
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 200.0.233.52

This content was downloaded on 07/03/2016 at 18:10

Please note that terms and conditions apply.

Modeling magnetization curves in magnetic thin films with striped patterns

View the table of contents for this issue, or go to the journal homepage for more

2016 J. Phys.: Condens. Matter 28 136001

(http://iopscience.iop.org/0953-8984/28/13/136001)

Home Search Collections Journals About Contact us My IOPscience

iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/28/13
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


1 © 2016 IOP Publishing Ltd  Printed in the UK

1.  Introduction

There exists a large number of physical and chemical systems 
which display domain patterns. Some interesting examples 
are mesoscopic structures formed by assembling polymers in 
solution or other complex fluids [1, 2], domain structures in 
magnetic systems [3, 4], or patterning in surface deposition 
[5, 6]. A key ingredient accompanying pattern formation is 
the existence of at least two competing interactions acting at 
different length scales [7].

In the particular case of magnetic systems, domain and 
pattern formation have attracted much interest since its 
understanding can be crucial for many technological applica-
tions. When considering magnetic systems, the competition 
between short range exchange interaction, which promotes 
homogeneous magnetic configurations at small length scales, 
and the unavoidable long-range dipolar interaction, which 
favors inhomogeneous configurations at large length scales, 

is primarily responsible for pattern formation. One of the sim-
plest situations one might consider is a quasi two-dimensional 
system with strong out-of-plane anisotropy. In this case, one 
commonly observed pattern is the stripe pattern where an 
alternating out-of-plane magnetization is formed [8, 9], as 
observed for example in magnetic garnets [10–12] and thin 
magnetic films [13–15].

In order to discuss some interesting features presented 
in these systems, lets consider Fe1−xGax thin films as a con-
crete example (to be further considered along this work). The 
inset of figure 1 shows a magnetic force microscopy (MFM) 
image of a Fe0.8Ga0.2 sample with a nominal thickness of 
70 nm measured at room temperature in a remnant state [16].  
The MFM signal can be related to the out-of-plane magnetiza-
tion (due to the magnetic interaction between the MFM tip and 
the stray field gradient generated by the sample magnetiza-
tion), then this technique is particularly useful to observe the 
stripe domains. As can be observed, the stripes are oriented in 
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a preferred direction, which can be controlled during stripes 
formation under an in-plane applied magnetic field. As shown 
in the main panel of figure 1, when a large in-plane magn
etic field is applied, the magnetization is fully aligned with 
the field and the sample is then in an homogeneous in-plane 
magnetic state. When the magnetic field is reduced, the stripe 
pattern becomes stable at a finite magnetic field, given rise to 
a decrease of the in-plane magnetization and the characteristic 
linear behavior shown in figure 1. In fact, this observed linear 
behavior is a signature of the presence of stripe domain pat-
terns in in-plane magnetic measurements. Finally, the orienta-
tion of the stripe pattern corresponds to the direction of the 
last visited homogeneous in-plane saturation magnetic state, a 
phenomenon known as rotatable anisotropy [8, 17, 18].

Some salient features about the in-plane hysteresis magn
etic cycle shown in figure 1 can be noticed. Firstly, the coer-
cive field HC is indicative of the energy cost associated to 
the mechanism of inversion of the in-plane magnetization. 
Secondly, the saturation field HS corresponds to the in-plane 
external field necessary to reach an homogeneous in-plane 
magnetic state. The saturation field is expected to be propor-
tional to an effective magnetic anisotropy K eff and inversely 
proportional to the saturation magnetization, =H K M2 /S

eff
S. 

Finally, when the external magnetic field is removed, there 
exists a remnant magnetization value MR indicating that the 
stripe pattern is composed not only of an alternating out-
of-plane magnetization but it also contains a finite in-plane 
contribution. This suggests to rationalize the stripe pattern 
in the simple geometrical model described in figure 2. This 
canted magnetic model shows a magnetization distribution 
with finite projections onto both out-of-plane and in-plane 
directions, with the stripe array having a period λ as indicated. 
Moreover, two further features characterize the stripe pattern 
within this model: the maximum canted angle θ0 between the 
local magnetization direction and the plane of the sample and 
the domain wall width W separating two stripe domains with 
opposite homogeneous magnetization.

In this work, in order to obtain quantitative results from 
the in-plane magnetization curves of magnetic thin films pre-
senting stripe patterns, we present a free energy model based 
on a canted magnetization configuration, as the one presented 
in figure 2. As a concrete example we shall focus on the in-
plane magnetization curves of two Fe1−xGax thin magnetic 
samples. We will show that the free energy model permits 
us to characterize in detail the inner structure of the stripe 
domains, providing values for the period of the stripe pattern, 
the maximum canted angle, the domain wall width and the 
effective change in the magnetostatic energy, all parameters 
related to the inhomogeneous distribution of the magnetiza-
tion. The rest of the work is organized as follows: section 2 
presents experimental details of the used samples. The free 
energy model is presented in section 3 while the analysis of 
in-plane magnetization curves and main results are contained 
in section 4. Finally, section 5 is devoted to the conclusions of 
the present work.

2.  Experimental

In the following, we shall present experimental information 
about the studied samples. We will focus on sample growth, 
structural and magnetic characterization, and the determina-
tion of relevant physical parameters, such as the saturation 
magnetization and the perpendicular magnetic anisotropy.

2.1.  Sample growth and structural characterization

Epitaxial Fe1−xGax samples were grown by molecular beam 
epitaxy on c( ×2 2) Zn-terminated ZnSe epilayers onto 
GaAs(1 0 0) substrates [19, 20]. At the end, the films were 

Figure 1.  In-plane magnetic cycle at room temperature for a 
Fe0.8Ga0.2 sample with a nominal thickness of 70 nm. The straight lines 
show the linear behavior which is a distinctive feature of samples 
with stripe domain patterns. Inset: The out-of-plane magnetization 
component measured with magnetic force microscopy at room 
temperature for the same sample in remnant state. The coercive field 
HC, the saturation field HS and the remnant magnetization MR are also 
indicated.

Figure 2.  A simplified image of the striped magnetic domains in 
the form of a canted magnetization state. The left figure shows 
the rotation of the magnetization vector ( )xM  along the x axis 
and the stripe signal proportional to the Mz component. The right 
figures show how the out-of-plane (upper panel) and in-plane 
(lower panel) components of the magnetization change along the 
x direction. Note that while Mz/M can only take values between 

sin 0θ± , My/M takes its maximum value of 1 at the center of the 
domain wall and its minimum value of θ >cos 00  at the core of the 
stripe domains. The key geometrical parameters are identified: the 
stripe period λ, the maximum canted angle θ0, and the domain wall 
width W.
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covered by a protective 3 nm gold capping layer. Details of the 
growth are given in [21]. We fabricated 70 nm nominal thick 
samples at two Ga concentration values, x  =  0.16 and 0.20. 
Such concentrations were determined by means of x-ray pho-
toelectron spectroscopy (XPS) and confirmed by Rutherford 
backscattering (RBS) and energy dispersive x-ray spectrom-
etry (EDX). The x  =  0.16 sample was annealed at 300°C in 
ultra high vacuum [21]. This annealing temperature is suffi-
cient to cause Ga mobility in the Fe matrix, as attested in [22] 
and, at the same time, it preserves the sharp ferromagnetic/
semiconductor interface [19]. By x-ray diffraction (XRD), 
we determine the lattice parameters and we observe the Ga 
dependent tetragonal deformation in the as-grown samples 
and the recovered cubic structure due to annealing [21].

2.2.  Magnetic characterization

2.2.1.  In-plane magnetization curves.  The characteristic in-
plane magnetization curves, M versus H, were measured using 
a vibrating sample magnetometer (VSM) and a superconduct-
ing quantum interference device (SQUID). For all measure-
ments, the external magnetic field was applied in the plane of 
the samples (in-plane configuration). It is important to mention 
that M versus H curves present an isotropic behavior in the film 
plane, since we obtain the same result when curves are taken at 
different crystallographic directions. In addition, since we are 
interested in the linear behavior and its relation with the stripe 
pattern, the M versus H curves were only taken from a starting 
field of 1 T down to reach zero applied field. For each sample, 
in-plane magnetization curves were taken at several temper
atures in the range   < <T5 K 300 K. A diamagnetic contrib
ution due to the sample holder was subtracted and the curves 
were normalized to the saturation value MS in all cases. In fig-
ures 3(a) and (b), we show the M versus H curves at several 

temperatures for the x  =  0.20 and annealed x  =  0.16 samples 
respectively. Both samples present the typical response of 
the magnetic system where stripe domains are present as we 
stated in the Introduction, i.e. a linear dependence of M(H) 
is observed for H values lower than the saturation field, HS. 
However, the evolution of such linear behavior with temper
ature depends on the sample. For the x  =  0.20 sample (see  
figure 3(a)) there is not a significant difference between curves 
at different temperatures, i.e. the saturation field, HS, and the 
magnetization remanence, MR, do not depend on temper
ature. On the other hand, for the x  =  0.16 sample (figure 3(b)),  
the M versus H curves show a clear dependence with temper
ature, with HS (MS) increasing (decreasing) for higher temper
atures. For example, black lines in figure 3(b) are linear fits 
performed for the 5 K and 300 K curves, and using the inter-
section between those lines and the =M M/ 1S  constant, it is 
found that the saturation field rises from about 900 G to 1600 G  
when the temperature increases from 5 K to 300 K.

2.2.2.  Determination of MS and Kn.  The key parameters gov-
erning the appearance and behavior of the stripe patterns are 
the saturation magnetization, MS, and the perpendicular magn
etic anisotropy, Kn, as it is explicitly shown in the free energy 
models discussed in section 3. For obtaining MS, SQUID mag-
netization curves as a function of temperature were performed 
from 5 K to 300 K in the saturation state (no stripes present) at 
0.2 T in both samples as it is shown in figure 4.

In order to study Kn in our samples through ferromagnetic 
resonance (FMR), we have to evaluate how the magnetic 
anisotropies present in the sample contribute to the resonance 
field, Hr. We then propose a self-consistent scheme that solves 
the equilibrium position of the magnetization vector MS via  
the magnetic free energy density U and a linearized version  
of the Landau–Ginzburg equation  of motion for the mag-
netization [23], when the sample is magnetically saturated. 
Hence, the proposed expression for U in our coordinate system  
(figure 5(a)) is the following:

⎜ ⎟
⎛
⎝

⎞
⎠

U M K

K U

H M,
2
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Figure 3.  In-plane magnetization curves, M M/ S versus H, for  
(a) x  =  0.20 and (b) x  =  0.16 samples at different temperatures as 
indicated. Black lines in (b) correspond to linear fits for the 5 K and 
300 K data. In both figures the relative error is smaller than 10%.
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where Happ is the applied magnetic field and µ0 is the 
vacuum permeability (  µ π= × −4 100

7 T m A−1). The first 
term on the right-hand side is the classical Zeeman energy. 
The second one is the energy related to the demagnetizing 
dipolar field. The third term is the energy related to the 
perpendicular magnetic anisotropy Kn, including the out-
of-plane magnetic anisotropy K OP coming from magneto
crystalline effects [24] as discussed below when referring to 
UMCA. The fourth one stands for an uniaxial in-plane aniso
tropy arising from the Fe1−xGax/ZnSe interface [25, 26]. 
Finally, the fifth term is related to the magnetocrystalline 
anisotropy (MCA) contribution to the magnetic free energy, 
and thus UMCA depends on the crystal symmetry of the 
sample under study. On one hand the x  =  0.16 sample pres-
ents a cubic structure due to the annealing procedure. Then, 
for this sample

( )ϑ ϑ ϕ= +U K
1

4
sin 2 sin sin 2 ,MCA 4

2 4 2� (2)

which is the usual expression for cubic lattices at first order 
[27]. On the other hand, it is important to notice that the tetrag-
onal distortion along z-axis that suffers the x  =  0.20 sample, 
as mentioned in section  2.1, modifies the cubic anisotropy 
energy term given in equation (2). As a result, the cubic term 

[ ( )α α α α α α+ +K x y y z z x4
cub 2 2 2 2 2 2 ] becomes now α α α+K Kx y z4

tet 2 2 OP 2, 
where the out-of-plane αz

4-term was neglected in our calcul
ations. αi denotes the direction cosines of the magnetization 
which, using the coordinate system shown in figure 5(a), are 
defined as α ϑ ϕ= sin cosx , α ϑ ϕ= sin siny  and α ϑ= cosz . 
Then, for the x  =  0.20 sample the magnetocrystalline contrib
ution writes:

ϑ ϕ=U K
1

4
sin sin 2 ,MCA 4

tet 4 2� (3)

while the out-of-plane contribution αK z
OP 2 effectively enters 

into the perpendicular magnetic anisotropy Kn.
The equation that accounts for the magnetization dynamics 

in the small oscillation approximation was given by Smit and 
Beljers [23] and it writes:

⎡

⎣
⎢
⎢

⎛
⎝
⎜

⎞
⎠
⎟

⎤

⎦
⎥
⎥ω

γ
ϑ ϑ ϕ ϑ ϕ

=
∂
∂
∂
∂

−
∂
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ϑ ϕ
M

U U U

sin
,2

2

S
2 2

2

2

2

2

2 2

,eq eq

� (4)

evaluated at the equilibrium angles, ϑeq and ϕeq obtained from 
equation (1), where γ µ= �g /B  is the gyromagnetic ratio and 
µB is the Bohr magneton. The g value was set to 2.1, as for Fe.

As an example, figure 5(b) presents FMR spectra at two 
different temperatures for the x  =  0.20 sample. The shift 
between such spectra is due to the change of magnetization 
and magnetic anisotropy with temperature.

In table 1 we summarize the values of MS and Kn at T  =  100 K  
and 300 K for both samples. Besides, a typical value for the stiff-
ness constant in Fe1−xGax samples, = −A 1.6 10 11 J m−1, was 
considered [28]. These parameters will be taken as input values 
when using free energy models to quantify the inner structure of 
stripe patterns in the following section. The other fitting para
meters (K4

tet, K4, Ku) are also given in table 1. Note that in spite 
of having in-plane anisotropies (K4

tet, K4, Ku), the hysteresis 
loops are isotropic in the film plane, as we stated previously, 
since when the magnetization distribution is not homogeneous 
(for <H HS) the perpendicular magnetic anisotropy and dipolar 
terms dominate over in-plane magnetic anisotropies.

3.  Modeling magnetization curves

In order to analyze magnetization curves, we introduce in this 
section a free energy model based in a canted domain structure 

Figure 5.  (a) Coordinate system used in our calculations to extract magnetic anisotropies. (b) FMR spectra taken at 100 K and 300 K for 
the x  =  0.20 sample and for the external field Happ applied in the [1 0 0] direction.

Table 1.  MS, Kn, Ku, K4 and K4
tet values experimentally obtained at 100 K and 300 K for both studied samples.

Sample T [K] MS [kA m−1] Kn [×105 J m−3] ( )K K4 4
tet  [×104 J m−3] Ku [×103 J m−3]

x  =  0.20 100 ±1500 200 ±3.35 0.05 ±1.7 0.1 ±4 1
x  =  0.20 300 ±1400 200 ±3.43 0.05 ±0.5 0.1 ±4 1
x  =  0.16 100 ±1500 200 ±3.85 0.05 ±1.9 0.1 ±2 1
x  =  0.16 300 ±1400 200 ±3.70 0.05 ±0.9 0.1 ±2 1

Note: K4 and K4
tet stand for the fourfold in-plane anisotropy of x  =  0.16 and 0.20 respectively.

J. Phys.: Condens. Matter 28 (2016) 136001
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such as the one schematized in figure 2. Within this model, we 
consider an array of parallel straight stripes oriented along the 
y-direction and whose position dependent magnetization is

( ( ) ( ))θ θ= M x xM 0, cos , sin ,S� (5)

meaning that the magnetization is always oriented along the 
longitudinal direction of the stripes. The angle ( )θ x  is the angle 
between M and the x-y plane, i.e. the surface of the sample, and 
depends only on the transverse direction of the stripe pattern. 
Notice that, on one hand, since we are considering an array 
of parallel straight stripes the magnetization is homogeneous 
along the y-direction, and on the other hand, while Mx  =  0, the 
components ( )θ=M M xcosy S  and ( )θ=M M xsinz S  change 
along the x-direction as shown in figure  2. In this situation 
the profile of the position dependent magnetization is thus 
defined through the one-dimensional angle profile ( )θ x  along 
the transverse direction of the stripe pattern.

We propose to work with the following free energy density 
model, which contains the relevant energy contributions to be 
considered:

⎜ ⎟
⎛
⎝

⎞
⎠

f x HM x M E x

K x A
x

x

cos
1

2
1 sin

cos .n

0 S 0 S
2

dip
2

2
2

[ ( )] ( ) ( ) ( )

( ) ( )

θ µ θ µ θ

θ
θ

= − + −

+ +
∂
∂

�

(6)

The first term corresponds to the Zeeman energy with ˆ= HyH , 
so that this term is minimized when the magnetization is fully 
in-plane in the field direction, i.e. ( )θ =x 0. The second energy 
contribution is the one corresponding to the stray field, or so-
called demagnetizing energy. When =E 0dip  and considering 
an homogeneous solution ( )θ θ=x , the stray field of a thin 
magnetic film is minimized when all the magnetization lies 
on the plane, i.e. θ = 0. When the magnetization is inhomo-
geneous the stray field can be computed only in very special 
cases of ( )θ x . Therefore we consider here a generic correc-
tion factor Edip taking into account how much the stray field 
departs from the homogeneous thin film case when a general 
( )θ x  is used. The factor Edip thus gives not only information 

about the changes in the stray field induced by the stripe pat-
tern, but it also absorbs any other dipolar magnetic contrib
ution not considered in the canted model, as for example the 
one coming from closure domains close to thin film surfaces. 
The third term is the anisotropy energy contribution con-
trolled by the perpendicular magnetic anisotropy constant 
Kn. When Kn  >  0, this energy term is minimum for an homo-
geneous magnetization aligned perpendicular to the surface, 
i.e. x /2( )θ θ π= =± . Therefore, one can link the competi-
tion between the stray field and the perpendicular magnetic 
anisotropy to the presence of inhomogeneous solutions as the 
stripe pattern. A common measure of this competition is given 
by the quality factor ( )µ=Q K M/ 1/2n 0 S

2 ; with Q  >  1 (Q  <  1) 
indicating that the system is unlikely (likely) to present stripe 
patterns with a canted magnetization distribution [3]. Finally, 
the last term in equation (6) is the exchange interaction term 
and corresponds to the energy density cost associated to spa-
tial variations of the magnetization, controlled by the stiffness 

constant A. This exchange term is then minimized when-
ever the magnetization is homogeneous, i.e. ( )θ θ=x . The 
energy cost of a domain wall between up and down magne-
tization regions can be estimated by considering anisotropy 
and exchange terms, giving a domain wall energy of order 
t AK4 n, where t is the thickness of the sample, and an asso-

ciated domain wall width W of order A K/ n [3]. It is impor-
tant to note that this last model does not include the in plane 
anisotropies, i.e. K4, K4

tet, Ku because of the fact that the M 
versus H curves are isotropic in the film plane. Also, it is 
worth stressing at this point that the simplified model we are 
using, based on the one-dimensional magnetization profile 
defined in equation (5), does not allow to model the formation 
of closure domains. However, in [29], it is explicitly shown 
that for Q  <  0.4, as is the case for the Fe1−xGax samples ana-
lyzed here [16], one-dimensional models (if compared with 
those where closure domains are taken into account, as in [9]) 
give a good description of the magnetostatic energy when 
stripes are present.

The starting point in order to extract some information 
from the experimental magnetization curves is a trial angle 
profile ( )θ x . Given a proposed model for the angle profile ( )θ x  
the free energy model, equation  (6), is used to compute the 
average energy contained within a stripe, defined through the 
stripe free energy density

( ( ))∫λ θ=
λ

F x f x
1

d ,
0

� (7)

obtained by integrating over the period of the stripe pattern, 
λ. Since the system is periodic, the full free energy for a finite 
size system can be written in terms of F. The stripe free energy 
density depends on material parameters (MS, Kn and A) and on 
geometrical information of the stripe pattern distribution such 
as its period λ, the domain wall width W and the maximum 
canted angle θ0, all contained in the angle profile ( )θ x . For 
the material parameters MS, Kn and A we use experimental 
determined values, as presented in section 2. Then, for given 
trial values for Edip and λ, the normalized in-plane magneti-
zation ( ) ( )θ=M H M H/ cosy S  is computed by minimizing the 
stripe free energy density F with respect to the angle profile-
dependent geometrical parameters for each value of H. Finally, 
the values for Edip and λ are varied to get the best agreement 
between the predicted My(H) and the experimental data.

The domain wall width can be defined in several ways 
and we shall use here two options. One in terms of the tan-
gent of the magnetization angle, considering the intersection 
of the tangent line passing through the middle of the domain 
wall where θ = 0 and the constant value corresponding to the 
magnetization angle limit inside the stripe domains where 
θ θ= 0, i.e. ( )θ θ× ∆ =′ /20 0, where 0θ′  is the slope at the 
middle of the domain wall. Therefore, the domain wall width  
would be

θ
θ

∆ =
′

2
.0

0
� (8)

A second definition can be obtained with the same idea but 
using instead the out-of-plane magnetization, i.e. through the 
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tangent of the out-of-plane magnetization at the middle of the 
wall and the intersection with the out-of-plane magnetization 
within the stripe domain, as shown in figure 6. This results in 

( )( ) ( )θ θ θ∂ = = =M W M0 /2 ,x z z 0  where ( )θ θ=Mz 0  is the out-
of-plane magnetization within the stripe domain. Therefore,

( )
( )
θ θ
θ

=
=

∂ =
W

M

M

2

0
.z

x z

0
� (9)

In fact, since ( )θ=M M sinz S , both definitions are related 
through

( )θ
θ

= ∆W
sin

.0

0
� (10)

A typical order of magnitude for a °180  domain wall between 
two semi-infinite domains is =W A K/ n. Finally, although ∆ 
is appropriate to deal with angle profile models, we shall use 
W to compare between the different cases below. In general, 
the domain wall width W depends on the materials parameters 
and on the profile model properties, as discussed below for 
each particular case.

In the following, and in order to fit the experimental data 
using the free energy model, we shall consider two angle pro-
file models which permit us to study and compare different 
limits of the relation between domain wall width and stripe 
period: a cosine series expansion (small λ ∆/ ) and a trape-
zoidal model (large λ ∆/ ).

3.1.  Cosine series expansion

Considering the limit in which the domain wall width and the 
extent of the domain itself are of the same order, the angle pro-
file can be thought as a simple cosine expansion of the form

( ) ( ) ( ) ( )θ θ θ θ= + + +x kx kx kxcos cos 3 cos 5 ...1 2 3� (11)

where θn is the amplitude of the nth-order term and = π
λ

k 2 , 

which then enforces the profile ( )θ x  to have a period λ. In the 
following, we shall refer to the n-mode cosine expansion 
when truncating the expansion up to nth-order. Using this 
angle profile, the stripe free energy density defined through 
equation  (7) is computed. In the particular 1-mode case the 
following closed expression is found:

F HM J M E J

K
J

A

1

4
1 1 2

2
1 2

2
.n

S 0 1 0 S
2

dip 0 1

0 1

2
1
2

2

( ) ( ) [ ( )]

[ ( )]

θ µ θ

θ
π θ
λ

= − + − −

+ + +
�

(12)

where J0(x) is the 0th-order Bessel function of the first kind. 
For n  >  1 the integral definition for F is numerically com-
puted. For the given values of λ and Edip, the minimization 
of F with respect to the θn’s for each H value gives the M(H) 
curve. In this work we shall consider the stripe free energy 
density up to 3rd-order of the cosine expansion in order to 
take into account different shapes of the profile. Notice that 
in the limit of very large n, the profile defined by the cosine 
expansion tends to a square wave stripe pattern.

For the cosine expansion proposed here, the maximum 
canted angle is θ θ= ∑n n0 , and using the definition for the 
domain wall width, equation (9), we obtain

( )
( ) ( )

λ
π

θ

θ
=

∑

∑ − +
W

n

sin

1 2 1
,n n

n
n

n
� (13)

which permits us to have a measure of the domain wall width 
in terms of the stripe period and the modes amplitudes.

Figure 6(a) shows the out-of-plane magnetization profile 
Mz(x) corresponding to the cosine series expansion with one- 
and two-modes. The geometrical construction to compute the 
domain wall width W is also indicated (see equation (9)).

3.2. Trapezoidal stripe domain

We consider here the limit in which the domain region defining 
the stripes is much larger than the finite domain wall sepa-
rating these regions (similarly to the model proposed in [30] to 
study stripped thin films at remanence). In this limit the mag-
netization is perfectly homogeneous within the domain while 
all the spatially varying magnetization is restricted to the 
domain wall region. Furthermore, we consider a linear varia-
tion of the angle profile within the domain wall. Therefore, the 
model angle profile can be considered to be a stepwise func-
tion with constant values θ± 0 within the stripe domains while 
linear ramps with slopes θ± ′0 are connecting these domains. 
In this case, the extent of the ramped region is exactly the 
domain wall width in terms of the angle profile, θ θ∆ = ′2 /0 0. 

Figure 6.  Out-of-plane magnetization component Mz(x) corresponding to the (a) cosine series expansion and (b) the trapezoidal model.  
In (a) one-mode and two-mode approximations are shown in blue and red curves respectively. The geometrical construction used to 
compute the domain wall width W is shown for each model (in (a) only for the two-mode profile).
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Choosing an arbitrary origin for the stripe pattern, the angle 
profile can be written in terms of θ0 and ∆ as

( )

⩽
[ ( )] ⩽

⩽
[ ( )] ⩽

θ

θ λ
θ λ λ λ
θ λ λ
θ λ λ λ

=

− < −∆
∆ − −∆ −∆ <

< −∆
− ∆ − −∆ −∆ <

⎧

⎨
⎪⎪

⎩
⎪⎪

x

x
x x

x
x x

for 0 /2 ,
2 / /2 /2 for /2 /2,

for /2 ,
2 / /2 for .

0

0

0

0

�
(14)

Using this model for the angle profile, with parameters θ0 
and ∆, the stripe free energy density can be split into two parts,

( ) ( )
λ

θ
λ
θ= −

∆
+
∆

∆⎜ ⎟
⎛
⎝

⎞
⎠F f g1

2 2
, ,0 0� (15)

with 2 4 /0 0θ θ∆ = ′  thus representing the linear extension of 
the two ramp regions defined in the trapezoidal angle profile, 
equation (14). Therefore the stripe free energy density is com-
posed of the free energy density within the domain regions, 
given by

f HM M E

K

cos
1

2
1 sin

cosn

0 S 0 0 S
2

dip
2

0

2
0

( ) ( ) ( ) ( )

( )

θ θ µ θ

θ

= − + −

+
�

(16)

and the domain wall free energy density, given by
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µ θ θ θ

θ θ θ
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�

(17)

Using this model, the two parameters θ0 and ∆ are obtained in 
the minimization process.

Finally, the domain wall W is given by equation  (10) in 
terms of θ0 and ∆. Figure  6(b) presents the out-of-plane 
magnetization profile Mz(x) resulting from the ramped angle 
profile ( )θ x  of equation  (14) together with the geometrical 
construction to compute the domain wall width W.

4.  Results and discussion

Using the proposed profiles described in the previous section, 
we intend to reproduce the experimental M versus H curves. 
Experimental values for Kn, MS, and A were measured, as 
described in section 2, and used as input parameters for the 
profile models. Then, using trial values for λ and Edip the mag-
netization curves can be constructed by minimizing the free 
energy models with respect to the geometrical parameters, as 
discussed in section 3.

Firstly, by scrutinizing the free energy models, we can 
learn what are the main effects of changing the values of λ 
and Edip. On one hand, increasing Edip causes the linear zone 
characteristic of the presence of stripe patterns to move to 
higher fields, rising the saturation field being the most promi-
nent effect. On the other hand, increasing λ decreases the 
remanence magnetization while keeping HS almost constant. 

Since both parameters have different marked consequences in 
the computed magnetization curves, it is safe to search inde-
pendent values for Edip and λ such that the M(H) curves fit best 
with the experimental results.

We consider both models, the cosine expansion (up to 3rd-
order) and the trapezoidal model, to analyze the experimental 
data for the x  =  0.20 and 0.16 samples at T  =  100 K and 300 K.  
As an output of the fitting procedure we report for each case 
λ, Edip, W and θ0.

In figure 7 we present the experimental data for the magnet-
ization curves corresponding to the annealed x  =  0.16 sample 
at 100 K and 300 K, together with the curves corresponding 
to the cosine series expansion (up to n  =  3) and trapezoidal 
models. The obtained parameters are reproduced in table 2.  
A few facts can be remarked about these results. The trap-
ezoidal model does not correctly capture the appearance of the  
linear ramp, showing a rather abrupt jump. The value of the 
stripe period generally agrees with the one obtained from  

Figure 7.  Experimental data for the x  =  0.16 sample measured with 
VSM (dots) and results from modeling the magnetization curves 
(lines) corresponding to the different proposed profiles, as indicated. 
Results corresponding to two different temperatures are shown:  
(a) T  =  100 K and (b) T  =  300 K.

Table 2.  Characteristic values for the x  =  0.16 sample at 100 K and 
300 K obtained using the free energy models, as indicated, and the 
experimental values for Kn and MS presented in table 1.

T [K] Profile λ [nm] Edip θ0 [°] W [nm]

100 1 mode 164(10) 0.80(3) 85(3) 34.8(2)
2 modes 164(10) 0.80(3) 80(3) 28.8(2)
3 modes 160(15) 0.80(3) 79(3) 26.2(2)
Trapezoid 120(10) 0.79(3) 56(8) 8.8(2)

300 1 mode 164(10) 0.81(3) 91(3) 32.9(2)
2 modes 160(10) 0.81(3) 80(3) 21.2(2)
3 modes 148(10) 0.81(3) 82(3) 22.1(2)
Trapezoid 160(10) 0.79(3) 63(8) 10.5(2)

Note: The values for θ0 and W correspond to the remnant state at H  =  0.
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the MFM images, λ = 160 nm [16], although the value 
obtained using the trapezoidal model is slightly smaller for 
T  =  100 K. The value of Edip is close to 0.8, which means 
that the demagnetizing energy is around 20% of the one 
corresponding to a fully in-plane magnetized thin film. The 
largest values for θ0 are obtained for the 1-mode cosine expan-
sion and is typically around °80 , except for the trapezoidal 
model which has a smaller value close to θ = °600 . The value 
of the domain wall width W is also reported and it is around 
30 nm for the cosine expansion model, but around 10 nm for 
the trapezoidal model. Over all, cosine expansion models 
give a more consistent description of the experimental data. 
Therefore, although ≈W 30 nm is larger than the simple esti-
mate ≈A K/ 6.5n  nm, it is a more realistic estimation of the 
domain wall width.

Finally, the most important difference between the data at 
100 K and 300 K is that for the x  =  0.16 sample the satur
ation field HS is smaller for T  =  100 K, as mentioned in sec-
tion 2. However, there are no appreciable changes neither in 
Edip, which would strongly modify HS, nor in the rest of the 
parameters shown in table 2. This indicates that the stripe pro-
files are not noticeably changing with temperature while HS 
is. Therefore, in fact, the increase in HS cannot be associated 
to changes in the stripe pattern and it is only caused by the 
expected change due to a decrease of the magnetization MS 
when the temperature is increased, ∼H K M2 /S

eff
S, with K eff 

an effective anisotropy constant.
Figure 8 shows the experimental data for the x  =  0.20 

sample at T  =  100 K and 300 K and the corresponding mag-
netization curves obtained using the free energy models pre-
sented in section  3. The resulting parameters are presented 
in table  3. The stripe period λ agrees with λ = 180 nm, as 
measured using MFM images [16, 31], for the 1-mode cosine 

expansion and it is smaller for the other models. Edip is in 
general a bit larger than for x  =  0.16, indicating that the stray 
field energy is even smaller, and θ0 is of the same order as for 
x  =  0.16. The domain wall width is estimated to be close to 
25 nm.

Remarkably, unlike the results presented in figure  7 for 
x  =  0.16, there is no noticeable change in the saturation 
field HS when the temperature is modified, as also shown in  
figures 3 and 8. However, since the saturation magnetization 
MS is decreasing with T (as much as for the x  =  0.16 sample) 
an increase of HS with temperature would be expected. The 
small decrease of Edip from 0.86 at 100 K to 0.84 at 300 K is 
indeed responsible for a drop in HS which compensates the 
increase expected due to a diminution of MS with T, thus indi-
cating that in this case a change on the magnetic structure of 
the stripe pattern can strongly influence the expected magneti-
zation behavior.

5.  Conclusions

In summary, we have developed here free energy models 
which permit us to analyze in-plane magnetization curves of 
thin films presenting stripe patterns. The free energy model 
is based on a canted magnetic state and allows to quantify 
geometrical characteristics of the pattern, such as the stripe 
period, the maximum canted angle and the domain wall width, 
together with an estimation of the change of the demagne-
tizing energy. As an example, we have developed and applied 
a fitting procedure using these models to analyze measured in-
plane magnetization curves for two Fe1−xGax samples which 
present different temperature behaviors. We found a stripe 
period which compares well with the one obtained from MFM 
images. More importantly, we report here estimated values for 
the maximum canted angle, typically around θ = °850 , and the 
domain wall width, of the order of W  =  30 nm. These para
meters are valuable to complete a geometrical characterization 
of the stripe patterns and can be useful to complement micro-
magnetic simulations [31]. Furthermore, when comparing the 
x  =  0.20 and x  =  0.16 samples the main observed difference 
is that for the former the dipolar contribution quantified by 
Edip is not changing while for the later it does. Changes in Edip 
are directly related to changes in the internal magnetic struc-
ture of the stripes. Although in principle one could attribute 

Figure 8.  Experimental data for the x  =  0.20 sample measured with 
VSM (dots) and results from modeling the magnetization curves 
(lines) corresponding to the different proposed profiles, as indicated. 
Results corresponding to two different temperatures are shown:  
(a) T  =  100 K and (b) T  =  300 K.

Table 3.  Characteristic values for the x  =  0.20 sample at 100 K and 
300 K obtained using the free energy models, as indicated, and the 
experimental values for Kn and MS presented in table 1.

T [K] Profile λ [nm] Edip θ0 [°] W [nm]

100 1 mode 170(10) 0.87(3) 93(3) 33.1(2)
2 modes 148(10) 0.88(3) 83(3) 21.7(2)
3 modes 152(10) 0.87(3) 85(3) 20.6(2)
Trapezoid 100(10) 0.85(3) 64(8) 7.3(2)

300 1 mode 170(10) 0.84(3) 93(3) 33.3(2)
2 modes 148(10) 0.84(3) 83(3) 22.0(2)
3 modes 152(10) 0.84(3) 84(3) 21.0(2)
Trapezoid 140(10) 0.83(3) 65(8) 11.8(2)

Note: The values for θ0 and W correspond to the remnant state at H  =  0.
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this difference to structural differences (the x  =  0.20 sample 
being tetragonal while the annealed x  =  0.16 sample is cubic), 
it is not easy to directly correlate the observed effects with 
the micro/nano structure of the samples. Specific experiments 
giving access to the atomic environment, for example those 
based on synchrotron radiation, are difficult to carry due to the 
small amount of mass available in a thin film.

We have presented and used here two free energy models: 
a cosine series expansion (up to 3rd-order) and a trapezoidal 
model. Although both models give reasonable estimates for 
the parameters, the trapezoidal model seems to give sys-
tematically odd values (larger λ, smaller θ0 and W). Since 
the domain wall width is around 30% of the half-period of 
the stripe pattern, cosine series expansion models are more 
suitable in the present case. In particular, the simple 1-mode 
cosine model gives the more consistent results. Conversely, 
whenever the domain wall width is a very small fraction of 
the half-period, of the order of a few percent, we expect the 
trapezoidal model to be more suitable.

It has recently been shown that x-ray magnetic micros-
copy can be used, through the angular dependence of its 
magnetic contrast, to quantitatively access the canted angle 
of the stripe pattern in a ferromagnetic NdCo5 thin film [15].  
However, the space resolution in the same experiment ∼ 45 nm  
is not enough to characterize the domain wall width. Here, 
we present a simpler alternative which, based on free energy 
models and the described fitting procedure, permits us to 
obtain geometrical parameters characterizing stripe patterns, 
such as the canted angle and the domain wall width, directly 
from in-plane magnetic measurements.
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