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We investigate the domain structure formation and magnetization processes in thin permalloy films with in-plane
and perpendicular magnetic anisotropy by using micromagnetic simulation. We show that the films of thick-
nesses less than a critical value L, are in the monodomain state, and their magnetization processes are specified
by the in-plane anisotropy. Above the critical thickness L, the perpendicular anisotropy dominates, leading to
the formation of the stripe domain structure that significantly complicates the magnetization reversal. The values
of the critical thickness, parameters of the domain structure, and the saturation field obtained from the micro-

magnetic simulations are compared with the corresponding values calculated using analytical expressions
derived by Murayama in the framework of the domain structures theory.

1. Introduction

Nanocrystalline soft magnetic thin films, due to their unique prop-
erties, find extensive applications in various devices. In particular, such
films are used as sensing elements in weak magnetic fields sensors
operating on various physical principles—in sensors based on aniso-
tropic magnetoresistance [1], based on a microstrip structure with a thin
magnetic film [2-4], in fluxgate sensors [5], and others. The sensitivity
of these sensors is usually proportional to the thickness (volume) of a
thin film, although the sources of this relationship have different origins
for various sensors types [6,7]. Therefore, the search for a way of
increasing film’s thickness (volume) without deterioration of its mag-
netic characteristics is an urgent scientific and technological challenge.

Due to the dominant role of the demagnetizing fields, the magneti-
zation of a film in a relatively small external magnetic field lies in its
plane. However, when the film thickness exceeds a certain critical value
Ly, due to the presence in the film of perpendicular magnetic anisotropy,
a periodic stripe domain structure is formed [8]. As experiments show,
the transition to the stripe domain state is accompanied by the abrupt
change of the film magnetic characteristics, particularly, increase in the
coercivity and saturation field, and also the substantial decrease of
magnetic permeability [9,10]. Even though in nanocrystalline films the
magnetocrystalline anisotropy of individual grains is averaged out due
to the exchange interaction [11], other mechanisms exist that can lead

to the formation of perpendicular anisotropy. One of them is associated
with the residual mechanical stresses that give contribution to the
magnetic energy through the magnetoelastic effect [12]. Another
mechanism is related to the formation at specific conditions of the
columnar microstructure in the films, with weakened exchange inter-
action between columns, resulting in the additional magnetostatic
contribution to the perpendicular anisotropy [13].

Stripe domain structures in thin magnetic films have been actively
studied since the 1960s [8,14]. However, the stripe domains are still the
topic of great interest due to their significant role in the formation of
various thin film properties, such as magnetotransport [15] or spin wave
propagation [16]. Moreover, an analysis of the characteristic behavior
of thin films with stripe domains can be used to derive the material
parameters of the samples that are hard to obtain by other means [17,
18].

The experimental investigation of magnetic domains is usually
limited by the measurements of the magnetization distribution over the
film surface, because the determination of the volume distribution is
associated with significant technical difficulties [19]. Nevertheless,
analytical models can be used for the analysis and interpretation of the
experimental data. These models make it possible to theoretically
calculate various characteristics of the domain structure depending on
the material parameters of the samples [20]. A significant drawback of
analytical models is the fact that they initially proceed from a given
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magnetization distribution law, for which the free energy is minimized
according to the parameters included in this law. Therefore, using such
methods it is impossible to answer the question of whether there are
other configurations of magnetization with lower energy.

Thanks to the development of numerical methods for the micro-
magnetic simulation and a significant increase in the computational
power of modern computers, it has recently become possible to inves-
tigate complex magnetic structures with high accuracy [21]. In partic-
ular, micromagnetic simulation has proven itself as an efficient tool for
studying various physical phenomena in thin magnetic films [22-25]. In
this paper, using micromagnetic simulation, we study the formation of
domain structure and magnetization reversal in thin permalloy films
with uniaxial in-plane and perpendicular magnetic anisotropy.

2. Micromagnetic simulation details

The magnetization processes and domain structures formed in thin
films were investigated by micromagnetic simulation of a thin film
model, in which in-plane and perpendicular magnetic anisotropy were
taken into account. The model was discretized on N elements (cubic
cells) of volume Vy. It was assumed that within each cell, the magneti-
zation is uniform and described by a vector MO i = 1,2,..,N), and that
the magnetization saturation M of the sample is constant. In this case,
the free energy F of the film consists of the Zeeman energy, the energy of
the exchange and magnetostatic interactions, as well as the energy of the
uniaxial in-plane and perpendicular magnetic anisotropy. It can be
expressed as [22].
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where H is an external magnetic field, A is the exchange constant, Ar is

d

the distance between neighbor cells, Gijipis a 3 x 3 tensor that describes

the magnetostatic interaction between cells i and j, K, and K, are con-
stants of the in-plane and perpendicular uniaxial magnetic anisotropy,
and u and p are unit vectors coinciding with the directions of the easy
axis (EA) for the in-plane and perpendicular anisotropy, respectively. In
this study, we have restricted ourselves to the case of a uniform distri-
bution of the magnetic anisotropy parameters in the film. The compo-

nents of the G;i" tensor were calculated using an accurate analytical

expression obtained in Ref. [26].

To determine the equilibrium magnetization configuration, we used
an approach based on the system relaxation according to the internal
effective magnetic fields acting on each magnetic moment [22]. On each
iteration step, the effective local magnetic field is calculated, and the
new distribution of magnetization is set in the direction of the acting
force. The iterative process continues until the position of all magnetic
moments stabilizes within a given accuracy. It is important to note that
the obtained equilibrium magnetization distribution was always
checked for stability, and if this test was failed, the new search for the
equilibrium distribution in the direction of system relaxation was
launched.

We consider the model of a thin film with magnetic parameters
corresponding to that of the typical permalloy NiggFes film—the satu-
ration magnetization M; = 1000 emu/cm?, the exchange constant A = 1
x 1078 erg/cm, the in-plane uniaxial anisotropy field H, = 6.5 Oe (K, =
HM,/2 = 3.25 x 10° erg/cm3), and the perpendicular uniaxial anisot-
ropy field H, = 517 Oe (K, = H,M;/2 = 2.58 x 10° erg/cm?). The in-
plane anisotropy EA was oriented along the x-axis, while the perpen-
dicular anisotropy EA lied along the z-axis (normal to the film plane).
The size of each discrete element was 6.25 x 6.25 x 6.25 nm. We
consider the case of the film magnetization by the in-plane external
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magnetic field H applied along the hard magnetization axis (HA—the y-
axis), or along the EA (the x-axis) of the in-plane anisotropy. Taking into
account the symmetry of the problem, the model of the film was dis-
cretized on 1024 elements along the x-axis and 64 elements along the y-
axis, while along the z-axis the number of elements varied from 8 to 64
depending on the thickness L of the film. Additionally, we used two-
dimensional (in the film xy plane) periodic boundary conditions for
the exchange and magnetostatic interactions [27]. This allowed us to
eliminate the effects from the demagnetizing fields at the film edges [25,
28], thus approximating the characteristics of the simulated films more
closely to that of real samples used in practice, for which in-plane sizes
are much larger than the thickness.

3. Simulation results and discussion

Using micromagnetic simulation, we investigated the magnetic
microstructure (the equilibrium magnetization configuration) and
magnetization processes in thin films of various thicknesses L = 50-400
nm. It was found that films with thicknesses less than L. ~ 125 nm
preserve their uniform monodomain state, and their magnetization
curves could be accurately described by the Stoner-Wohlfarth model
[29]. The obtained from the hysteresis loops coercivity H. (when the
film was magnetized along the EA) and saturation field H; (when
magnetized along the HA) equaled the in-plane anisotropy field H, =
6.5 Oe.

However, of most interest are the films with thicknesses L > L. As an
example, Fig. 1 shows the hysteresis loop obtained for the 200-nm-thick
film when the field was applied along the y-axis. Such M,(H) depen-
dence is characteristic for the films with the magnetic stripe domain
structure. The total magnetization component M, decreases linearly
with the decreasing of the field H, starting from the saturation field H; =
205 Oe, and then abruptly reverses. As can be seen from the calculated
loop, the film has the coercivity H, = 128.5 Oe, which is significantly
larger than the field of the in-plane magnetic anisotropy.

For the three points on the hysteresis loop (marked on Fig. 1 as “a”,
“b”, and “c”), we show in Figs. 2 and 3 the fragments of the equilibrium
magnetization distribution. The color in these figures corresponds to the
magnetization components M, (Fig. 2) and M, (Fig. 3). The arrows
display projections of the magnetization vectors on the corresponding
planes—two cross-section planes xz and yz, and the film surface (plane
xy). Figs. 2a and 3a show magnetic microstructure formed in the 200-
nm-thick film in the zero applied field, after the film was magnetized
to saturation along the y-axis positive direction. It is clearly seen that the
stripe domain structure developed in the film. Periodically alternating
regions emerge in the xz plane, in which magnetic moments orient
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Fig. 1. Magnetization curve of a 200-nm-thick film. The points on the curve
marked by the arrows correspond to the distributions shown in Figs. 2 and 3.
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Fig. 2. Distributions of the M, magnetization component in a 200-nm-thick
film, calculated for the three values of the applied field H.
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Fig. 3. Distributions of the M, magnetization component in a 200-nm-thick
film, calculated for the three values of the applied field H.
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predominantly along the positive or negative direction of the z-axis.
Such orientation of the magnetization makes it possible to minimize the
contribution to the free energy associated with the perpendicular mag-
netic anisotropy. In the middle of the film these regions—magnetic
domains—are separated by Bloch type domain walls. The magnetization
components that are parallel to the film plane gradually increase from
the middle to the top and bottom (Fig. 2a). Near the top and bottom film
surfaces, closure magnetic domains ensuring closed magnetic flux are
formed, as it is best seen in Fig. 3a. Because of that, “magnetic charges”
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are almost absent at the film surfaces, resulting in a significantly reduced
energy contribution related to the magnetostatic interaction.

An analysis of the magnetic microstructure shows that as the applied
field reduces, in the range -H, < H < H, the magnetization in the closure
domains gradually rotates (the M, components decrease), while the
orientation of the magnetization in the vertical domains near the film
center is almost unchanged. This is the process of the reversible
magnetization through the rotation. However, this gradual rotation is
limited. For the magnetic moments to further orient towards the applied
field, the magnetic structure should reconfigure substantially. This is
because the change of the magnetization orientation in the closure do-
mains to the opposite direction is inevitably followed by the change in
the chirality of the magnetic domain walls, otherwise, the magnetic flux
would be open. Therefore, the magnetic moments will orient towards
the applied field only when for the current configuration the Zeeman
energy will become larger than the energy contributions from the
perpendicular anisotropy, and the exchange and magnetostatic in-
teractions. For the considered film this condition is met when |H| = H, =
128.5 Oe. After the applied field reaches this value, the magnetization
abruptly reverses in the xy plane in the whole film, while drastically
decreased in magnitude M, component changes its sign in alternating
stripes (Figs. 2c and 3c).

From the analysis of the equilibrium magnetization distributions
calculated by micromagnetic simulation, it is possible to obtain a
number of parameters characterizing the domain structure formed in the
films with perpendicular anisotropy. The values of these parameters can
be also determined by using analytical expressions derived in the
framework of the domain structures theory. These analytical expres-
sions, linking domain parameters with material parameters of the film,
give only approximate results. But because of their simplicity and
informativity, these expressions are often used while interpreting
experimental results. Therefore, it is interesting and practically impor-
tant to compare results obtained from rigorous micromagnetic compu-
tation of the thin film model with the main conclusions of the analytical
theory. This will make it possible not only to check the validity of ap-
proximations used in the theory but also to determine the limits of its
applicability.

In this paper, we investigate the properties of thin permalloy films
that, as experimental measurements show, have a relatively small
perpendicular magnetic anisotropy. When properties of thin films with
perpendicular anisotropy are analyzed, often the parameter Q = K,/
2nM? is considered, known as the quality factor. The quality factor
shows the ratio between the perpendicular anisotropy energy and the
demagnetizing energy. For the film with the large perpendicular
anisotropy, when Q > 1, the magnetization direction is parallel (or
antiparallel) to the film normal over the entire film. However, for the
films having Q < 1, surface closure domains (with large magnetization
components parallel to the film plane) play an important role, sup-
porting the state with lower free energy [20]. For the parameters of the
film used in the simulations, the value of Q is 0.04.

In the paper published in 1966 [30], Yoshimasa Murayama intro-
duced a theoretical model of a thin film with moderate perpendicular
anisotropy, restricting to the case of Q < 1. Unlike the earlier model of
the domain structure [8], the Murayama model takes into account not
only the out-of-plane rotation of magnetization but also the in-plane
rotation, thus providing the possibility of closure domains formation.
From the approximate solution of the developed model, Murayama
derived analytical equations allowing for the determination of domain
structure’s main characteristics.

One of the most important characteristics of thin films with
perpendicular anisotropy is the critical thickness L. It determines the
boundary of the second-order magnetic phase transition from the in-
plane uniform magnetization to the out-of-plane noncollinear mag-
netic structure (stripe domains). Murayama obtained the following well-
known formula for the L
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L, =2m\/A/K, 2

It should be noted that the expression (2) does not include saturation
magnetization M. As the Murayama model considers surface closure
domains, the demagnetizing energy does not contribute to L. Fig. 4
shows the dependence of the critical thickness on the perpendicular
anisotropy field. The line corresponds to the calculation using expres-
sion (2), while symbols are the results of the micromagnetic simulation.
One can see a good agreement between the simulation and the theory of
Murayama.

The micromagnetic simulation results show that in the films with
thicknesses equal or slightly larger than L., a periodic magnetic
microstructure is formed, without clearly defined domain boundaries.
Such distribution of magnetization is usually called the weak-stripe
domain structure [20]. As an example, in Fig. 5a, we show the equi-
librium magnetization configuration calculated for the film of thickness
L = 125 nm. In the xz plane, the alternating vortex-like structures
emerge, representing a transition phase to the stripe domains. For such
films, it is difficult to define unambiguously the width of the stripe
domain. In this regard, we have introduced the following two charac-
teristics. The first, D, equals the half-period of the M, component dis-
tribution in the film center along the x-axis (see Fig. 5b). This definition
of the domain width is often used in analytical models. The second
characteristic, D', is defined as the width (along the x-axis) of a region in
the film center, in which the M, component is at least 65% of its
maximum magnitude. We note that the value of 65% is somewhat
arbitrary, and it was chosen because in this limit in the middle of the
125-nm-thick film, magnetic moments deviate from their average
orientation on no more than ~3.5° in the xz-plane. Therefore, D corre-
sponds to the width of the domain and domain wall taken together,
while D’ approximately equals the width of the domain itself.

It is interesting to compare the values of parameters D and D/, ob-
tained from the numerical simulation of the films of various thicknesses,
with the stripe domain width calculated according to the analytical
expression derived by Murayama

Dy = VI3 [7A (K, +22M2) 2K, M ®)

Fig. 5¢c demonstrates the dependencies of the stripe domain width on
the film thickness. The symbols show the parameters D and D', while the
solid line corresponds to the results obtained according to expression
(3). Additionally, the dashed line on the figure shows the domain width
versus film thickness calculated according to the equation Dx =
2.82vL%,/A/K,obtained by Kittel while considering Landau domain
structures [31]. For the thicknesses slightly larger than L, there is a
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Fig. 4. The critical thickness L, versus the perpendicular anisotropy field H,.
The line is the theoretical calculation (the Murayama model), and the symbols
are the micromagnetic simulation.
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Fig. 5. (a) Magnetization distribution in the xz plane of the film with thickness
125 nm; (b) M, component distribution along the x-axis in the center of films
with thicknesses of 125 and 300 nm; (c) stripe domain width versus film
thickness. The symbols are the parameters obtained from the micromagnetic
simulation, the solid line is the Murayama model, and the dashed line is the
Kittel model.

marked discrepancy between the results of micromagnetic simulation
and the calculation according to expression (3). Noteworthy is the
behavior of the parameters D and D’. With the increase of the film
thickness from L. to 150 nm, D remains almost constant, while D’ in-
creases. This indicates that in this range of thicknesses, the domain wall
width begins to reduce. However, after L reaches 150 nm, both values
start to grow, approaching from the above and below to the results of the
theory of Murayama. At the same time, the domain width calculated
using Kittel’s expression turns out to be significantly overestimated. In
both models, Murayama and Kittel, the domain width is proportional to
the square root of the film thickness, but with different coefficients. In
the Murayama model, this coefficient is smaller because it includes
magnetization saturation. In other words, in this model, it is considered
that the magnetic flux is not fully closed, as it was assumed in the Kittel
model but there is some energy associated with the demagnetizing
fields. This energy can be neglected when calculating the critical
thickness but not the domain width, which is in good accordance with
the micromagnetic simulation. Thus, these results show that for the
analysis of the films with Q <« 1, it is preferable to use the Murayama
model.

The discrepancy between the results of the theory of Murayama and
micromagnetic simulation for the domain width in the case of L ~ L is
due to the formation of the weak-stripe domain structure, that was not
considered in the Murayama model. However, with the thickness
increasing, magnetic domains with well-defined boundaries begin to
emerge. This is seen in Fig. 6, where magnetization distributions in the
cross-section xz plane calculated for various thicknesses are shown. The
color here corresponds to the projection of the magnetization vector on
the x-axis reduced to its maximum value for the film of thickness L, M,/
MY*™(L). As the thickness increases, well-defined vertical domains
appear. The closure domains result in formation on the film surface
stripe periodic structures, which are observed in experiments. We also
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Fig. 6. Distribution of the magnetization vector projection on the x-axis (M,
component) in the xz plane of the films of various thicknesses. Here white color
corresponds to the positions of the reduced M, maximums, and black to
the minimums.

note that the domain wall is slightly inclined (~5°) with respect to the
film normal, which is especially noticeable for the “thick” films.
Apparently, this inclination is caused by the in-plane uniaxial anisot-
ropy, which EA lies along the x-axis.

Another important characteristic is the saturation field H;. In an ideal
film of thickness L < L., which is in a state of uniform magnetization, H;
is determined by the in-plane uniaxial anisotropy field. However, for the
films with stripe domains, the saturation field has a more complex de-
pendency on the film parameters. Murayama derived the following
equation for Hy

4

H, L., K, 17"
“efoesk

“H,o | o

P

Fig. 7 shows the dependencies of the saturation field H on the film
thickness calculated according to expression (4) (solid line) and ob-
tained from the magnetization curves calculated by micromagnetic
simulation. For the films with L > L, there is a very good agreement
between the theory and simulation. This demonstrates that expression
(4) can be used in a simple technique of determining perpendicular
anisotropy constant K, from the measured in-plane saturation field.

Indeed, expression (4) can be rewritten as a cubic equation for the K,
in the form

400 T T T T T T T
—— Murayama
O Micromagnetics
300 r .
o)
© 200 1
100 r .
0 O (D 1 1 L 1 1 1
100 200 300 400
L,nm

Fig. 7. The saturation field H; versus the film thickness L. The line is the
calculation according to the Murayama theory, the symbols are the micro-
magnetic simulation results.
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ak}) +bK; + cK, +d =0,

a=4L* b = 4’M,(2xM, — H,),

¢ =M} (L*H? — 8xL’H,M, + 32m°A),
d =2’ H*M?.

)

Thus, if we know the thickness L, the saturation magnetization M;
and the exchange constant A of the film, we can calculate K}, using the
experimental value of the saturation field Hy obtained from an in-plane
hysteresis loop. It should be noted that equation (5) has three roots, but
its numerical calculation for the parameters of the considered film
showed that one of the roots was negative, while the value of a second
one was an order of magnitude less than the initial K. Putting the Hj
values found using micromagnetic simulation for films of different
thicknesses into Eq. (5), we plotted in Fig. 8 dependence of H,, = 2K,/M;
on thickness L. The dashed line on the figure shows the value of H, used
in the simulation. One can see that calculated from the hysteresis loops
value of H), is close to the initial value, with the maximum relative error
of about 4.5%.

4. Conclusion

In this paper, using micromagnetic simulation, we investigated
domain structure and magnetization processes of thin permalloy films
with the in-plane and perpendicular magnetic anisotropy. For the film
thicknesses L less than the critical value L., the in-plane anisotropy
plays a decisive role in the magnetization processes, and the static
properties of such films are accurately described by the Stoner-
Wohlfarth model. In films with L > L, the influence of the perpendic-
ular anisotropy becomes dominant resulting in the formation of the
stripe domain structure and, as a consequence, in sharp increase of the
saturation field and coercivity. An analysis of the magnetic micro-
structure and magnetization processes of the films in the stripe domain
phase demonstrated a general good agreement between the results of the
micromagnetic simulation and the theoretical model introduced by
Murayama [30]. However, a discrepancy between the simulation and
the Murayama model was found for the domain width in the films with L
~ L¢. It was shown that this discrepancy is associated with the devel-
opment in the films of such thicknesses of the weak-stripe domain
structure, that was not taken into account in the Murayama model. We
showed that by using an analytical expression derived by Murayama for
the saturation field, it is possible to determine the perpendicular
anisotropy constant from the in-plane measured hysteresis loop. The
presented study might be of particular interest for developers of a
number of practical devices based on soft magnetic thin films.

600 T T . . . r .
500 060 0~ "0O O~ "0" 0O 004
400 .
S 300 1
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200 f .
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100 | O Calculated 1
0 L i | L 1 1 1 L
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Fig. 8. The values of the perpendicular anisotropy field H,, obtained from the
hysteresis loops using Eq. (5) (symbols). The dashed line shows the initial value
of Hp,.
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