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Magnetic domains in Co thin films obliquely sputtered on a polymer substrate
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Magnetic domains in obliquely sputtered Co films on a polymer substrate have been investigated with
magnetic force microscopy. The growth angle has been found to strongly affect the domain structure as well as
the magnetic properties, due to changes in the microstructure. At large angles finite-size elongated domains
oriented in the longitudinal direction~projection of the growth direction on the film plane! were energetically
favorable. However, at intermediate angles a transition to stripe domains occurs due to an increase in exchange
coupling. These domains exhibit a width of 400 nm and lie along the longitudinal direction. In the remanent
state~after saturation!, circular as well as elliptical magnetic bubbles coexist, but coalesce in the dc demag-
netized state to form stripe domains.
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Oblique deposition~evaporation1,2 as well as sputtering!
is one of the most promising methods for growing meta
magnetic thin films for high-density tape recording applic
tions. The morphology of films grown with this technolog
exhibits a columnar structure that is mainly due to t
shadow effect. The columns are tilted at an angle to the p
normal, depending on the incident angle of the incom
atoms.3,4 The columnar structure can have an important r
in the control of the magnetic properties of the film becau
of the additional anisotropy due to the shape of the colum
This magnetic anisotropy is efficient only if the colum
exhibit a low exchange coupling, resulting in a large tilt
the easy axis from the film plane. However, if the colum
are strongly coupled, the shape anisotropy of the fil
(2m0Ms

2/2) prevails and tries to confine the easy axis
close as possible to the film plane. Exchange coupling m
also induce other effects, such as a reduction in coerci
and an increase in media noise during magnetic record
and read-back. A reduction in exchange coupling may
achieved by the oxidation of the metallic film by supplyin
oxygen during growth. It has been confirmed that oxide s
rounds the metallic columns thus reducing exchan
coupling.5,6 Furthermore, the contact between the antifer
magnetic phase~oxide! and the columns generates a unid
rectional anisotropy, resulting in a shift of the hystere
loop.7 This shift has been clearly observed at low tempe
tures for Co-Ni evaporated tapes.8

Due to the potential application of such kind of media
longitudinal magnetic recording, dependence on incide
angle of magnetic properties such as in-plane anisotropy,
ercivity, remanence, and tilt of easy axis have been the s
ject of intensive research.9–14 Most of these studies revea
and agree on the following points:~a! Below 50°, the coer-
civity (Hc) is very low and exhibits a smooth change wi
the angle. At large angle,Hc shows a very fast increase.~b!
The squareness increases with the incidence angle.~c! By
varying the incidence angle, a reorientation of anisotro
occurs. At large angle, the easy axis of the magnetizatio
confined to the incidence plane, whereas at intermed
angle~less than 50°! the anisotropy switches to be parallel
the transverse direction. As the most important variation
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anisotropy occurs at incidence angle larger than 40°, it se
to be interesting to explore the structure of magnetic doma
in this angular region.

In this paper, we report on the observation of stripe
well as elongated domains oriented along the longitudi
direction in Co thin films. Many studies have been made
the magnetic properties of Co, both as very thin films15 as
well as multilayers.16 The development of new imaging tech
niques such as secondary electron microscopy with polar
tion analysis ~SEMPA! and magnetic force microscop
~MFM! has allowed the investigation of the domain structu
in very thin films of Co~few monolayers!. With SEMPA, it
has clearly been established that the transition of the ma
tization from out-of-plane to in-plane occurs at a 3.5 M
thickness of Co.17 Recently, magnetic domains in a set of C
films grown by molecular beam epitaxy on sapphire
300 °C and possessing a large range of thicknesses~10–500
nm!, have been studied with MFM.18 These films exhibited a
hcp structure, however, the anisotropy orientation switch
to the perpendicular direction of the film plane above a cr
cal thickness, as predicted by Kittel.19

In this study, Co films have been grown by oblique sp
tering on a polymer substrate~polyethylene terephthalate! as
small samples (1035 cm2) of magnetic tape. The sample
were prepared in a mini roll-coater consisting of a so
drum. A static configuration was used with continuous va
ing incidence~CVI!. All the films were deposited at room
temperature and at the same residual pressure
31023 mb). In order to analyze the structural and the ma
netic properties of the films, five 131 cm2 samples were cu
from different areas of the Co tape, at positions correspo
ing to different growth angles. More details about the fi
preparation will be published elsewhere.20

The film microstructure was studied with a high
resolution scanning electron microscope~SEM! as well as an
atomic force microscope~AFM!. Figure 1~a! shows an SEM
image of a Co film, 125 nm thick, sputtered at 70° to t
surface normal~sampleA!. The film microstructure consist
of large columns with triangular shape, oriented in the pla
of incidence. These columns are well separated, but in m
cases are surrounded by clusters of small columns. The
isotropic behavior of this microstructure is mainly due to t
©2001 The American Physical Society41-1
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oblique deposition angle, which favors growth in a certa
direction. Figure 1~b! is an SEM image of a 300-nm-thic
film ~sampleB!, taken from the same deposition run as f
sampleA, but grown at a lower angle~50°!. Although the
two samples originate from the same Co tape, they pos
different film thicknesses due to the static configuration d
ing growth. SampleB is thicker due to being closer to th
deposition source. The morphology of sampleB seems to be
more continuous with a smooth surface and grains very c
to each other. The difference in the microstructures show
the two images@Figs. 1~a! and 1~b!# is mainly caused by the
shadow effect, which increases with the angle of inciden

The magnetic properties of the films were measured w
a VSM and a torque magnetometer. Figure 2~a! shows the
hysteresis loops measured in the film plane in both long
dinal and transverse directions of sampleA. The longitudinal
loop exhibits a high coercivity (Hc555 kA/m) and a large
remanence (Mr /Ms50.8), whereas these two paramete
are quite low in the transverse direction~Hc530 kA/m,
Mr /Ms50.4!. In order to investigate the magnetic aniso
ropy of the films, two kinds of measurements have be

FIG. 1. ~a! SEM image of a Co film grown on PET at 70° from
the normal to the film plane~sampleA!. The columns exhibit a
triangular shape and lie in the incidence plane.~b! SEM image of a
Co film grown at 50° as incidence angle~sampleB!. The shadow
effect is less important than for sampleA, with a more continuous
morphology being observed.
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performed with the torque magnetometer. The first cons
of rotating the field from the normal to the film plane
whereas in the second the field is rotated in the film pla
from the longitudinal to the transverse direction. The resu
of the first experiment reveal that the easy axis is tilted ab
10° from the film plane. However, in the second measu
ment, a uniaxial anisotropy (Ku55.63104 J/m3) with easy
and hard axes is observed along the longitudinal and
transverse directions, respectively. Figure 2~b! shows two
hysteresis loops for sampleB. There is no significant differ-
ence in the coercivities measured in the two directions~Hc
512 and 10 kA/m for the longitudinal and the transver
directions, respectively!. This result is in good agreemen
with the torque measurements that revealed a very low
isotropy in the film plane (Ku52.73103 J/m3) for this
sample. However, a small tilt in the easy axis was found~4°!.
A comparison of the results for both films reveals that t
magnetic properties are strongly affected by the microstr
ture. The greater coercivity as well as the large tilt of t

FIG. 2. ~a! Longitudinal and transverse hysteresis loops of
deposited at 70°~sampleA!. The large difference in the coercivity i
due to the shape anisotropy of the columns, which exhibit a
exchange coupling.~b! Longitudinal and transverse hysteresis loo
of Co deposited at 50°~sampleB!. Both loops possess similar co
ercivities.
1-2
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easy axis for sampleA are mainly induced by the shap
anisotropy of the columns. The columns appear to be m
isolated, as confirmed by the SEM image shown in Fig. 1~a!.
The shadow effect is less pronounced for sampleB, grown at
50°, resulting in the columns being more closely packed. T
main reason, which can explain the low tilt in the easy a
~4°!, is the strong exchange coupling between the colum
Such coupling reduces the influence of any shape anisot
resulting from the collective behavior of clusters of colum
on the magnetization process. The magnetic anisotrop
the film (2m0Ms

2/2) is favored, taking the film plane as th
preferential direction.

The hysteresis loops measured with the field perpend
lar to the film plane reveal two clear results~Fig. 3!: ~1! The
shearing in the loop as well as the field necessary to satu
the magnetization are much lower for sampleA than for
sampleB. ~2! The hysteresis is more pronounced for sam
A. The difference in the shearing of perpendicular loops a
saturation fields can be explained by the variation in
magnetization due to the column packing density, which
strongly dependent on the incident angle. However, the la
hysteresis shown in the perpendicular loop of sampleA is
mainly due to the large tilt of the easy axis~10°!, because of
the important contribution of individual columns to the ma
netization process~low exchange coupling!. Other param-
eters such as the remanent coercivity and the width of
switching-field distribution have been deduced from DC
remanence curves and found to be strongly influenced by
microstructure. In fact, the remanence measurements w
found to be dependent on the demagnetizing field, whic
also related to the column structure.

The imaging of the magnetic domains was perform
with a commercial MFM~Digital Instruments, DI 3100! op-
erated in tapping liftmode. This ensures a clear separa
between the topographic and magnetic data. A commer
Si tip coated with a;30-nm-thick CoCr thin film that was
magnetized vertically was used. The tip-to-sample dista

FIG. 3. Perpendicular loops of both films grown at 50° and 7
incidence angle. At large angle~70°!, the hystersis is much pro
nounced, whereas the shearing of the loop and saturation field
largely reduced.
17444
re

e
s
s.
py

of

u-

te

e
d
e
s
e

e

he
re

is

d

n
ial

e

was approximately 100 nm during magnetic imaging. T
MFM image contrast is proportional to the gradient of t
magnetic force between tip and sample. Figure 4~a! is an
MFM image of sampleA. The magnetic domains exhibit a
elongated shape, oriented along the longitudinal direct
Additionally, smaller magnetic domains are also clearly o
served. The coexistence of these two kinds of domains is
to the nonuniformity of the exchange coupling in the film
The microstructure shown in Fig. 1~a! reveals the existence
of big columns isolated from each other and surrounded
clusters of small grains. The exchange coupling in the cl
ters can give rise to large domains while the small circu
domains can be attributed to the large isolated columns.
orientation of the elongated domains can be explained by
existence of a large magnetic anisotropy (Ku55.6
3104 J/m3) in the film plane. In Fig. 4~b! an MFM image of
sampleB shows stripe domains oriented along the longitu
nal direction. This image is of the sample in an ac demag
tized state. The width of the domains is estimated to be

°

re

FIG. 4. ~a! MFM image (10310mm2) of Co grown at 70°
~sampleA!, showing two kinds of domains~elongated in the longi-
tudinal direction and circular!. ~b! 10310mm2 MFM image of Co,
grown at 50°~sampleB!, showing a striped domain structure. Th
sample was ac demagnetized. The domains are oriented in the
gitudinal direction, which corresponds to the easy axis in the fi
plane as revealed by torque measurements.
1-3
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A. LISFI AND J. C. LODDER PHYSICAL REVIEW B63 174441
nm. A comparison of Figs. 4~a! and 4~b! reveals that uniform
exchange coupling favors stripe domains, whereas slow
nonuniform exchange coupling due to a large shadow ef
induces small domains. This can explain the large differe
in the coercivity between the two samples.

Stripe domains in obliquely evaporated materials ha
been classified into two types~1 and 2! or weak and
strong.21–24 There are two major differences between the
two categories:~1! the weak stripe domains~type 1! appear
when a field is applied, whereas the stronger~type 2! do-
mains are favored for samples in a demagnetized state21,22;
~2! type 2 domains lie in the growth plane, while type
domains are aligned almost perpendicular to this plane.
structure of the domains observed in Fig. 4~b! belongs to
category 2~strong stripe domains!. It is interesting to note
that the tilt of the easy axis from the film plane is very sm
~4°!, which implies that the in-plane component of the ma
netization makes the largest contribution to the contras
the MFM image.

Figure 5~a! is an MFM image of sampleB; in contrast to
Fig. 4~b! the sample was imaged while in a remanent st
after saturation in the longitudinal direction. It is clear th
the magnetic structure is composed of circular as well
elongated bubbles, which form a stable configuration typ
of the remanent state. It has been established by m
authors25,26 that the observation of a singularity in the ma
netization loop of perpendicular medium, when the field
reduced from the saturation, may be taken as evidenc
bubble formation. Generally, the bubbles exhibit a circu
shape on nucleation; however, it has been shown by Thie27

that this shape changes to an ellipse during bubble growt
is clear from Fig. 5~a! that the bubbles grow along the lon
gitudinal direction. This can be explained by the existence
a magnetic anisotropy in the film plane, as revealed by
torque measurements. Figure 5~b! shows the domain struc
ture of sampleB in a dc demagnetized state. In this case,
sample was first saturated in the longitudinal direction, s
sequently a field equal to the remanent coercivity (Hr
511.5 kA/m) was applied in the opposite direction and th
removed. The domain structure revealed in Fig. 5~b! appears
to be a development of that shown in Fig. 5~a!, in which the
bubbles have grown as the field is applied, and coalesc
form stripe domains. Although the dc demagnetized s
@Fig. 5~a!# reveals a structure with stripe domains, a net d
ference can be observed between the images shown in
4~b! and 5~b!. It is important to mention that for perpendicu
lar media, the structure of the stripe domains depends on
direction of the demagnetizing field. Domains are orien
either parallel to the field or randomly for in-plane or pe
pendicular demagnetizing fields. However, for the samp
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discussed here, the stripe domains lie in the longitudinal
rection in all the cases due to the in-plane anisotropy.

In summary, a transition from elongated to stripe ma
netic domains, depending upon growth angle, has been
served for Co thin films obliquely sputtered on a polym
substrate. Circular as well as elliptic magnetic bubbles co
ist in the remanent state, coalescing in the dc demagnet
state to form stripe domains parallel to the longitudinal
rection.

The authors would like to thank Dr. G. N. Phillips for h
helpful comments.

FIG. 5. ~a! 10310mm2 MFM image of sampleB, measured in
the remanent state after saturation in the longitudinal direction.
two kinds of bubbles~circular and elliptic! coexist and form a stable
state.~b! 10310mm2 MFM image of sampleB following dc de-
magnetization in the longitudinal direction.
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