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Magnetic imaging of ion-irradiation patterned Co ÕPt multilayers using
complementary electron and photon probes
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The three-dimensional magnetic structure and reversal mechanism of patterned Co/Pt multilayers,
were imaged using complementary Lorentz transmission electron microscopy~in-plane component!
and magnetic transmission x-ray microscopy~perpendicular magnetization!. The Co/Pt films with
perpendicular anisotropy were patterned by ion irradiation through a stencil mask to produce
in-plane magnetization in the irradiated regions. The boundaries of the patterns, defined by the
transition from out-of-plane to in-plane magnetization, were found to be determined by the stencil
mask. The nucleation fields were substantially reduced to 50 Oe for the in-plane regions and 1 kOe
for the perpendicular regions, comparing to 4.5 kOe for the as-grown film. The perpendicular
reversals were found to always originate at the pattern boundaries. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1407301#
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Understanding the magnetic reversal mechanism in
films is of both scientific and technological importance. Co
ventional magnetometry measurements are limited to de
ing averaged magnetic properties and can not give di
information about local nucleation events or reversal mec
nisms. Hence, the development of magnetic imaging te
niques, capable of detecting the onset of isolated nuclea
events and imaging the progress of the magnetic reversa
the local scale, are a key to a comprehensive understan
of the magnetization phenomena. This is particularly imp
tant in studies of patterned magnetic media, where the m
netic structure is spatially confined or modified by vario
lithographical techinques.1,2 A specific example is the Co/P
multilayer ~ML ! structure with perpendicular anisotrop
arising from interface and strain effects,3 which can be sys-
tematically reduced by ion beam irradiation. At sufficien
high doses, the easy magnetization axis is rotated from ou
plane to in plane.4,5 It has been shown that using resist6 or
stencil masks7 to spatially vary the dose of ions incident o
the film, or by utilizing focussed ion beam writing,8 patterns
of in-plane and out-of-plane magnetization can be produc
Such direct modification of the magnetic properties on
local scale may be useful for future high-density pattern
magnetic data storage. One important aspect of this patt
ing technique is the nature of the magnetic interaction
tween the irradiated,~in-plane regions!, and the nonirradiated
matrix regions with perpendicular anisotropy. Particula
important is how the switching fields and the reversal mec
nisms in one region are influenced by the other. To stu
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such effects, it is essential to investigate the thr
dimensional magnetic structure using high-resolution m
netic imaging techniques.

In this letter, studies of the magnetic reversal proces
of magnetic arrays fabricated by the ion beam irradiation
Co/Pt MLs are reported. For our studies, we chose t
complementary magnetic imaging techniques, Lorentz tra
mission electron microscopy~LTEM!9 sensitive to in-plane
magnetization and magnetic transmission x-ray microsc
~M-TXM !10 measuring perpendicular magnetization.11 The
Co/Pt multilayers, 20 nm Pt/103(0.3– 0.4 nm Co/
1 nm Pt!/2 nm Pt with perpendicular anisotropy, were grow
on electron transparent SiN windows by electron be
evaporation at a growth temperatureTG>250 °C.5 Magneto-
optical Kerr effect~MOKE! hysteresis measurements we
performed for the as-grown ML. A rectangular MOKE loo
Figure 1~a!, shows perpendicular easy direction of magne
zation with coercivityHC'

56.8 kOe. The physical micro

structure of the films was characterized by transmission e
tron microscopy ~TEM! and high-resolution TEM.12

The magnetic patterns, consisting of 1.4mm dots with in-
plane anisotropy within the perpendicular anisotropy mat
were created by irradiation with 700 keV N1 ions through a
stencil mask,7 without changing the topography of th
sample. The irradiation dose and ion species were selecte
give in-plane magnetization in the irradiated regions.5 By
using such a well-defined magnetic pattern, we are able
image the interactions between in-plane and out-of-plane
gions. A series of Fresnel LTEM images of the pattern
MLs were recorded during thein situ magnetizing experi-
ment using a weakly excited objective lens and tilting t
sample to apply an in-plane field.13 At the M-TXM remanent
states were imaged after applying polar magnetic fields (H')
of varying magnitudes between 14 and214 kOe. The inci-
dent photon energy was tuned to the Co L3 absorption edge
was tuned and magnetic structure was imaged with a
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nm spatial resolution with contrast provided by x-ray ma
netic circular dichroism.

Selected LTEM images summarizing the in-plane m
netization reversal processes are shown in Fig. 2. The ci
lar patterns shown on the image are the ion-irradiated
gions. An in-plane field ofH i5264 Oe, Fig. 2~a!, was
sufficient to magnetically align all the irradiated areas. T
Fresnel contrast consists of bright~top! and dark~bottom!
fringes for each irradiated pattern, consistent with these
gions being magnetized in-plane to the left-hand side, al
the applied field direction.14 The nonirradiated matrix wa
not affected by the applied field and was still magnetized
the polar direction. The small contrast variations in the
areas are due to the physical microstructure, which is sh
at a larger magnification in Fig. 1~b!. When the in-plane field
was reversed, magnetic switching of the bits was recor

FIG. 1. ~a! Normalized MOKE hysteresis loop of as-grown Co/Pt multilay
is shown.~b! Bright field TEM image, note 20–100 nm grain size.

FIG. 2. Fresnel images of the patterned multilayers, recorded duringin situ
LTEM experiment are shown.~a! H i5264 Oe, ~b! H i5267 Oe, ~c! H i

5293 Oe, and~d! H i52264 Oe. Arrows indicate the direction of magn
tization. Notice the same location of the domain wall in bottom-right-ha
side bit in images~b! and ~c!.
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with nucleation at approximatelyH i5250 Oe, and subse
quent domain wall motion between pinning centers. Fig
2~b!, recorded atH i5267 Oe, shows domain walls pinne
at a various location within each of the bits. At larger neg
tive fields @Fig. 2~c!, H i5293 Oe#, further domain wall
jumps were observed. However, for some of the bits, dom
walls remained pinned in the same location as shown by
bit in the bottom right-hand side corner of Figs. 2~b! and
2~c!. Applying H i52264 Oe, Fig. 2~d!, resulted in the com-
plete reversal of the patterns. The ion irradiated, unmas
areas were thus confirmed to have in-plane magnetizatio

On the other hand, the M-TXM is sensitive to the ou
of-plane component of the magnetization. In our setup, w
the magnetization of the samples is in a positive~negative!
polar direction, it is antiparallel~parallel! to the x-ray polar-
ization, resulting in increased~decreased! absorption and
hence dark~bright! areas in the image. For the in-plane ma
netized regions, regardless of the direction, the absorptio
not affected and gives an intermediate uniform gray contr

The sample imaged after saturation atH'5114 kOe,
Fig. 3~a!, showed contrast consistent with the irradiation p
tern. The nonirradiated matrix has uniform dark contra
demonstrating uniform, positive, polar magnetization. T
LTEM results, showing the irradiated regions to be mag
tized in plane were used to interpret the M-TXM image
With no in-plane field applied, LTEM analysis found a mu
tidomain configuration for each of the regions. However,
M-TXM technique has no sensitivity to the in-plane orient
tion of the magnetization, hence, uniform intensity with
each irradiated area is expected. After saturation in the
posite direction withH'5214 kOe, Fig. 3~b!, the unirradi-
ated matrix showed a uniform bright contrast, consistent w
a perpendicular negative magnetization. Line profiles
tained from the areas labeled with rectangles in Figs. 3~a!
and 3~b! are shown in Figs. 3~c! and 3~d!, respectively. The
normalized intensity levels across the ion-irradiated circ
were the same, and were equal to the average between th
positive and negative polar magnetization. AtH'5
11 kOe, Fig. 3~e!, early stages of the nucleation of positiv
domains were recorded near the edges of the irradiated
terns, as shown by the black contrast. When increasin
larger fields were applied@Fig. 3~f!, H'513 kOe#, the in-
terface regions reversed first, and a continuous reversed
was observed around the circumference of each circle be
the domain wall propagated substantially into the matrix. A
plication of larger fields@Fig. 3~g!, H'514 kOe# resulted in
a radial growth of the reversed domains away from the ir
diated areas. The propagation of the domain wall into
unirradiated regions was characterized by a jagged struc
Only at 14 kOe,H',15 kOe, nucleation of the reverse
‘‘black’’ domains away from the edge of the irradiated pa
tern was first observed. This is consistent with the nuclea
field measured from the magnetic hysteresis loop~Hn

;4 kOe! of the as-grown nonpatterned film. Figure 3~h!
shows a few isolated;100 nm reversed domains; at th
point, the domains nucleated at the edges extend up to
nm from the pattern edge. This suggests that ion irradia
introduced low field nucleation centers at patte
boundaries.4,8 Above H'515 kOe, further nucleation
events and growth of all domains was observed. AtH'5
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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17 kOe, which is higher than the coercive field of the no
irradiated sample, the majority of the matrix was revers
however, small unreversed~bright! areas were still observed
Fig. 3~i!. In agreement with the magnetic measureme
fields of 110 kOe were necessary to fully saturate the m
trix. An x-ray image of the same sample location record
using photons off the Co absorption edge showed no con
indicating uniform sample thickness. Hence, the contras
the M-TXM images in Fig. 3 is only magnetic without an
topographic contribution.

The absence of thickness variation was confirmed
TEM investigation, which, in addition, found columnar gra
structure, 20650 nm Fig. 1~b!. A magnetic image atH'

514 kOe superimposed on the TEM image, Fig. 3~j!,

FIG. 3. M-XTM images of the patterned Co/Pt multilayers taken at the
L3 absorption edge.~a! H'5114 kOe, ~b! H'5214 kOe, ~c!, and ~d!
normalized line profiles obtained from the areas labeled with rectangle
images~a! and ~b! respectively.~e! Onset of nucleation at the edges o
irradiated patterns,H'511 kOe, ~f! H'513 kOe, ~g! H'514 kOe, ~h!
H'515 kOe, ~i! H'517 kOe, and~j! Magnetic image atH'514 kOe
are superimposed on the TEM at the same magnification.
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showed the roughness of the reversed domains to be sim
to the physical microstructure. This suggests that the mic
structure influences both the domain wall pinning and
reversal processes.15,16

In summary, the unique combination of LTEM an
M-TXM allowed us to image the three-dimensional magn
tization structure of the patterned film. The boundaries of
patterns, defined by the transition from out-of-plane to
plane magnetization, were found to be determined by
stencil mask, while the scale of the magnetic reversal w
governed by the grain size. The ion-irradiated circular
gions, were magnetically soft with saturation below 300 O
and had in-plane easy axis of magnetization. The reversa
the nonirradiated matrix, exhibiting perpendicular anis
ropy, was by nucleation of reversed domains at the pat
boundaries followed by domain wall motion in the nonirr
diated region. These nucleation fields,Hn'51 kOe, were
significantly lower than nucleation fields for the as-grow
film Hn'

o >4 to 5 kOe.
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