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ABSTRACT

Thin cobalt films, 40 nm and 100 nm in thickness, were deposited by thermal evaporation at an incidence
angle of 45° in a system with a base pressure of approximately 10~> mbar, simultaneously on unheated
glass substrates and NaCl crystals. The magnetic microstructure of the films was investigated with the
conventional Bitter pattern technique and the Fresnel mode of transmission electron microscopy (TEM),
while the morphological structure was observed using TEM, atomic force microscopy (AFM) and scan-
ning electron microscopy (SEM). The films were found to have uniaxial in-plane magnetic anisotropy. The
magnetic microstructure of the films 40 nm and 100 nm thick consisted of domains running (and mag-
netized) predominantly in the direction perpendicular and parallel to the incidence plane, respectively.
For the films studied, some correlation between the magnetic microstructure and the morphological
structure was detected.
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1. Introduction

Obliquely deposited thin films attract much attention from
both fundamental and technological points of view. The shadow-
ing effect, which occurs in such films, induces anisotropy in their
macroscopic properties. The induced anisotropy can be magnetic,
electrical, mechanical or optical in character. The properties of
obliquely deposited films depend on the angle of deposition, film
thickness, film composition and preparation conditions. Depending
on the type of application, oblique deposition is successfully used to
tailor the film properties. The range of applications is very wide and
includes, for example, metal evaporated video tapes (which consist
of partially oxidized CoggNiyg or Co) [1,2], giant magnetostrictive
films [3], optical filters, field emitters, solar cells, thermal bar-
rier coatings, high-speed gas sensors and chromatography based
microfluidic devices [4].

The present paper reports an investigation of thin cobalt films
prepared by oblique-incidence deposition. The thicknesses of the
studied cobalt films were chosen as 40 nm and 100 nm because
for the mentioned film thicknesses the change in the direction of
magnetic anisotropy and the transition from Néel to Bloch type
walls were expected. The magnetic microstructure was observed
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using Bitter pattern method and transmission electron microscopy
(TEM). To obtain an insight into the physical origin of the magnetic
anisotropy of the films, the morphological structure was examined
with TEM, atomic force microscopy (AFM) and scanning electron
microscopy (SEM).

Obliquely deposited thin cobalt films were widely investigated
in the past, using mainly TEM, the torque measurements, hystere-
sis loops and X-ray diffraction (XRD). Nevertheless, studies which
report on correlation of the magnetic domain structure of these
films with their morphological structure are in fact rare. Frankly
speaking, we know only a few such studies [5-10]. Moreover, to
our knowledge, observations of the morphological structure of
obliquely deposited thin cobalt films have not yet been carried out
simultaneously by TEM and AFM.

2. Experimental

The specimens under study were cobalt films 40 nm and 100 nm in thickness.
They were produced by the technique of thermal evaporation at an incidence angle
of 45° in a system maintained at a base pressure of approximately 10~> mbar. A
heater composed of two Al,05 tubes threaded with tungsten wire was used. The
film thickness was determined by a quartz crystal microbalance. The films were
deposited simultaneously on unheated glass substrates and NaCl crystals (the latter
films were prepared for the purpose of studying by TEM).

The magnetic microstructure of the films was made visible using the conven-
tional Bitter pattern technique supported by a digital image processing system and
the Fresnel (or defocus) mode of TEM. The Bitter patterns were observed under a
conventional optical microscope PZO BIOLAR using transmitted unpolarized light,
while magnetic studies by TEM were carried out using a Tesla BS 540 instrument.
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Fig. 1. Images of the magnetic microstructure of cobalt films (a) 40 nm and (b) 100 nm thick recorded with the conventional Bitter pattern technique. The arrow in each

image indicates the projection of the vapor beam into the film plane.

For both of the methods applied, experimental conditions concerning observation
of the magnetic microstructure were optimized to improve the magnetic contrast
in the images (see Refs.[11,12] for details). The morphological structure of the films
was investigated by TEM using a Tesla BS 540 instrument, by AFM using an Omicron
instrument and by SEM using a Tesla BS 340 instrument.

3. Results and discussion

Fig. 1a and b presents images of the magnetic domain struc-
ture of the films 40nm and 100nm in thickness, respectively,
recorded by the conventional Bitter pattern method. It is seen that
the magnetic microstructure of the films 40 nm and 100 nm thick
is composed of domains running predominantly in the direction
perpendicular and parallel to the incidence plane, respectively.
The magnetization of these films was found to be oriented pre-
dominantly perpendicular and parallel to the incidence plane,
respectively, and to lie essentially in the film plane (of course except
for small regions near the domain walls in which the magnetization
exhibits an out-of-plane component), as indicated by the behavior
of the Bitter patterns under the influence of external magnetic fields
[13,14].

The type of the domain walls present in the investigated films
could be determined more precisely with the Fresnel mode of TEM.

In general, the occurrence of both cross-tie and Néel type walls was
observed in the films 40 nm thick [13,14]. The cross-tie walls rep-
resent a transition between Néel and Bloch type walls and occur
only in a certain range of the film thickness, from approximately
30-40nm to 90-100nm [15,16]. The domain walls in the films
100 nm in thickness were found to be of Bloch type, and most likely
they were asymmetric Bloch walls. Moreover, a ripple structure of
the magnetization could be seen in TEM images taken for the films
of both thicknesses [13,14].

The films 40 nm and 100 nm thick were found to have uniaxial
in-plane magnetic anisotropy in the direction perpendicular and
parallel to the incidence plane, respectively. In the case of polycrys-
talline cobalt films, the contributions to the magnetic anisotropy
originate from the geometric alignment of the grains through the
shape anisotropy (the anisotropy of the demagnetizing field) as
well as from the crystallographic alignment (texture) of the grains
through the magnetocrystalline anisotropy [17,18].

Shown in Fig. 2a and b are TEM and AFM images of the mor-
phological structure of the cobalt film 40 nm thick, respectively.
As expected, the morphological structure consists of grains. The
columnar structure of grains is not pronounced, but the align-
ment of columnar grains in the direction perpendicular to the

Fig. 2. (a) TEM and (b) AFM images of the morphological structure of a cobalt film 40 nm thick. The arrow in each image indicates the projection of the vapor beam into the

film plane.
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Fig. 3. (a) TEM and (b) AFM images of the morphological structure of a cobalt film 100 nm thick. The arrow in each image indicates the projection of the vapor beam into the

film plane.

incidence plane can be recognized. Nevertheless, there are differ-
ences between the images in Fig. 2a and b. The reason for this is
certainly related to the fact that AFM images the surface of the film,
and in the case of TEM the morphological information is probed
through the whole film thickness. The elongation of grains in the
direction parallel to the incidence plane is marked in the TEM image
of Fig. 2a, while the AFM image of Fig. 2b shows grains larger in size
and slightly elongated in the direction perpendicular rather than
parallel to the incidence plane. This in turn means that surface dif-
fusion plays an important role in the process of film growth. The
result obtained appears to confirm the finding of Ref. [19] where it
was shown by simulations using a three-dimensional Monte Carlo
method that surface diffusion forces columns to grow towards
the columnar axes. To our knowledge, the observed differences
between TEM and AFM images of the morphological structure of
the film are reported for the first time. It is also to be noted that the
recorded SEM images of the surface of the cobalt films were of very
poor quality; they were much worse than images taken by AFM.

Fig. 3a and b presents TEM and AFM images of the morpho-
logical structure of the cobalt film 100 nm thick, respectively. In
general, the observation of columnar grain structure in the films
of this thickness is more difficult. In the considered context, how-
ever, it is to be noted that studies made on the basis of magnetic,
optical and topographic measurements, reported in the literature,
show that in evaporated films the columnar grains generally align
in the direction perpendicular to the incidence plane [1,17,20]. In
comparison with the films 40 nm in thickness, the films 100 nm
thick have grains somewhat larger in size (in agreement with the
result obtained by X-ray diffraction linewidth in Ref.[21]) and mor-
phology more continuous. Note also that the root mean square
(rms) values of the surface roughness, obtained by AFM measure-
ments, were 0.8 nm and 1.2 nm for the films 40 nm and 100 nm
thick, respectively.

The obtained images of the morphological structure prove that
the shadowing effect was pronounced neither for the films 40 nm
thick nor for the films 100 nm thick. The reason for this is found to
be related to the fact that the investigated films were deposited at
an intermediate incidence angle of 45°. The finding is in general
agreement with the results reported in Refs. [3,6,9,10,19,20,22],
where the effect of well-defined columnar grain morphology was
observed for large deposition angles, larger than approximately
60°. It is also to be noted that the origin of the columnar grain struc-
ture, as well as the origin of the elongation of grains in the columns,
can be explained by taking into account only geometric causes [1].

To get information on the crystallographic structure of the films,
the selected area electron diffraction (SAED) patterns of TEM were
recorded. For the films both 40 nm and 100 nm thick, the presence
of continuous diffraction rings was observed, which means that the
films are polycrystalline with randomly oriented grains, i.e. no crys-
tallographic texture could be detected by the technique employed.
Moreover, the occurrence of the set of three strong diffraction rings
corresponding to the (0110), (0002) and (0111) planes shows
that the films studied are mainly composed of the hexagonal close-
packed (HCP) phase of cobalt. An example of the SAED pattern of
TEM is presented in Fig. 4, for the film 40 nm in thickness. To obtain
a better insight into the crystallographic orientation of the films, it
is necessary to apply more sensitive techniques, such as XRD ®-2©
spectra[22,23], the X-ray Schulz pole figures [17,24] or the electron
backscattered diffraction (EBSD) method [24].

It should be noted that in the case of obliquely deposited cobalt
films, the c-axis of texture was observed to be always perpendicular
to the preferred direction of columnar grain structure independent
of the preparation method, and moreover crystallographic textures
were observed conclusively only for larger film thicknesses (above
approximately 50 nm) [17,18,25]. As a consequence, the degree of

Fig. 4. TEM diffraction pattern of a cobalt film 40 nm thick.
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crystallographic orientation in the films 40 nm thick is found to be
low in comparison with that in the films 100 nm thick.

The change of the direction of magnetic anisotropy from per-
pendicular to parallel with respect to the incidence plane of the
vapor beam, reported for obliquely deposited films as the film thick-
ness increases, is of considerable interest, as discussed in several
recent papers (e.g. Refs. [8,17,18,25]). In these papers the magnetic
anisotropy of obliquely deposited films with different thickness
was investigated using the torque measurements, hysteresis loops
and transverse biased initial susceptibility (which provide informa-
tion of the macroscopic character), but no magnetic domain studies
were conducted. In this context, the present paper, which demon-
strates by domain visualization (i.e. at the microscopic level) the
reorientation of magnetic anisotropy from the direction perpen-
dicular to parallel with respect to the incidence plane of the vapor
beam, observed for cobalt films evaporated at an incidence angle of
45¢° as the film thickness is changed from 40 nm to 100 nm, appears
to be a valuable contribution.

4. Conclusions

The paper presents an investigation of cobalt films 40 nm and
100 nm thick, thermally evaporated at an incidence angle of45° in a
system with a base pressure of approximately 10> mbar (simulta-
neously on unheated glass substrates and NaCl crystals). The films
of both thicknesses were found to be magnetized in the plane of
the film, except for small regions near the domain walls in which
the magnetization possessed an out-of-plane component. The mag-
netic microstructure of the films 40 nm in thickness was composed
of domains running and magnetized predominantly in the direc-
tion perpendicular to the incidence plane of the vapor beam. As the
film thickness was changed from 40 nm to 100 nm, the magnetic
anisotropy was observed to change from the direction perpendic-
ular to parallel with respect to the incidence plane.

To get an insight into the physical origin of the magnetic
anisotropy of the films, their morphological structure was studied
for the first time simultaneously with TEM and AFM. Because TEM
provides information originating from the whole film thickness and
AFM substantially senses only the film surface, consequently com-
plementary information on the morphological structure of the films
could be obtained. In comparison with TEM images, AFM images
revealed grains larger in size and slightly elongated in the direc-
tion perpendicular rather than parallel to the incidence plane. These
experimental findings clearly show that surface diffusion plays an
important role in the process of film growth.

For the films 40 nm thick, the alignment of columnar grains in
the direction perpendicular to the incidence plane was observed.
This correlates well with the magnetic domain structure of these

films. For the films 100 nm thick, the perpendicular alignment of
columnar grains could also be found, although in fact with larger
difficulty. With the SAED patterns of TEM, it was obtained that the
films consisted mainly of the HCP crystalline structure, but no pre-
ferred crystallographic orientation of the grains could be detected
for the films of both thicknesses. For the films 100 nm in thickness,
the alignment of magnetic domains in the direction parallel to the
incidence plane indicates that the crystallographic contribution to
the magnetic anisotropy is dominant over the shape anisotropy,
however, experimental studies are needed to verify this hypothesis.
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