarization analysis
sized magnetic elements are being explored for their practiSIMPA), we have already reported on the pinning of mag-
cal use for ultrahigh density magnetic storage, for magneti@etic domains at surface defects that are directly visible in
reading and writing heads and for magnetic sensor array;%h.e topographical images ObtaiT‘Ed from. the ion
Central to the exploration of these magnetic elements is thavicroscope’” In SIMPA, a focused ion beam is scanned
study of the mechanism of magnetization reversal via thélCr0OSS @ magnetic or nonmagnetic surface of a sample caus-
formation of distinct magnetic domain and domain wall "9 the ion-induced emission of spinpolarized or non-
structures. Strong theoretical and experimental efforts are b@PinPolarized electrons. The magnitude and orientation of the
ing made to explore these structures, which are often basePn polarizationP of the ion-induced, emitted electrons is

on soft magnetic materials, such as polycrystalline Co ana‘iirectly proportional to the magnitude and orientation of the
magnetization of the local surface area probed by the focused

ion beam. A magnetic image of the surface is then obtained

patterned magnetic elements, Zheng and “Zfeported on by rastering the ion beam across the magnetlc surface. .
o Here, we report on the investigation of the magnetic
two remanent magnetization patterns of a Co element, so- . :
. . . “structure ofC andSstates obtained at surfaces of 30 nm thin,
called C and S states, which possess different switching patterned, polycrystalline Co elements
fields and switching behavior. Shi and Tehfafdund that '

. S . 30 nm thick Co films are evaporated by using electron
during the magnetization reversal of patterned NiFeCo StrUGHaam evaporation at a rate of 0.03 nm/s ol @) substrates

tures, edge?pin_ned _states are formed which possess an igé described elsewheleThe Co/Si100) samples are then
creased switching field. Schabes and Bertraaported on inserted in a ultrahigh vacuurfUHV) chamber, where the
curling states, such as flower states and vortex states. Forl@ngitudinal magneto-optical KefMOKE) effect is studied.
recent review on magngtization patterns of thin-film ele-grom all samples studied so far, we find perfectly square
ments, we refer to an article by Rave and HuBert. magnetic hysteresis loops with a coercivity field of 14.8 Oe.
At present, there are no direct measurements of the magyo change of size and shape of the square loops is observed
netization distribution ofC andSStateS, where the direction upon rotation of the Samp'e around the surface norma'i
of the magnetization changes continuously. They were eithefhich indicates the presence of zero or randomly oriented
predicted from micromagnetic computer simulations or indi-magnetocrystalline anisotropy due to the very good polycrys-
rectly deduced from magnetic measuremérits. talline nature of the Co films.
Subsequently, the samples are transfeireditu from
Author to whom correspondence should be addressed; electronic maifl'€ MO'_(E chamber to the SlMPA mI.CI’OSCOf:ﬁ-Z'WhICh 1S
rau@rice.edu located in an UHV chamber operating in the low #®mbar

In their study to explain switching field fluctuations of
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FIG. 2. Enlarged magnetic image of the ion beam created magnetic element
FIG. 1. Magnetic domain imageize: 200umx140 um) of the surface of  of size 30umx21 um.
a 30 nm thick Co/S1L00) film with a magnetic element of size 3amx21
um created by ion beam milling and color wheel in the lower left part of the
figure.

Figure 1 shows a magnetic domain image of the surface
region. This chamber houses a scanning, microfocusedf a 30 nm thick Co/Si1L00 film. Before magnetic imaging,
(minimum spot size: 35 ni6—30 keV G4 ion beam facil-  the sample is demagnetized and a/88x21 um size mag-
ity, which is used to scan magnetic and nonmagnetic surfacesetic element with rounded edges is created by ion beam
to induce the emission of secondary electrons from thestching. The white frame around the magnetic element rep-
sample surface. By using an extraction lens system and r@esents an image of the zero polarizati®of electrons emit-
Mott detector, the orientation and magnitude of the spin poted from the Si100) substrate. The colors in the image rep-
larization P of the emitted electrons is analyzed in order toresent different orientations of the in-plane polarizatibas
obtain images of magnetic domains and domain walls. Thgiven by the color wheelsee inset in Fig. 1 The local
SIMPA technique offers some unique advantages comparedistribution of P vectors is shown by white arrows. In order
to many other magnetic imaging techniques, because of it obtain a clear plot of thé vectors and to account for
capability to produce vectorial maps of the surface magnetistatistical fluctuations in the electron count ratesis first
zation by directly measuring the spatially resolved vectoraveraged over four nearest neighbors and then only every
orientation and magnitude &, which is a characteristic of sixteenthP vector is plotted, thereby reducing the density of
the surface magnetizatidfl.For fast adjustment of imaging P vectors by a factor of 64. Clearly visible in the image is an
parameters and precise location of surface areas to be imi80° domain wall dividing the red and green shaped areas.
aged, a conventional electron detector is used to display toFhe continuous rotation of th® vectors by 180° can be
pographic images on a TV monitor at TV rates. For furthereasily seen.
details, we refer to Refs. 10 and 12. Figure 2 shows an enlarged image of the magnetic ele-

Rectangular, square and disk shaped magnetic elememsent shown in the center of Fig. 1. Here, the density ofRhe
of sizes between 10 and 3@m are fabricated by ion beam vectors is reduced by a factor of 16 in order to give a clear
milling. The magnetic structure can then immediately beplot. From this plot, the existence of a magnefictate is
studiedin situ by using SIMPA For SIMPA imaging, typi-  clearly visible. We note that sucBstates are also found in
cal ion currents are in the range of 0.1 nA or less, whereamany similar shaped magnetic elements of sizes between 10
for ion beam milling typical currents are in the nA range. and 30um and aspect ratios close to 0.707.
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saturation magnetizatioM ,=1414 emu/cri'* As clearly
indicated from the results of our MOKE data, the magneto-
crystalline anisotropy constamt can be set to zero. From
these simulations, only multi-domain and no quasist&ie

C states could be generated.

In conclusion, we have shown that micromagnetic con-
figurations such a$ andC states exist in focused ion beam
patterned, high quality, polycrystalline, 30 nm thick Co/
Si(100 films. The experiments give clear evidence that
SIMPA provides an excellent means to study micromagnetic
configurations. The measured vectorial maps of the surface
magnetization of the Co samples allow a detailed observa-
tion of magnetic domains and domain walls. The disagree-
ment between the experimental findings and the numerical
computations points to the fact that surface irregularities and
crystal defects should be included in micromagnetic calcu-
lations in order to predict realistic magnetization patterns
occurring during various stages of the magnetic treatment
(saturation, demagnetization, reversal of magnetizatain
magnetic samples. This is in agreement with Ahardrvho
proposed that crystal imperfections should be included in
FIG. 3. Magnetic domain image of a circul&0 «m diameter Co element,  reglistic micromagnetic calculations. We note that, at present,
which was obtained after creating the element by ion beam miling andq e js no experimental information available on the influ-
subsequently magnetizing the sample to saturation and then bringing it t0 .
the remanent state. For this image, the color wiiseé lower left part of €NCE Of a possible damage at the edges of the elements,
Fig. 1 is slightly rotated to enable a simplified identification of Betate. ~ caused by ion beam milling, which could affect the domain
structure.
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