
Journal of Physics: Condensed Matter

PAPER

Numerical study of structural and magnetic
properties of thin films obliquely deposited on
rippled substrates
To cite this article: P N Solovev et al 2021 J. Phys.: Condens. Matter 33 495802

 

View the article online for updates and enhancements.

You may also like
Optimized soft magnetic properties and
high frequency characteristics of obliquely
deposited Co–Zr thin films
Zhengmei Zhang, Xiaolong Fan, Min Lin et
al.

-

Generation of obliquely incident ions using
phase-shifted RF voltages applied on rod
electrodes
Akio Ui, Yosuke Sato, Toshiyuki Sasaki et
al.

-

Oblique drive tolerance of elliptical
skyrmions moving in perpendicularly
magnetized nanowire
Yuki Kaiya, Shota Nishiyama, Syuta
Honda et al.

-

This content was downloaded from IP address 84.237.90.20 on 15/11/2021 at 04:05

https://doi.org/10.1088/1361-648X/ac26fc
/article/10.1088/0022-3727/43/8/085002
/article/10.1088/0022-3727/43/8/085002
/article/10.1088/0022-3727/43/8/085002
/article/10.7567/JJAP.55.06HB03
/article/10.7567/JJAP.55.06HB03
/article/10.7567/JJAP.55.06HB03
/article/10.1088/1361-6463/ac3454
/article/10.1088/1361-6463/ac3454
/article/10.1088/1361-6463/ac3454
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvL0vKspd8NfxWWAIZ_Oxllhme7fSi2MXE9YhmgdHg3aR9zrfbaFa0eDXJfgPYDu5F3bgjowQo3Yw0AuFzta_V1qe_yJN-ta_QzppbKNCV89BOd-UuLz5scuzgygDXu1-TqvsRIobHUzzUkMca1hIhA7Sn7eWnkW-x3T4y3erccoFydgWdgJaynnVTZY3EUb_rS15GAzwpSA32o1xpohM-TRyG8Ygwa5elt92W3eiaKCDuy8eIbNAPULjfbK5jBs6kBw0kegcD8HdqiiAJc7ThW-5TH3WFG7WU&sig=Cg0ArKJSzI2fmAFgBtIa&fbs_aeid=[gw_fbsaeid]&adurl=http://iopscience.org/books


Journal of Physics: Condensed Matter

J. Phys.: Condens. Matter 33 (2021) 495802 (7pp) https://doi.org/10.1088/1361-648X/ac26fc

Numerical study of structural and magnetic
properties of thin films obliquely deposited
on rippled substrates

P N Solovev1,∗ , A V Izotov1,2 and B A Belyaev1,2

1 Kirensky Institute of Physics, Federal Research Center KSC SB RAS, 50/38 Akademgorodok, 660036
Krasnoyarsk, Russia
2 Siberian Federal University, 79 Svobodny pr., 660041 Krasnoyarsk, Russia

E-mail: psolovev@iph.krasn.ru

Received 31 July 2021, revised 14 September 2021
Accepted for publication 15 September 2021
Published 30 September 2021

Abstract
Structural modulation in thin films plays a substantial role in the formation of their magnetic
properties. By producing topographic patterns in thin films, it is possible to engineer their
magnetic response. Here, we report on the numerical study of the relationship between
structural and static magnetic properties of thin films obliquely deposited on substrates with
the sinusoidal surface. 3D Monte Carlo film growth simulations show that, under certain
deposition conditions, an inhomogeneous columnar morphology can form in the films caused
by the shadowing effect and the rippled substrate. Calculations of the demagnetizing tensors
for these films demonstrate that their columnar structure is the source of the shape-induced
uniaxial magnetic anisotropy that varies nonmonotonically with the deposition angle.
Micromagnetic simulations of the generated films confirm the uniaxial character of the
shape-induced anisotropy, and also show that magnetization reversal occurs via an incoherent
rotation of magnetic moments.

Keywords: oblique deposition, micromagnetic simulation, thin film growth simulation,
rippled substrate, magnetic anisotropy, magnetization reversal

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years thin magnetic films with artificially introduced
structural modifications have gained increasing attention
[1, 2]. The fabrication of such thin film nanostructures opens
up new broad possibilities for controlling the magnetic proper-
ties of the samples to meet the specific needs of various appli-
cations, such as sensors, signal processing devices, and others.
It has already been demonstrated that by creating a nonuni-
form periodic morphology in the films in a controllable way,
it is possible to tailor their magnetic anisotropy [3–7], high-
frequency response [8–10], and even magnetic relaxation [11].

∗ Author to whom any correspondence should be addressed.

Moreover, two decades ago, an exciting new research field
of magnonics has emerged, which considers the propagation
of magnons (the quanta of spin waves) in the magnets with
properties periodically varied in space, known as magnonic
crystals [12–14]. It is envisioned that the next generation data
processing devices can be created on the basis of magnonic
crystals.

A variety of methods have been suggested and successfully
used to prepare nanopatterned magnetic structures. Lately, ion
beam erosion processes have become widely used for the mod-
ification of substrate topography [1, 6, 7, 9, 15–20]. For cer-
tain irradiation conditions, such as ion incidence angle and
ion energy, a nanoripple pattern can be created on the sub-
strate, which on a local scale can be approximated by a sinu-
soidal surface, with the typical wavelengths of 20–400 nm and
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amplitudes of 1.5–60 nm [6, 9]. Thin magnetic films grown on
such substrates partially replicate their pattern, which results
in the modification of the films’ magnetic properties, most
notably, their magnetic anisotropy [7]. Moreover, if magnetic
material is deposited obliquely on a rippled substrate, inclined
nanocolumnar structures can form on ‘windward’ slopes of the
ripple due to the shadowing effect [17, 20]. This results in a
more complex magnetic behavior of the samples but, on the
other hand, expands our ability to adjust the properties of the
films.

However, because the deposition process is of a random
nature, the prediction of the microstructure of the resulting
films and its influence on the magnetic characteristics is still
a challenging problem. Three-dimensional Monte Carlo sim-
ulation is a very attractive method for solving this problem as
this method models to some degree the real deposition pro-
cess, thus allowing to study theoretically the growth dynam-
ics of columnar structure developed in obliquely deposited
films [21–23]. Numerical simulations of thin film growth and
calculations of these film’s magnetic responses can greatly
contribute to our understanding of the microstructure and its
connection to the magnetic properties of films as a function of
deposition conditions. In this work, we explore numerically the
structural and static magnetic properties of thin magnetic films
obtained by the simulation of oblique deposition of particles on
rippled substrates.

2. Methods

2.1. Film growth simulation

In this work, to investigate the relationship between struc-
tural and magnetic properties of the films obliquely deposited
onto rippled substrates, we use our developed thin film growth
simulator [24, 25]. The simulator makes it possible to gen-
erate three-dimensional structures with complex nanocolum-
nar morphology that closely resembles that of real obliquely
deposited samples, given that the simulator’s parameters were
chosen appropriately. The simulator is based on a ballis-
tic deposition model where a Monte Carlo approach is used
to model the diffusion-limited aggregation process [26, 27].
Figure 1(a) shows a schematic picture of the deposition pro-
cess. A discrete lattice configuration consisting of cubic cells
is used. Each cell can be occupied by a cubic particle (growth
unit) of size Δ. A thin film is considered as an aggregate of
these cubic particles.

At the first step of the growth simulation, a substrate is gen-
erated. As a substrate we use a sinusoidal surface that mimics
to some extent real nanorippled substrates produced by oblique
ion irradiation [18]. A deposited particle is initiated at a
random location in the xy plane just above the surface of the
film. This particle is then launched in a straight line toward the
substrate at an incidence angle of α with respect to the sur-
face normal (the z-axis). The incoming particle descends until
it sticks to the previously deposited particles or the substrate.
After that, the particle can diffuse over a film surface. The dif-
fusion algorithm is based on a simple random walk model [26].
The diffusing particle jumps from one site to another (nearest

Figure 1. (a) Schematic view of an oblique deposition of a cubic
particle at an incidence angle of α onto a rippled substrate, and the
coordinate system, where H is an in-plane magnetic field applied at
an azimuthal angle of ϕH . (b) An illustration of a compression
algorithm used for micromagnetic simulations.

vacancies) with a total number of the jumps S. The probability
of the particle to diffuse from its current position i to the nearest
vacancy j depends on the vacancy’s number Nj of the nearest
neighbors (occupied cells), Pi→j = exp(γN j)/

∑
j exp(γN j).

Here, γ is a diffusion coefficient, and the summation is
taken over all allowed vacancies. Periodic boundary conditions
are implemented on all the vertical walls of the simulation. A
more detailed explanation of the simulation procedure can be
found in reference [24].

We simulated the oblique deposition of thin-film structures
of size 256(x) × 256(y) × 120(z)Δ3 onto the rippled sub-
strate for various incidence angles α, ranging from 0◦ to 80◦.
Three sets of the diffusion parameters were used, resulting in
the films of various densities: (i) S = 1, γ = 1 (low density
films), (ii) S = 5, γ = 0.44 (intermediate density films), and
(iii) S = 8, γ = 0.8 (high density films). The substrate was
created by extruding a sinusoid along the x-axis, while the
sinewave was directed along the y-axis (see figure 1(a)). The
deposition plane (figure 1(a)) was oriented along the y-axis,
that is, perpendicular to the substrate ripple. The parameters of
the sinusoid were chosen to be typical of the averaged parame-
ters measured for ion irradiated substrates: the wavelength was
λ = 50Δ, and the amplitude was a = 10Δ. Comparing the
simulated films with the real obliquely deposited films, we esti-
mated the size of a particle to be Δ= 0.5 nm [24]. Therefore,
the wavelength of the ripple is λ = 25 nm, and its amplitude
is a = 5 nm.

2.2. Calculation of shape-induced magnetic anisotropy

To determine the magnetic anisotropy of the simulated films
induced by the dipolar interactions in nanocolumnar struc-
ture, we used a Fourier space approach introduced by Beleg-
gia and De Graef [28]. With this approach, it is possible to
calculate the demagnetizing tensor field for a magnetic sample
of an arbitrary shape [29]. The problem of the magnetic vec-
tor potential calculation is simplified by a transition from real
space to the Fourier space, where the calculation of the vector
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potential transforms from a convolution operation to a vector
product. The shape of the magnetic object can be described
by its shape function D(r) (where r is a radius vector in real
space) [28], which equals unity in the regions of space occu-
pied by the magnetic object and equals zero outside the object.
The simulated films, which are three-dimensional arrays of
zeroes (unoccupied cells) and ones (particles), are the discrete
representations of the shape functions. As Beleggia and De
Graef have shown, the volume averaged demagnetizing ten-
sor of an object with the shape function D(r) can be calculated
using the following expression

Ni j =
1

8π3V

∫
d3k

|D(k)|2

k2
kik j, (1)

where V is the volume of a magnetic object, D(k) is the
Fourier transform of the shape function (shape amplitude), and
k is the frequency vector. We made a fast Fourier transform
of the 3D arrays representing the structure of the generated
films, and then calculated numerically demagnetizing tensors
Nij for each sample. The field Ha of the magnetic uniax-
ial anisotropy originated from the dipolar interactions can be
evaluated as

Ha = Ms(Ny − Nx), (2)

where Ms is the saturation magnetization of the film, and Nx

and Ny are the components of the diagonalized demagnetizing
tensor Nij. Note that if Ha is positive, the magnetization easy
axis (EA) lies along the x-axis otherwise, it is parallel to the
y-axis.

2.3. Micromagnetic simulation

The magnetization reversal processes in the simulated thin-
film structures were studied by using micromagnetic simula-
tion [30, 31]. Each cell of the three-dimensionalarray occupied
by a particle was characterized by a magnetic moment Mi

with the saturation magnetization Ms, while for unoccupied
cells, Ms = 0. In the micromagnetic simulation, we consid-
ered energy terms for the exchange and dipolar interactions
between discrete elements (particles) and the Zeeman energy
term describing the interaction between magnetic moments Mi

and an in-plane applied magnetic field H. Note that we did
not include explicitly any magnetic anisotropy energy terms
in the micromagnetic model, thus only shape-induced mag-
netic anisotropy was presented in the investigated films. Peri-
odic boundary conditions were applied to the exchange and
dipolar interactions. The magnetic microstructure (equilibrium
distribution of the magnetic moments Mi) of simulated films
was determined from the solution of the system of linear inho-
mogeneous equations with undetermined Lagrange multipliers
[30]. The magnetic parameters used in the simulations were
typical of these for permalloy (Ni80Fe20): Ms = 860 emu cm−3,
and the exchange constant 1 × 10−6 erg cm−1. Note that the
same value of Ms was also used to calculate the shape-induced
magnetic anisotropy using equation (2).

We applied a simple compression algorithm to the simu-
lated films to reduce the computation time of the equilibrium
magnetization distribution to a reasonable value (figure 1(b)).

The films were discretized on a cubic superlattice, each super-
cell of which consisted of eight cells of the original lattice. If
more than half of the cells in the supercell were occupied, then
the rest of the cells were populated by particles otherwise, all
cells of the supercell were made unoccupied. For a special case
when exactly half of the cells were occupied, the decision was
made randomly. Then each supercell was merged. Thus, with
this compression algorithm, we reduced the size of the films by
eight times, to 128(x) × 128(y) × 60(z)Δ3, while retaining the
main features of their morphology. Note that the compressed
films were used only in micromagnetic simulations.

3. Simulation results and discussion

3.1. Films structure

Figure 2 displays representative cross-section (y–z) images
of the simulated films deposited on rippled substrates. These
images were prepared in a way to be similar to the images
of real samples obtained by transmission electron microscopy
(TEM). For this, a slice in the yz plane of thickness δx was
considered. For each (y, z) point in this slice, the local pack-
ing density pyz was calculated, determined as the number of
occupied cells divided by the number of cells in thickness
δx. This packing density distribution is represented as a two-
dimensional normalized gray-scale map, where black corre-
sponds to the maximum and white to the minimum local
packing density.

Depending on the diffusion parameters (see subsection 2.1),
three types of films were obtained: low density films, with the
average packing density p0 = 0.33 at the deposition angle of
α = 0◦, intermediate density films with p0 = 0.81 at α = 0◦,
and high density films with p0 = 0.97 at α= 0◦. The images in
figure 2 indicate that at α = 0◦, the film of the lowest density
has an almost amorphous morphology, and the sinewave sub-
strate pattern practically does not present on the film surface.
As the density of films increases from low to intermediate and
high, a pronounced columnar structure starts to develop even
at zero incidence angle. Note that the surface of the high den-
sity film retains the ripple structure of the substrate. At oblique
incidence angles, inclined columns begin to grow on the sub-
strate due to the shadowing mechanism [32]. The ‘windward’
slopes of substrate ripples act as seeds and depending on the
deposition angle and diffusion parameters, columns formed
on these seeds grow out through the whole film thickness or,
due to the random nature of the deposition process, partly or
completely lose the initial structure set by the substrate pat-
tern. We note that these images of the simulated films look
very similar to the TEM images captured for real metallic films
obliquely deposited on rippled substrates (see, for example,
reference [17]).

Figure 3 (top row) shows the top view of the fragments of
the intermediate density films deposited at α = 0◦, 50◦, and
70◦. To investigate the microstructure of these films, we per-
formed a two-dimensional fast Fourier transform (2D-FFT)
analysis in the xy plane for these films. 2D-FFT amplitude
spectra calculated for an xy layer at a height of z = 30Δ
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Figure 2. Cross-section (y–z) pseudo-TEM images of the structures (thin films) produced by the three-dimensional simulations of growth
on rippled substrates. The films were deposited at various incidence angles α for three sets of the diffusion parameters resulting in low,
intermediate, and high density films.

Figure 3. Top view of the intermediate density films simulated for
incidence angles of α = 0◦, 50◦, and 70◦ (top row; shown only
fragments 170 × 150Δ2 of the whole 256 × 256Δ2 films). Below
are 2D-FFT amplitude spectra, calculated for an xy layer at a height
of z = 30Δ (middle row), and obtained by averaging spectra of xy
layers from z = 70 to 120Δ (bottom row). For reference, a spectrum
of a pure substrate is also shown.

(figure 3, middle row) demonstrate some weak diffuse rings.
But the maximum amplitude is observed at the same spatial
frequency as that of the pure substrate, as can be easily seen
from the comparison with the spectrum calculated just for the
substrate (figure 3). This indicates that at a height not far away
from the substrate, the morphology of the films is determined
mostly by the ripple on the substrate for all the deposition
angles.

Figure 4. Dependences of the shape-induced anisotropy field Ha on
the deposition angle α for simulated films of various densities.
Positive values of Ha correspond to the direction of EA
perpendicular to the deposition plane (x-axis) and negative to the
direction of EA along the y-axis.

However, at larger heights, the FFT spectra change. The
images obtained by averaging spectra of xy layers from
z = 70 to 120Δ (figure 3, bottom row) show distinct rings,
while the signal from the substrate is less evident. For the
angle of α = 0◦, the ring is generally homogeneous, indi-
cating the random distribution of columns over the substrate
in the xy plane, while the width of the ring corresponds to
the degree of disorder in this distribution. As the deposition
angle rises, the rings on the FFT spectra become increasingly
inhomogeneous, showing that the columns are organized in a
quasi-ordered way with a preferential direction oriented along
the x-axis (parallel to the substrate ripple). However, the dom-
inant wavelength of this quasi-periodic structure determined
from the FFT spatial frequencies is significantly shorter than
the substrate ripple wavelength λ = 50Δ. For example, for
α = 50◦, the dominant wavelength is ≈17Δ, and for
α = 70◦ is ≈26Δ (≈λ/2), meaning that on each ‘windward’
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Figure 5. Magnetization reversal loops calculated by micromagnetic simulations of the intermediate density films deposited at angles of
α = 50◦ and 80◦.

slope of ripple, several columns are grown along the y-axis,
in accordance with figure 2. Apparently, this inhomogeneous
morphology with a preferential direction should result in the
occurrence of magnetic anisotropy of dipolar origin, i.e., the
shape-induced magnetic anisotropy.

3.2. Magnetic properties

Using a Fourier space approach for the determination of
demagnetizing tensors and equation (2), we have calculated
the shape-induced uniaxial anisotropy field Ha as a function
of the deposition angle α for three types of simulated films of
various densities (as discussed previously). Figure 4 shows the
obtained results, where the positive values of Ha correspond
to the direction of EA along the x-axis (perpendicular to the
deposition plane) and negative to the direction of EA along
the y-axis. One can see that as the deposition angle increases,
the magnetic anisotropy first increases as well until a maxi-
mum positive value, then abruptly decreases and, at some crit-
ical angle αcr, the EA even changes direction to 90◦. Then the
anisotropy increases again, reaching very large values of about
1.2 kOe. With the increase in films’ density, the angle αcr of
the EA reorientation shifts toward higher values, and the max-
imum positive value of Ha also increases. But for the lower
and upper limits of the considered angular range, α = 0◦ and
80◦, all three types of films have close values of the anisotropy
field. It is important to note that the results presented in figure 4
are in good agreement with the experimental measurements
of the magnetic anisotropy of obliquely deposited thin films
[24, 32, 33].

The observed behavior of Ha(α) dependence is governed
by the two processes occurring during film growth, columns
aggregation and film’s density decrease. Due to the shadowing
effect and limited surface diffusion, the deposition of parti-
cles at incidence angles results in the growth of columns that
tend to coalesce in the direction perpendicular to the deposi-
tion plane. Via the dipolar mechanism, this nonuniform mor-
phology induces magnetic anisotropy, which EA is parallel
to this direction. However, as the deposition angle increases,
the porosity of the resulting films rises, and at a critical angle
αcr, which depends on the diffusion parameters, the shape of

individual columns begins to play a key role. In this case,
to minimize the dipolar energy, the magnetization must tilt
toward the long axis of the columns, that is, EA is now directed
along the deposition plane. Moreover, the substrate rip-
ple enhances the shadowing effect leading to a more
anisotropic growth of columns and, consequently, larger mag-
netic anisotropy fields.

The presence of ripples also results in the non-zero shape-
induced anisotropy even for deposition at α = 0◦, in contrast
to the case of a flat substrate [24]. For a thin solid film having
sinusoidal corrugations on its both (top and bottom) surfaces,
this anisotropy can be estimated using Schlomann expression
[34] Ha = 4πMsπa2/λd, where d is the film thickness. For
the parameters of our films, this expression yields a value of
145 Oe that is somewhat smaller than the Ha of the simulated at
α= 0◦ films, which is about 250 Oe. This difference is related
to the columnar structure of the simulated films, which par-
tially (especially at the initial stages of growth) replicate the
sinewave pattern on the substrate.

The above discussion on the origin of magnetic anisotropy
in obliquely deposited films is also supported by the results of
micromagnetic simulations. Figure 5 demonstrates hysteresis
loops obtained with micromagnetic simulations of the inter-
mediate density films deposited at angles of α = 50◦ and 80◦.
The in-plane magnetic field H was applied along the y-axis
(square symbols) and x-axis (circles). Note that for ease of
comparison, the loops were reduced to the product of the satu-
ration magnetization and packing density, Msp0. For α = 50◦,
the magnetization reversal curve along the y-axis shows prac-
tically no hysteresis, which is characteristic for magnetization
reversal processes along the hard axis of the uniformly mag-
netized uniaxial ferromagnets. While the loop obtained for H
applied parallel to the x-axis exhibits quite large coercivity
Hc = 105 Oe although it is about five times smaller than the
anisotropy field calculated earlier for this film (figure 4). The
shape of loops changes significantly for the film generated at
a larger incidence angle of α = 80◦, with almost the same
coercivity for both directions of the applied field.

The uniaxial character of the shape-induced magnetic
anisotropy was confirmed by the angular dependence of the
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Figure 6. Polar plot of coercivity Hc versus direction ϕH of the
in-plane applied field H. Symbols are the micromagnetic simulation
results for the intermediate density film deposited at α = 50◦, and
the dashed line is the results obtained from the Stoner–Wohlfarth
model of a thin film with the uniaxial anisotropy field of 105 Oe.

coercivity Hc (figure 6), which was obtained from the hystere-
sis loops calculated for the intermediate density film deposited
at α= 50◦, for various directionsϕH of the applied field H. For
reference, we also plotted in this figure the Hc(ϕH) dependence
(dashed line) calculated using the Stoner–Wohlfarth model
[35] of a single domain thin magnetic film with the uniaxial
anisotropy field of 105 Oe.

However, the obtained with micromagnetic simulations
loops differ substantially from those expected for an ideal
single-domain film with uniaxial anisotropy, whose loop along
the EA is a rectangle with Hc = Ha, and along the hard
axis is just an inclined straight line. This difference is related
to the inhomogeneous microstructure of the simulated films
that leads to the formation of complex magnetic configu-
rations. Figure 7 shows representative images of the equi-
librium magnetization distributions obtained by micromag-
netic simulations of the intermediate density films deposited
at α = 50◦ and 70◦. For α = 50◦, the distribution in the
xy layer at z = 56Δ is displayed for various strengths of
the field H applied along the y-axis, where the color cor-
responds to the projection of the magnetization on the y-
axis. The exchange interaction enforces uniform alignment of
the magnetic moments in individual columns, but due to the
dipolar interactions, at zero applied field, the distribution of
the integral magnetization of individual columns is in disor-
der (figure 7, α = 50◦, H = 0). The magnetization reversal
occurs through the process of an incoherent rotation of the
magnetic moments in separate regions of the film toward the
y-axis.

As discussed earlier, the oblique deposition at grazing
incidence angles yields very porous films consisting of con-
glomerates of weakly connected tilted columns. From simple
consideration, it follows that in this case, at zero field, it is
preferable for magnetic moments in the nearby columns to
have an opposite direction to ensure the closed magnetic flux
configuration and minimize the magnetostatic energy associ-
ated with magnetic ‘chargers’ on the opposite surfaces of the

Figure 7. The equilibrium magnetization distributions obtained with
micromagnetic simulations of the intermediate density films
deposited at incidence angles of α = 50◦ and 70◦.

film. This is partially confirmed by the results of micromag-
netic simulations for the film deposited at α = 70◦ (figure 7).
In the figure, the distributions for several overlaid yz layers for
H = 0 are shown, with the color corresponding to the pro-
jection of the magnetization on the z-axis. As one can see, the
magnetic moments in individual columns indeed tend to orient
along the columns’ elongation axis, yet the overall magnetic
structure is quite complex, mostly due to the interconnections
between columns.

4. Conclusion

In this paper, by combining three numerical methods—film
growth simulation, demagnetizing tensors calculation, and
micromagnetic simulation—we have studied in detail the rela-
tionship between structural and magnetic properties of thin
obliquely deposited films grown on the rippled substrates.
The results showed that due to the shadowing effect enhanced
by the substrate ripple an intricate inhomogeneous morphol-
ogy consisting of interconnected nanocolumns was formed
in the films. This morphology is the source of the shape-
induced uniaxial magnetic anisotropy caused by the dipolar
mechanism. The character of the calculated dependence of the
magnetic anisotropy field on the deposition angle is similar
to the experimental data reported in the literature, while the
specific behavior is governed by the substrate ripple and the
diffusion parameters used in the growth simulation. Micro-
magnetic simulations of the generated films revealed that due
to the competition between the exchange and dipolar interac-
tions a complex magnetic structure developed in the films, and
magnetization reversal occurred via an incoherent rotation of
the magnetic moments. These findings demonstrate that com-
puter modeling is a powerful tool since the data obtained from
three-dimensional simulations allow us to explain and predict
the characteristics of real films.
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