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A B S T R A C T

The relation between microstructural and magnetic properties of thin obliquely deposited films has been studied
by means of numerical techniques. Using our developed simulation code based on ballistic deposition model
and Fourier space approach, we have investigated dependences of magnetometric tensor components and
magnetic anisotropy parameters on the deposition angle of the films. A modified Netzelmann approach has been
employed to study structural and magnetic parameters of an isolated column in the samples with tilted
columnar microstructure. Reliability and validity of used numerical methods is confirmed by a good agreement
of the calculation results with each other, as well as with our experimental data obtained by the ferromagnetic
resonance measurements of obliquely deposited thin Ni80Fe20 films. The combination of these numerical
methods can be used to design a magnetic film with a desirable value of uniaxial magnetic anisotropy and to
extract the obliquely deposited film structure from only magnetic measurements.

1. Introduction

Thin magnetic films with heterogeneous microstructure have gained
much attention over the last decades. This interest is driven by the aim of
a fundamental understanding of the thin films magnetism and their great
potential applications in the fields of magnetic sensors, high-density data
storage, and microwave devices. From practical point of view, it is of
great importance to have a possibility to specifically engineer their
magnetization configuration and magnetization dynamics. One way of
adjusting magnetic properties of thin films is to modify artificially their
microstructure [1–3]. Among all approaches offering a possibility to
influence thin films microstructure, oblique deposition is one of the
simplest methods of producing films with controllable morphology [4,5].
In oblique deposition, an atom flux strikes the substrate surface at a non-
normal incidence. Consequently, the formed on the substrate at the
initial stage of the film growth nuclei (Volmer-Weber growth mode is
assumed) cast “shadows” in the direction parallel to the atoms flux. The
competition between geometrical shadowing and surface diffusion leads
to the growth of the tilted columnar microstructure, which character
strongly depends on the deposition angle (an angle between an atoms
flux and a film normal) [6,7].

The oblique deposition results in films with intrinsically anisotropic
physical properties [8]. Particularly, it was established many years ago

[9,10] that the oblique metal deposition induced a uniaxial magnetic
anisotropy in resulting thin polycrystalline magnetic films.
Experiments showed that the uniaxial magnetic anisotropy strength
could be controlled by the deposition angle. It was also demonstrated
that, depending on the deposition angle, in-plane easy axis could be
oriented either perpendicular or parallel to the incidence plane of the
atoms flux, and the reorientation occurred for incidence angles
typically above 60–70°. The oblique deposition technique is now used
widely to produce multilayers [11] and exchange bias systems [12] with
different magnetic anisotropy in individual layers, to control magneto-
transport properties of granular films [13], or to tune magneto-optical
properties of slanted columnar thin films [14]. It is also a promising
method for fabrication of thin films and multilayers with high
ferromagnetic resonance frequencies suitable for modern microwave
applications [15–17].

Thus, it is important to understand better the relation between
microstructure and magnetic behavior of these obliquely deposited thin
films. In the case of ultrathin films, the oblique deposition mainly
affects only surface roughness leading to the formation of surface
ripples in the samples [18,19]. In these works it was shown, that using
atomic-force (AFM) or scanning tunneling microscopy data of the films
surface profile as input, the magnetostatic energy associated with these
surface corrugations and consequently the strength of the magnetic
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anisotropy induced by oblique deposition could be calculated.
However, in thicker obliquely deposited films magnetic anisotropy is
crucially governed by the columnar microstructure [7,20], and it is
challenging to characterize experimentally this buried structures
throughout films volume [20,21]. Therefore, to explore theoretically a
behavior of a magnetic anisotropy related to columnar microstructure
simple phenomenological models [22] or models of films consisting of
regularly arranged and tilted ellipsoidal particles [23] were considered.
More recently, an interesting approach was used to study numerically
optical [24] and electrical [25] properties of obliquely deposited thin
films with complex columnar morphology. In this approach, three-
dimensional structures predicted by a thin film growth simulator were
analyzed using different numerical technics to study their electrical
conductivity and optical transmission. The reasonably good agreement
between numerical and experimental results demonstrated the per-
spectives of this method that offers opportunities not only to reproduce
but also to predict some properties of thin films with nonuniform
morphology.

The aim of this work is to investigate numerically the relation
between inclined columnar microstructure and static magnetic proper-
ties of thin obliquely deposited magnetic films. A feature of our work is
the utilization of a Monte Carlo thin film growth simulator to produce
the three-dimensional thin-film structures for simulations of their
magnetic properties. The relation between the deposition angle and a
uniaxial magnetic anisotropy induced by dipole-dipole interactions in
the oblique films is firstly examined, with the comparison between
numerical results and experimental data. Then, the original [26] and a
modified Netzelmann approaches are used for analysis of the simulated
oblique films properties.

2. Methods

2.1. Experiment

In order to calibrate parameters of the film growth model and also
to compare simulated results with experimental data, we fabricated
obliquely deposited thin permalloy films with different incidence
angles, similar to the experiments performed by Smith et al. [9] and
Cohen [10]. Thin-film samples were produced by thermal vacuum
evaporation of Ni80Fe20 on polished glass 10×10×0.5 mm size sub-
strates at room temperature. The base pressure was lower than
10−6 mbar and the deposition rate was 1 nm/s. The substrates were
tilted so that the deposition beam struck the surface at an angle α with
respect to the film normal. The deposition angle α was in the range 0–
75°. During the deposition, an external in-plane magnetic field
H=200 Oe oriented perpendicularly to the deposition plane was
applied. The nominal thickness of each sample was 40 nm. Note that
in oblique deposition, an effective area of the sample decreases and its
porosity enhances as deposition angle increases [4]. Therefore, to keep
the thicknesses of the resulting films approximately equal we adjusted a
time of deposition. Magnetic properties of the produced samples were
measured by the scanning spectrometer of ferromagnetic resonance
(FMR), where the microstrip resonator fabricated on a dielectric
substrate was used as a sensor [27]. The measurements were
performed at the fixed microwave pump frequencies 2.27 GHz and
3.33 GHz on the local areas (spot with diameter ~1 mm) of the
samples. The uniaxial in-plane magnetic anisotropy of the films
was retrieved from the obtained angular dependences of the resonance
field by fitting the theoretical model of a film to the experimental
data [28].

2.2. Film growth simulation

To study numerically the correlation between magnetic and micro-
structural properties of obliquely deposited thin films, we developed a
thin film growth simulator [29] allowing us to generate three-dimen-

sional (3D) structures with columnar morphology reproducing that of
experimental obliquely deposited films. Our simulation code is based
on simple ballistic deposition models previously reported elsewhere
[30,31], which employ a Monte Carlo approach to model the diffusion-
limited aggregation process. The simulation region is represented as a
rectangular lattice of cubic cells, each with a volume of Δ3. A thin film is
considered as the aggregate of cubic particles (growth units), each
occupying a cubic cell. At a first stage of the simulation, a flat substrate
represented by cubic particles occupying the lower layer is generated.
Then, particles are launched sequentially toward the substrate from
randomly chosen in-plane (x,y) coordinates and with the initial height
(z coordinate) just above the film surface. The particles descend on a
linear trajectory that is determined by the deposition angle α (the angle
between the deposition direction and the substrate normal). Each
particle moves until it finds itself near the substrate or the surface of
the film. In real deposition process, immediately before reaching the
film surface the deposited atoms deviate from their initial linear
trajectories because of interatomic interactions (for instance Van der
Waals forces) with surface atoms [32,33]. To include these effects to
some degree in our simple model, we applied two conditions at which a
deposited particle ceases its movement and incorporates in the film. (i)
If among particle's nearest neighbor cells at least a one cell is non-
empty (occupied), the particle incorporates in the film with the
probability 1. (ii) If among particle's next nearest neighbor cells at
least a one cell is non-empty, the particle might join to this occupied
cubic cell with the probability 0.5.

After a particle is deposited, it is then allowed to diffuse over the
film surface. The diffusion algorithm is based on a simple random walk
model [30]. The diffusing particle hops from site to site (nearest
vacancies) with a total number of the hops 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 (non-
empty cells) and is defined as follows [30].

P
γN

γN
=

exp( )
∑ exp( )

,i j
j

j j
→

total (1)

where γ is a constant, and the summation is taken over all allowed
vacancies (jtotal). From the physical point of view, γ is a coefficient that
represents the ratio between the surface energy and the film tempera-
ture while S defines the diffusion length that is related mainly to the
deposition rate and the film temperature. Usually, due to complex
nature of real evaporation process, the initial parameters of the
simulation are calibrated against experimentally measured character-
istics of real films [31]. In this work, we adjusted model parameters
such that calculated magnetic anisotropy of simulated structures fitted
best to the measured anisotropy of obliquely deposited thin permalloy
films. Consequently, we found that γ=0.45 and S=5. Similar to Ref.
[25], by comparing the average column diameter of the simulated
structures with that of experimental obliquely deposited Py films, we
estimated the size of a single cubic particle as Δ=0.5 nm. Note
that in the simulator we implemented periodic boundary conditions
in the surface plane for the deposition and diffusion processes. We
modeled the oblique deposition of thin-film structures of size
256(x)×256(y)×80(z) Δ for a set of deposition angles in the range
0°−85°. In order to improve the reliability of the obtained results, for
each deposition angle α ten independent simulations of a film growth
were performed. Hence, values in the figures that will be presented in
Section 3 are the average characteristics of these ten films (for each α)
while the error bars indicate the range of values (when no error bar is
shown, the error was less than the symbol size).

2.3. Evaluation of the simulated films magnetic properties

To evaluate the magnetic properties of the simulated thin-film
structures, we employed a Fourier space approach proposed by
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Beleggia and De Graef [34], which allows for calculation of the
demagnetizing tensor field for a magnetic object with an arbitrary
shape. In this approach, the complex problem of the magnetic vector
potential calculation is simplified by transition from real space to the
Fourier space, where the calculation of the vector 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) [34], which equals to unity in the regions
of space occupied by the magnetic object and equals to zero outside the
object. Since produced by the film growth simulator structures are
represented as three-dimensional arrays of zeroes (voids) and ones
(particles), these 3D arrays are the discrete representations of the
shape functions [35]. It was shown, that the volume averaged
demagnetizing tensor (or magnetometric tensor) of an object with
the shape function D(r) could be calculated using the following
expression

∫N
π V

d D
k

k kk k= 1
8

( ) ,ij i j3
3

2

2 (2)

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. Note that the magnetometric tensor can be also
considered as a demagnetizing tensor of an equivalent ellipsoid for the
investigated films [36]. We performed fast Fourier transform of the 3D
arrays, which represented simulated obliquely deposited films and
then, by using Eq. (2) we calculated numerically Nij for each sample.

3. Results

3.1. Magnetic anisotropy

Thin-film structures produced by the simulation exhibit a columnar
microstructure, as it can be seen from Fig. 1a, where pseudo-AFM
images of films surface (see Ref. [25]) and pseudo-TEM (transmission
electron microscopy) images of films cross-sections (see Ref. [24])
deposited at angles α=45° and α=80° are shown. The simulated
structures are similar to that observed in real obliquely deposited thin
magnetic films, as it can be seen from presented in Fig. 1b high-
resolution TEM cross-section image of Py film deposited at α=45°. In
our previous work [29], we have investigated in detail the morphology
of these simulated oblique films. It have been shown that the samples
density monotonically decreased and the tilt of the columns increased
with increasing deposition angle. Furthermore, as revealed by statis-
tical analyses of the films structure, both the columns distribution over
the films surface and the shape of the columns cross-section became
increasingly anisotropic as deposition angle increased.

In order to understand how this columnar morphology influences
magnetic properties of the films, we have analyzed magnetometric
tensors numerically calculated for each simulated film. Generally, the
principal axes of the magnetometric tensors do not coincide with the
axes of the original coordinate system xyz, where z axis is normal to the
film plane and y axis is parallel to the incidence (deposition) plane.
Diagonalization of the calculated Nij tensors revealed that the ortho-
gonal transformation from the xyz system to a new coordinate system
x′y'z' which axes coincide with the principal axes of the magnetometric
tensor can be realized by the rotation about the x axis by an angle θ, as
it is shown in Fig. 1c. Fig. 1c also sketches the cross-section of the
equivalent ellipsoid in x′y' plane. The calculations show that the
component (demagnetization factor) Nz of the diagonalized magneto-
metric tensor is about ten times larger (on average) than the Nx and Ny

components, although the difference between them slowly decreases as
deposition angle increases (Fig. 2).

Therefore, in a moderate external magnetic field the magnetization
of the film will lie in the x′y' plane, which can be referred to as an “easy”
plane. In this case, the field Hk of the magnetic uniaxial anisotropy
originating from dipole-dipole interactions can be evaluated from:

H M N N= ( − ),k s y x (3)

where Ms is the magnetization saturation of the film. For our
calculations, we use the magnetization saturation value typical for
permalloy (Ni80Fe20): Ms=860 G. Note that if Hk is positive, the easy
axis of the magnetization is parallel to the x′ axis, otherwise it is
parallel to the y′ axis.

Fig. 3 shows the calculated uniaxial anisotropy field Hk as a
function of the deposition angle α (square symbols). For comparison,
the uniaxial magnetic anisotropy measured by the FMR spectrometer
for the obliquely deposited thin permalloy films are also plotted
(circles). The observed character of Hk(α) dependence is related to
the two processes occurring during film growth: columns aggregation
and film's density decay. The oblique deposition of particles, because of
the shadowing effect and limited surface diffusion, leads to the growth
of columns which tend to coalescence in the direction perpendicular to
the deposition plane, thus leading to the formation of the magnetiza-
tion easy axis parallel to this direction (Ny >Nx). However, as the
oblique deposition angle increases, the porosity of the resulting films
enhances and for α > 75° the shape of individual columns become to
play a crucial role. Here, to minimize the magnetostatic energy, the
magnetization has to orient towards the long axis of the columns (Ny <
Nx). The easy axis thus lies parallel to the deposition plane and is
inclined at an angle θ with respect to the film surface (see inset in
Fig. 3), with the inclination angle that depends on both a film packing
density and a tilt of columns.

3.2. Modified Netzelmann approach

In this section, we propose a modification of the Netzelmann theory
[26], and apply this modified approach to analyze microstructural
properties of the simulated films. The demagnetizing energy of
heterogeneous magnetic objects, such as investigated here obliquely
deposited films with columnar microstructure, can be evaluated in the
framework of the Netzelmann theory. Netzelmann assumed [26] that
the demagnetizing energy of a particulate magnetic film could be
expressed as a combination of energies of the two limiting cases: an
isolated particle with a demagnetization tensor Ne and a homoge-
neously magnetized film with a demagnetization tensor Nt. If we
denote by M the magnetization vector and by p the packing factor,
which defines the relative fraction of magnetic particles in the sample,
and take into account corrections made by Dubowik [37,38] and
Kakazei [39,40], the magnetostatic energy density can be written as

F p p N p NM M M M= 1
2

(1 − ) + 1
2

.d
e t2

(4)

The first term on the right-hand side of Eq. (4) is the magnetic
energy associated with the shape of the particles, and the second term
is the demagnetizing energy related to the overall geometry of the
sample. In this case, the demagnetizing field is given by

p
dF
d

p N pN NH
M

M M M= − 1 = −(1 − ) − = − ,d
d e t

(5)

where the magnetometric demagnetizing tensor of the sample is

N p N pN N p N N= (1 − ) + = + ( − ).e t e t e (6)

This last expression is of great practical importance, since one can
use it to determine demagnetizing factors of an individual particle of
the assembly of equal, homogeneously distributed particles constitut-
ing the film. In the coordinate system which z axis coincides with the
film normal the demagnetizing tensor Nt has only one non-zero
component N π= 4zz

t . If the packing factor p and the magnetometric
tensor of the sample are known, we can easily find the demagnetizing
tensor of a single particle as

N N pN p= ( − )/(1 − ).e t (7)

Thus, we can use the Netzelmann approach to determine the
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average parameters of an isolated (individual) column in obliquely
deposited films. However, it is important to notice that the Netzelamnn
theory assumes that the particles distributed homogeneously inside the
film [40]. While this is the case for particulate magnetic films, the
experimental measurements and simulation results demonstrate that
the obliquely deposited films have a variation in density over their
thickness, with density usually decreasing from the film substrate to
top [41–43]. In other words, the packing factor or packing density of
the obliquely deposited films is the function of the layer coordinate

p=p(z). As an example, inset in Fig. 4 shows the distribution of the
simulated films packing density over their thickness.

We therefore should modify the original Netzelmann theory to take
into account the dependency of the films packing density on their
thickness. For this, let us divide the sample into n layers with equal
thicknesses. In this case, the demagnetizing field energy will be

Fig. 1. (a) Surface (x-y) and cross-section (z-y) images of the films simulated for incidence angles α=45° and α=80°. (b) TEM cross-section image of Py film deposited at α=45°. (c)
Coordinate systems: xyz represents the film coordinate system, and x′y'z' represents the coordinate system of the diagonalized magnetometric tensor of the film.

Fig. 2. Components (demagnetization factors) of the diagonalized magnetometric tensor
calculated for simulated films as a function of the deposition angle α.

Fig. 3. Dependence of the uniaxial anisotropy field Hk on the deposition angle α. Square
symbols show results of the calculations for simulated films, while solid circles are the
experimental data measured for obliquely deposited Py films. Inset shows easy axis
inclination angle θ (with respect to the film surface) obtained for simulated films as a
function of the deposition angle α.
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where pi is the packing density of layer i, while the overall sample's
packing density is p p= ∑

n i
n

i0
1

=1 . By introducing an effective packing

factor p p p= ∑ /∑eff i
n

i i
n

i=1
2

=1 , we obtain the following expression for the
demagnetizing field

p
dF
d

p N p NH
M

M M= − 1 = −(1 − ) − .d
d

eff
e

eff
t

0 (9)

Notice that Eq. (9) can be obtained from Eq. (5) through a simple
replacement of p by peff. Therefore, we can write an analogous to Eq.
(7) expression for the determination of the demagnetizing tensor of an
individual column in the obliquely deposited thin film

N N p N p= ( − )/(1 − ).e
eff

t
eff (10)

The average packing density p0 and effective packing density peff of
the simulated films are plotted as a function of the deposition angle α in
Fig. 4. It can be seen that peff is just a bit larger (about 5%) than p0.
However, this leads to the noticeable correction when calculating
demagnetizing tensors. This is demonstrated by Fig. 5, where the
components of a diagonalized demagnetizing tensor of an individual
column are shown as a function of the deposition angle. Here, the
components calculated with Eq. (7) (i.e. for p= p0) are depicted by
dashed lines, while the components calculated with Eq. (10) (i.e. for
p=peff) are depicted by solid lines.

Transformation of the demagnetization tensor Ne to its principal
axes allow us to determine the average tilt of the long axis of a separate
column in the sample about z axis. Fig. 6a presents angles of columns
tilt β (measured with respect to the film normal) plotted against the
deposition angle α, which were calculated using the original (p=p0) and
the modified (p=peff) Netzelmann approach. Fig. 6a also shows results
obtained from autocorrelation structural analysis of the simulated films
[29]. One can see that in the case p=peff the calculated from magnetic
parameters angles of the columns tilt almost identical to the values
obtained directly from the structural analysis, while in the case p=p0
the obtained angles have a large dispersion and exceed the structural
data on about 10°.

If we assume that the columns in the simulated oblique films may
be approximated by elongated cylinders with an elliptic cross-section, it
is then possible to calculate from the demagnetizing tensors Ne a cross-
section aspect ratio of the column. Using analytical expressions for the
tensor components Nx

e and Ny
e of an elongated elliptic cylinder [44], we

Fig. 4. The average packing density p0 and effective packing density peff of the simulated
films as a function of the deposition angle α. Inset shows packing density p as a function
of the film thickness plotted for several deposition angles.

Fig. 5. Components of a diagonalized demagnetizing tensor Ne/4π of an isolated column
as a function of the deposition angle. Solid lines show results obtained with the modified
Netzelmann approach (p= peff), and dashed lines show results obtained with the original
Netzelmann approach (p= p0).

Fig. 6. (a) Column tilt angle β and (b) cross-section aspect ratio of the column lx/ly as a
function of the deposition angle. In both figures, we present results derived from the
demagnetizing tensor Ne using the original (p= p0) and the modified (p= peff)
Netzelmann approach, and we also show data retrieved from structural statistical
analysis of the simulated films.
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calculate its cross-section aspect ratio lx/ly for the samples simulated
with different deposition angles (Fig. 6b). As in the previous case, we
used the Ne tensors obtained with the original and the modified
Netzelmann approach. Fig. 6b also shows aspect ratio lx/ly derived
from the two-dimensional autocorellation functions calculated for the
simulated structures [29]. It can be seen, that the lx/ly ratio calculated
from demagnetizing tensors for both cases differs from values obtained
by structural statistical analysis. However, the character of lx/ly(α)
dependences obtained for p= peff accords with the data obtained from
structural statistical analysis better than that calculated for p= p0. We
note that the observed in Fig. 6b difference between aspect ratio values
obtained from structural analysis and values calculated from demag-
netizing tensors could be due to anisotropic distribution of columns
over the films surface.

4. Conclusion

In this work, by combining thin film growth simulations and the
Fourier space approach for calculation of the magnetometric tensors, we
investigated in detail the relationship between microstructural and mag-
netic properties of the obliquely deposited films. We showed that by
appropriate choice of the initial parameters of the quite simple growth
model it was possible to generate columnar thin-film structures with
magnetic uniaxial anisotropy induced by dipolar mechanism that accurately
reproduced anisotropy of real samples. With the magnetometric demagne-
tizing tensors of the simulated films in hand, we also demonstrated that the
Netzelamnn theory may be used to retrieve information about microstruc-
ture of obliquely deposited films (average columns tilt and columns cross-
section aspect ratio) by analyzing their magnetic characteristics. The
proposed modification of the Netzelamnn approach, which took into
account films packing density variations over their thickness, allowed us
to obtain structural data that are more accurate comparing to the data
obtained with the original approach. These findings can be used in practice
to study the averaged structural parameters of obliquely deposited
magnetic films by analyzing their integral magnetic characteristics mea-
sured, for example, by means of ferromagnetic resonance.
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