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structures are of large importance. From the practical 
point of view, they are very significant for tailoring of the 
specimens with the required properties. In particular, they 
allow to develop high-density magnetic and magneto-optic 
recording media, modern recording heads, high-perfor-
mance permanent magnets, magnetic sensors, and trans-
former steel sheets [1, 2]. The knowledge of the magnetic 
domain behavior in relation to the morphological structure 
of the specimens is also important for theoretical modeling 
of magnetic properties [1, 2].

Thin magnetic films attract large attention from the fun-
damental as well as technological point of view. On the 
fundamental side, they exhibit different magnetic proper-
ties, such as magnetic anisotropy [3], magnetic microstruc-
ture [4], coercivity [5], and magnetoresistance [6], depend-
ing on their thickness, composition, crystalline structure, 
and preparation conditions. From the technological point of 
view, thin magnetic films have a number of applications; 
for example, they are used in magnetic information storage 
media, magneto-optic recording media, magnetic devices, 
and sensors [1, 2].

In particular, cobalt thin films have been the subject of 
wide and intense study in recent years. They can be pre-
pared by various techniques, for example by sputtering, 
thermal evaporation, electron beam evaporation, molecular 
beam epitaxy, pulsed laser deposition, electrodeposition, 
and chemical vapor deposition [7–9]. The obtained films 
are usually nanocrystalline in nature and possess specific, 
improved mechanical, physical, magnetic, and chemical 
properties in comparison with conventional microcrystal-
line counterparts. Depending on the film thickness as well 
as the preparation method and conditions used, cobalt thin 
films exhibit a wide range of morphological and magnetic 
properties, and especially various magnetic domain struc-
tures with inplane and outofplane magnetization [10–13]. 

Abstract  In this paper, a study has been made of 
nanocrystalline thin cobalt films with thicknesses in the 
range from 10 to 60 nm. The films were thermally evapo-
rated at incidence angle of 0° in a vacuum of about 10− 5 
mbar. The morphological structure of the films consists of 
nanocrystalline grains regular in shape and densely packed. 
As the film thickness is increased from 10 to 60  nm, the 
average grain size increases from 22.0 to 28.9  nm. The 
films crystallize mainly in the hexagonal close-packed 
phase of cobalt. The magnetic structure is composed of 
domains. In films with thicknesses in the range from 10 
to 40 nm, the domains are magnetized in the plane of the 
film, while films with thicknesses of 50 and 60 nm possess 
both inplane and perpendicular magnetization components. 
The domains with inplane magnetization are irregular in 
shape and typically from a few to 10 mm in size, whereas 
the domains with perpendicular magnetization form a fine 
maze stripe pattern of the order of 100 nm in width.

1  Introduction

The morphological and magnetic domain structures deter-
mine the properties of magnetic specimens. Therefore, a 
detailed knowledge and complete understanding of the 
mentioned structures and the correlation between these 
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The applications of cobalt thin films include, for example, 
spintronic devices, such as spin valves, magnetic tunnel 
junctions and magnetic random access memories, micro-
electromechanical systems, and logic devices and circuits 
[14–17]. Recently, thin Co films have been also used to 
investigate small and isolated skyrmions [18] which pres-
ence can be associated with logical one state and in conse-
quence used to construct novel memories [19].

This paper presents an investigation of thermally evapo-
rated nanocrystalline thin cobalt films with thicknesses in 
the range from 10 to 60 nm. The morphological structure of 
the films was made visible using atomic force microscopy 
(AFM), while their magnetic domain structure was imaged 
with magnetic force microscopy (MFM) and the Fresnel 
mode of transmission electron microscopy (TEM). To the 
authors’ knowledge, such study is reported for the first 
time. Our results clearly show that the magnetization for 
these films changes from in plane for 10 nm-thick films to 
mainly perpendicular one for 60 nm films. Results of these 
studies are of high importance for design of novel high-
density magnetic storage media and magneto-optic devices.

2 � Experimental

The investigated nanocrystalline cobalt films possessed 
different thicknesses in the range from 10 to 60 nm. They 
were thermally evaporated at an incidence angle of 0° (with 
respect to the surface normal) in a vacuum of approxi-
mately 10− 5 mbar. For these experiments, PREVAC EF 
40C1 Effusion Cell was used with Al2O3 crucible and cur-
rents up to 10 A. The film thicknesses were determined by 
a quartz crystal microbalance. The films were deposited 
simultaneously on unheated glass substrates and NaCl crys-
tals; the latter films were prepared for the purpose of study-
ing by TEM. For AFM and MFM measurements, glass 
substrate was used because of its non-magnetic nature, 
smoothness, and uniformity which makes it ideal for device 
applications [20].

The distribution of magnetic domains and the nature 
of domain walls in the investigated films were determined 
by the Fresnel (or defocus) mode of TEM [21, 22] using a 
Tesla BS 540 instrument. For this purpose, the NaCl sub-
strates were dissolved away in water and then the films 
were caught on microscope copper grids. Our investiga-
tions [22, 23] and those reported by other authors [24, 25] 
show that the film structure is practically not affected by 
the specimen preparation method for TEM observation. 
The magnetic microstructure was also imaged with MFM 
using an NTMDT NTEGRA Prima instrument operated in 
the dynamic mode. We used Bruker MESPLC, MESPLM, 
and MESPHM magnetic probes. The tips were magnet-
ized along their axis by a permanent magnet prior to the 

measurements. The tip axis was perpendicular to the speci-
men surface. The image signal was detected as the phase 
shift of an oscillating cantilever. The morphological struc-
ture of the films was revealed with AFM using an NTMDT 
NTEGRA Prima instrument characterized among others 
by piezo creeping compensation feedback loop (which 
prevents introduction of artifacts in recorded images). The 
crystallographic structure of the films was investigated 
using the selected area electron diffraction (SAED) patterns 
of TEM.

3 � Results and discussion

Figure  1a–f shows AFM images of the morphological 
structure of cobalt films 10 nm (a), 20 nm (b), 30 nm (c), 
40 nm (d), 50 nm (e), and 60 nm (f) in thickness. All the 
images were taken from 500 ⋅ 500 nm area. For each sam-
ple, several upward and downward scans were compared 
to eliminate scanning artifacts. As expected, the morpho-
logical structure consists of grains. The grains are regular 
in shape and possess small sizes in nanometer range. In all 
the studied films, the grains are packed densely. It can also 
be seen that the grain size increases with increasing film 
thickness. Note that for some images recorded at the scale 
presented in Fig.  1, some geometric alignment and pre-
ferred elongation of the grains can be noticed (Fig. 1a, f). 
Nevertheless, for images taken from sufficiently large film 
surface area (larger than about 2   × 2  μm), no geometric 
alignment and no preferred elongation of the grains were 
generally observed, in agreement with expectations.

The root-mean-square (rms) values of the surface rough-
ness for different film thicknesses were determined. For 
each film thickness, the average data were obtained using 
500 × 500 nm AFM images taken at various places on the 
film surface. The average surface roughness as a function 
of the film thickness for cobalt films is presented in Fig. 2. 
As the film thickness is increased from 10 to 40  nm, the 
average surface roughness increases from 0.44 to 0.89 nm, 
and for 50 and 60 nm-thick films, it is practically the same 
as that for 40 nm-thick films.

The average grain sizes for the studied films were 
obtained by the standard linear intercept method [26, 27]. 
The dependence of the average grain size on the film thick-
ness for cobalt films is shown in Fig. 3. As the film thick-
ness is increased from 10 to 60 nm, the average grain size 
increases from 22.0 to 28.9 nm. In this context, it is worth 
noting that the observed increase in the average grain size 
with increasing film thickness is generally consistent with 
the results reported in Refs [28–30].

Figure 4 presents the electron diffraction pattern of TEM 
for a cobalt film 40  nm in thickness. Such patterns were 
observed for all the investigated films. The occurrence of 
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continuous diffraction rings proves that the films are poly-
crystalline in character. In addition, the set of three dif-
fraction rings representing the (011̄0), (0002), and (011̄1) 
planes, observed with clarity and high intensity shows that 
the films are mainly composed of the hexagonal close-
packed (HCP) phase of cobalt. Moreover, the analysis of 
the relative intensities of the observed rings exhibits the 
presence of (0002) texture where the hexagonal axis is 
preferentially oriented perpendicularly to the film surface 

[31]. Nevertheless, to get a deeper insight into the crystal-
lographic orientation of the films, it is necessary to apply 
more sensitive techniques, such as X-ray diffraction (XRD) 
Θ–2Θ spectra, [12, 28, 29], the X-ray Schulz pole figures 
[12, 32], or the electron backscattered diffraction (EBSD) 
method [33, 34]. These measurements are planned in near 
future.

Figure  5a–f shows images of the magnetic microstruc-
ture of 10 nm (a), 20 nm (b), 30 nm (c), 40 nm (d), 50 nm 

Fig. 1   AFM images of the morphological structure of 10 nm (a), 20 nm (b), 30 nm (c), 40 nm (d), 50 nm (e), and 60 nm (f)-thick cobalt films

Fig. 2   Dependence of the aver-
age surface roughness on the 
film thickness for cobalt films
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(e), and 60  nm (f)-thick cobalt films, recorded with the 
Fresnel mode of TEM. In 10 nm-thick films, only Néel type 
walls were present (Fig. 5a). In 20 and 30 nm-thick films, 
the occurrence of Néel type as well as cross-tie walls was 
observed (Fig.  5b, c). For the film thickness in the range 
from 40 to 60 nm, only cross-tie walls occurred (Fig. 5d–f). 
It is also to be noted that, in general, the distribution of 
magnetization for all the investigated films, revealed by the 
Fresnel mode of TEM, is found to be isotropic in the plane 
of the film.

The cross-tie wall (observed for Co films characterized 
by thickness ≥20 nm) constitutes a transition between Néel 
and Bloch type walls. In the case of the cross-tie wall, the 
cross ties serve to decrease the demagnetizing energy and 
are imaged by the conventional Bitter pattern technique and 
the Fresnel mode of TEM as bars perpendicular to the main 
wall [35–38]. It has to be noted that observation of the 
cross-tie wall for 20 nm-thick films is quite unusual (mostly 
such wall type shows up for film thicknesses in the range 
30–40 nm and is observed up to 100 nm). We are aware of 
only three previous papers reporting observation of cross-
tie wall for film thinner than 20 nm, i.e., Donnet et al. [12] 
reported their formation in 20 nm-thick cobalt films, Gen-
tils et al. in 17.5 nm-thick permalloy films [39], and Szmaja 
et al. in 10 nm-thick permalloy films [22].

In the present paper, as previously mentioned, we report 
the coexistence of Néel type and cross-tie walls in 20 and 
30 nm-thick films (Fig. 5b, c). The cause for the presence 
of Néel type as well as cross-tie walls is that their wall 
energies are comparable at the mentioned film thicknesses. 
According to the theoretical works of Metlov [40, 41], the 
film thickness corresponding to the transition between the 
Néel and cross-tie walls is about 8  nm. Considering the 
simplifications used in the theory, this theoretical result is 
found to be in reasonable agreement with our experimental 
observations.

In the case of the studied cobalt films, the cross-tie walls 
in images recorded with the Fresnel mode of TEM can, in 
fact, be recognized by the presence of the circular Bloch 
lines, which are narrowly spaced and clearly visible as dark 
filled circles (Fig. 5b–f). This is because the cross ties are 
very short and consequently hardly visible or practically 
invisible in the images. The small cross-tie spacing and 

Fig. 3   Dependence of the 
average grain size on the film 
thickness for cobalt films

Fig. 4   Typical TEM diffraction pattern for cobalt films with thick-
ness below 60 nm
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length are due to the high magnetic anisotropy of cobalt 
in the HCP phase (the magnetocrystalline anisotropy con-
stant is KCo = 4.5 × 105 J/m3). According to the theoretical 
considerations of Middelhoek [35], the cross-tie spacing 
and length are inversely proportional to the magnetic ani-
sotropy constant. This theoretical prediction appears to be 
confirmed by the images of the magnetic microstructure 
shown in Fig. 5b–f. In Fig. 6, we present an image of the 
magnetic microstructure of a 40 nm-thick permalloy film, 
recorded by the Fresnel mode of TEM. This permalloy film 
was thermally evaporated using the same preparation con-
ditions as those for cobalt films [22]. The magnetocrystal-
line anisotropy constant of permalloy is Kpy = 100  J/m3, 
i.e., it is much smaller than that of cobalt. Thus, as pre-
dicted by Middelhoek [35], one expects that the cross-tie 
walls in permalloy should have much larger spacing and 
length in comparison with cobalt. And, indeed, the experi-
ment confirms very nicely the theoretical prediction (com-
pare Figs. 5d, 6).

The ripple structure of the magnetization was clearly 
seen in all images of cobalt films recorded with the Fresnel 
mode of TEM (Fig. 5a–f). The ripple structure is directly 
related to the polycrystalline character of the studied films 
and is due to local variations of the magnetic anisotropy 
[39, 42]. The ripple direction is always oriented perpendic-
ular to the magnetization direction and hence the magnetic 

easy axis [39, 42]. The ripple structure of the magnetization 
is also visible in the image of a permalloy film in Fig. 6, 
but with smaller clarity than in the images of cobalt films 

Fig. 5   Images of the magnetic microstructure of 10 nm (a), 20 nm (b), 30 nm (c), 40 nm (d), 50 nm (e), and 60 nm (f) thick cobalt films, 
recorded by the Fresnel mode of TEM

Fig. 6   Image of the magnetic microstructure of a 40  nm-thick per-
malloy film, taken with the Fresnel mode of TEM
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(Fig. 5a–f). This is again due to the large difference in the 
magnetocrystalline anisotropy of cobalt and permalloy. The 
much stronger magnetic anisotropy of cobalt causes that 
the ripple structure of the magnetization in Fresnel images 
is considerably more pronounced.

The Fresnel mode of TEM senses only the inplane com-
ponent of magnetization. To obtain a complementary infor-
mation on the magnetization direction of the investigated 
cobalt films, we used also MFM to image the magnetic 
microstructure. The MFM method probes the stray field of 
the specimen and consequently is substantially sensitive to 
the perpendicular component of magnetization (in the case 
of specimens with inplane magnetization, the only sources 
of the stray field are the domain walls and surface defects 
[43, 44]). It is worth noting here that different MFM can-
tilevers were used for each sample. Each cantilever used 
was checked before and after every measurement session 
to guarantee high contrast of MFM images (indicating high 
magnetic sensitivity of particular cantilever). The sample 
used in these cantilever tests was thick Co film character-
ized by perpendicular magnetization.

Using MFM measurements, we did not detect any 
domains with perpendicular magnetization component in 
cobalt films thinner than 50 nm (all recorded domains are 
characterized by the same MFM contrast). This changes 
for 50 nm-thick films for which perpendicular magnetiza-
tion shows up (see Fig. 7 which shows three representative 
MFM images of the magnetic domain structure recorded 
in 50  nm-thick cobalt films). In regions such as that pre-
sented in Fig. 7a, the magnetic structure was observed to be 
composed of large irregular domains (typically from a few 
to 10 mm in size) with dominating inplane magnetization 
component. The large irregular domains are substantially 
magnetized in the plane of the film with extremely weak 
perpendicular magnetization component (they are dis-
played all nearly at the same color shade). These domains 
are separated by the domain walls. One of these walls seen 
in right part of Fig. 7a (running from its top to bottom) is 

characterized by the presence of four segments: dark and 
bright ones on each side of the domain wall (with reversed 
contrast with respect to the wall, see encircled areas in the 
image). Such a MFM image is typical for cross-tie wall 
[42]. In regions such as that shown in Fig. 7b, the magnetic 
structure was observed to consist of fine stripe domains (of 
the order of 100 nm in width) forming a maze pattern with 
dominating perpendicular magnetization component. This 
also indicates that the magnetostatic interaction between 
the fine domains and the tip was nonperturbing [45, 46]. 
Finally, the 50 nm-thick Co films were also characterized 
by the presence of mixed regions characterized both by in-
plane and perpendicular magnetization, i.e., in Fig. 7c, the 
large irregular domains and fine stripe domains can be seen 
simultaneously.

In 60  nm-thick films, there are also both inplane and 
perpendicular magnetization components, the presence 
of which is evidenced in the Fresnel image of Fig. 5f and 
in the MFM image of Fig.  8, respectively. However, for 
thicker films, i.e., 70, 80, 90, and 100  nm-thick [47], we 
observed only perpendicular magnetization of the surface. 
Thus, the obtained results show that the transition from 
fully inplane to fully perpendicular magnetization takes 
place for film thicknesses comprised 40 and 70 nm.

In the above context, it is worth to note micromagnetic 
simulations of the magnetization distribution evolution in 
the cobalt thickness range of few tens of nanometers, pub-
lished by Kisielewski et al. [48]. It was found that the tran-
sition from inplane to perpendicular magnetization con-
figuration takes place at the film thickness of 22 nm. The 
obtained result is found to be in reasonable agreement with 
the experimental results reported in Refs. [12–15]. and by 
us.

All the studied films consist of small grains. The 
average grain sizes of these films are in the range from 
22.0 nm (for 10 nm-thick films) to 28.9 nm (for 60 nm-
thick films) as presented in Fig.  3. This leads to strong 
exchange coupling among the grains (formed usually 

Fig. 7   MFM images of the magnetic microstructure of a 50 nm-thick cobalt film
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when the average grain size is about 40 nm or less) [27, 
49]. Thus, for the studied films, the exchange interaction 
is found to play a very significant role by smoothing and 
averaging the random distribution of the magnetocrystal-
line anisotropy of the individual grains.

Note that the grain size is so small that the magneti-
zation cannot be oriented along the magnetic easy axis. 
It is because the exchange energy and the magnetostatic 
energy at the grain boundaries would become too large 
[50]. As a result, the total effective magnetic anisotropy 
is strongly reduced in comparison to the magnetocrystal-
line anisotropy. In consequence of the magnetic anisot-
ropy reduction, an increase of magnetic domains width 
can be observed, as shown in Figs. 5a–f and 7a in which 
the in-plane domain structure with large domains of the 
order of 10 µm in size can be observed in Refs [7, 8, 35, 
51, 52].

The films with thicknesses of 50 and 60  nm possess 
also magnetization component perpendicular to the film 
plane, represented in the form of fine stripe domains (of 
the order of 100  nm in width), as shown in Figs.  7b and 
8. The presence of the fine stripe domain structure means 
that sufficiently strong crystallographic alignment of the 
cobalt grains with the hexagonal axis perpendicular to the 
film surface is present in these films. The shape anisotropy 
of these films is smaller than that of the thinner films, and 
the perpendicular magnetocrystalline anisotropy becomes 
more and more significant.

4 � Conclusions

We have performed a detailed investigation of the mor-
phological and magnetic domain structures of nanocrys-
talline thin cobalt films. The films possessed thicknesses 
in the range from 10 to 60 nm and were obtained by ther-
mal evaporation at an incidence angle of 0° in a vacuum 
of approximately 10− 5 mbar. The morphological structure 
of the films was observed by AFM, while their magnetic 
domain structure was made visible with MFM and the 
Fresnel mode of TEM. High spatial resolution and clear 
images were obtained and analyzed in detail.

The morphological structure is composed of grains. 
The grains have small sizes in nanometer range and are 
packed densely. The grains are regular in shape and gener-
ally exhibit no geometric alignment as well as no preferred 
elongation. The average grain size increases with increas-
ing film thickness, from 22.0 to 28.9 nm as the film thick-
ness is increased from 10 to 60 nm. As the film thickness 
is increased from 10 to 40 nm, the average surface rough-
ness increases from 0.44 to 0.89 nm, and for 50 and 60 nm-
thick films, it is practically the same as that for 40 nm-thick 
films. The films crystallize mainly in the HCP phase of 
cobalt and exhibit the presence of (0002) texture.

Thanks to the application of MFM and the Fresnel mode 
of TEM, we could obtain a complementary information 
about the magnetic domain structure. In films with thick-
nesses in the range from 10 to 40  nm, the domains have 
magnetizations in the plane of the film. Whereas in 50 and 
60 nm-thick films, there are both inplane and perpendicular 
magnetization components. The domains with inplane mag-
netization are irregular in shape and possess large sizes typ-
ically from a few to 10 mm, and the domains with perpen-
dicular magnetization are in the form of a fine maze stripe 
structure of the order of 100 nm in width. The large inplane 
domains are the result of the strongly reduced magnetic 
anisotropy due to a strong exchange interaction between the 
grains. The occurrence of the fine stripe domain pattern in 
50 and 60 nm-thick films is found to result from sufficiently 
strong crystallographic alignment of the cobalt grains with 
the hexagonal axis perpendicular to the film plane. The 
shape anisotropy of these films is smaller than that of the 
thinner films, and the perpendicular magnetocrystalline 
anisotropy becomes more and more significant. The transi-
tion from fully inplane to fully perpendicular magnetization 
takes place for film thicknesses comprised 40 and 70 nm.

In 10  nm-thick films, only the domain walls of Néel 
type occur; in 20 and 30  nm-thick films, both Néel type 
and cross-tie walls are present, while in films with thick-
nesses in the range from 40 to 60 nm, only cross-tie walls 
occur. The coexistence of Néel type and cross-tie walls in 
20 and 30  nm-thick films means that their wall energies 
are comparable at these film thicknesses. Considering the 

Fig. 8   MFM image of the magnetic microstructure of a 60 nm-thick 
cobalt film
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simplifications used in the theoretical works of Metlov [40, 
41], the experimental data appear to confirm quite well the 
predictions of the theory. The cross-tie walls are character-
ized by small cross-tie spacing and length, due to the high 
magnetic anisotropy of the HCP phase of cobalt.
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