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1. Introduction

Investigation of the magnetization dynamics in systems with 

reduced dimensions is of fundamental importance to under-

stand the basic physical properties of these systems as well 

as to provide new roads to applications. The discovery of 

novel materials and the exploration of the dynamic magnetic 

response in diverse systems has provided the development 

and optimization of a wide range of technological devices in 

recent decades [1–3]. This is especially true for ferromagnetic 

�lms, which are employed in a variety of magnetic sensors 

[4, 5].

Nowadays, the progress in this �eld is highly driven by the 

emergence of magnetic devices operating at high frequency. 

In particular, spintronics devices and data storage applications 

are increasingly being used at frequencies comparable to the 
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Abstract

We investigate the thickness dependence of the magnetic anisotropy and dynamic magnetic 

response of ferromagnetic NiFe �lms. We go beyond quasi-static measurements and focus 

on the dynamic magnetic response by considering three complementary techniques: the 

ferromagnetic resonance, magnetoimpedance and magnetic permeability measurements. We 

verify remarkable modi�cations in the magnetic anisotropy, i.e. the well-known behavior of 

in-plane uniaxial magnetic anisotropy systems gives place to a complex magnetic behavior 

as the thickness increases, and splits the �lms in two groups according to the magnetic 

properties. We identify magnetoimpedance and magnetic permeability curves with multiple 

resonance peaks, as well as the evolution of the ferromagnetic resonance absorption spectra, 

as �ngerprints of strong changes of the magnetic properties associated to the vanishing of 

the in-plane magnetic anisotropy and to the emergence of non-homogeneous magnetization 

con�guration, local anisotropies and out-of-plane anisotropy contribution arisen as a 

consequence of the non-uniformities of the stress stored in the �lm as the thickness is 

increased and/or to the columnar growth of the �lm. We interpret the experimental results in 

terms of the structural and morphological properties, quasi-static magnetic behavior, magnetic 

domain structure and different mechanisms governing the magnetization dynamics at distinct 

frequency ranges.
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natural ferromagnetic resonance frequency. The response in 

these systems depends strongly on the experimental condi-

tions used to excite the magnetization dynamics, as well as the 

intrinsic and extrinsic properties of the material. In particular, 

complex magnetization dynamics relies on the anisotropy and 

non-uniformity of the magnetization, which are governed by 

structural properties of the samples. Thus, magnetic noise and 

unpredictable magnetic responses, which prevent simple and 

straightforward functioning of magnetic sensors, must be well 

understood [6–8]. This justi�es the large efforts devoted to the 

development of soft magnetic materials with high magnetic 

homogeneity for very fast magnetic switching and/or high-

frequency applications [6]. Experimentally, many techniques 

are available and may provide information on the magnetic 

properties and high-frequency magnetic response of ferro-

magnetic �lms. For instance, the ferromagnetic resonance 

(FMR) has proven to be one of the most powerful techniques 

for investigating magnetic thin �lms. It has been largely used 

to investigate intrinsic and extrinsic magnetic properties of 

these systems, in particular giving information on anisotro-

pies, magnetization relaxation mechanisms and microscopic 

interactions. All these properties are fundamental to deter-

mine the magnetization dynamics in the saturated regime  

[9–16]. However, the FMR effect in non-saturated samples are 

rarely investigated, mainly due to the relative complexity of 

the magn etic con�guration.

Aiming to investigate the dynamic properties in the unsatur-

ated magnetization regime, the ac magnetic permeability and 

magnetoimpedance (MI) techniques arise as very useful tools 

to help in the understanding of fundamental properties [3]. In 

this sense, these techniques provide complementary informa-

tion to the FMR experiment. The magnetoimpedance effect 

corresponds to the change of the real and imaginary comp-

onents of electrical impedance of a ferromagnetic conductor 

caused by the action of a quasi-static magnetic �eld. For a 

general review on the effect, we suggest [17]. The effect has 

been extensively studied in previous decades in a wide range 

of magnetic systems. In most cases, the key to understanding 

and controling the MI effect lies in the knowledge of the 

transverse magnetic permeability which, in turn, depends on 

several structural and magnetic parameters, such as effective 

anisotropy, magnetic damping, crystalline structure, and the 

geometry and thickness of the sample [18]. Therefore, the 

magnetoimpedance effect and magnetic permeability meas-

urements appear as versatile tools to investigate ferromagnetic 

materials, revealing key information on the magnetization 

dynamics over a wide range of frequencies and �elds. It also 

provides further insights on unsaturated and even saturated 

magnetization states, resonant and non-resonant regimes, as 

well as on the magnetic anisotropy, uniformity of the mag-

netization [19], nature of interactions governing the magneti-

zation dynamics and energy terms affecting the transverse 

permeability [17]. All these issues are of utmost importance 

for the understanding of the high-frequency magnetization 

switching of magnetic devices.

Therefore, the comprehension of the relations among thick-

ness, magnetic anisotropy and dynamic magnetic response of 

ferromagnetic �lms becomes crucial, being a technological 

key for magnetic storage devices, high-speed response sen-

sors and miniaturized systems that use thin �lm technology.

In this work, we report an experimental investigation of 

the magnetic properties and magnetization dynamics in fer-

romagnetic NiFe �lms with thicknesses in the range between 

50 and 1000 nm. We go beyond quasi-static measurements 

and characterize the �lms employing three complementary 

techniques: the ferromagnetic resonance, magnetoimpedance 

and magnetic permeability measurements. Thus, we address 

the thickness dependence of the magnetic anisotropy and 

dynamic magnetic response of the �lms. We verify remark-

able modi�cations of the magnetic anisotropy with thickness 

and split the �lms into two groups according to the magnetic 

properties. Besides, we show that the dynamic magnetic 

response in saturated and unsaturated states is very rich and 

strongly dependent on the thickness. We interpret the exper-

imental results in terms of the structural and morphologial 

properites, quasi-static magnetic behavior, magnetic domain 

structure and different mechanisms governing the magnetiza-

tion dynamics at distinct frequency ranges.

2. Experiment

The NiFe alloys, as NixFe100−x with ⩽ ⩽x78 82, are viewed 

as a prototype of soft magnetic material and represent an 

ideal system for basic investigations. Usually, they present 

polycrystalline structures, low coercivity, vanishing magneto-

crystalline anisotropy, near-zero magnetostriction (for ≈x 81) 

and a low damping parameter [20]. For these reasons, they 

are widely employed as magnetic material in thin �lm 

applications.

Here, we perform experiments in a set of ferromagnetic 

�lms with nominal composition Ni81Fe19 and thicknesses 

of 50, 100, 150, 200, 250, 300, 400, 500, 750 and 1000 nm. 

The NiFe �lms are deposited by magnetron sputtering onto 

glass substrates with dimensions of ×10 4 mm2. The deposi-

tion process is carried out with the following parameters: base 

vacuum of 10−7 Torr, deposition pressure of ×
−

2.0 10
3 Torr 

with a 99.99% pure Ar at 32 sccm constant �ow, and using a 

50 W DC power supply. Using these conditions, the deposi-

tion rate is 0.41 nm s−1. During the �lm deposition, the sub-

strate is submitted to a constant and homogeneous in-plane 

magnetic �eld with a magnitude of 1.5 kOe, applied perpend-

icularly to its main axis, in order to induce a magnetic aniso-

tropy and de�ne an easy magnetization axis. Figure 1 shows 

a schematic representation of a ferromagnetic NiFe �lm and 

the directions of the magnetic �elds employed in the experi-

ments. Additionally, to improve the �lm uniformity, the sub-

strate moves at constant speed through the plasma. However, 

this procedure may induce additional effects due to the varia-

tion of the incidence angle [6, 21, 22], such as tilted columnar 

growth of the �lm.

The structural and morphological characterization is 

obtained by x-ray diffraction and transmission electron 

microscopy. X-ray diffraction experiments are performed 

using CuKα radiation. While low-angle x-ray diffraction is 

employed to determine the deposition rate and calibrate the 

�lm thickness, high-angle x-ray diffraction measurements 
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are used to verify the structural character of the samples. 

Moreover, further structural information is provided by cross-

section transmission electron microscopy, in the bright and 

dark �eld imaging modes, as well as with selected electron 

area diffraction technique, obtained with a JEOL-2100 trans-

mission electron microscope.

All the experiments in this study are performed at room 

temperature. The in-plane magnetic properties are obtained 

through magnetization curves, measured with a vibrating 

sample magnetometer, with the magnetic �eld H applied both 

along ( �φ = 0 ) and perpendicular ( �φ = 90 ) to the main axis 

of the �lms. To obtain further information on the magnetic 

behavior and magnetic domain morphology, images of the 

domain structure of the �lms are acquired using high-resolu-

tion longitudinal Kerr effect experiments and magnetic force 

microscopy. In particular, all images are taken at the rema-

nence, after in-plane magnetic saturation.

The dynamic magnetic response of the �lms is investigated 

through three techniques: FMR, MI, and magnetic perme-

ability measurements. The techniques use the same magnetic 

�elds con�guration, in which the sample is simultaneously 

submitted to a magnetic �eld H and a transverse alternating 

magnetic �eld with amplitude Hac and frequency f. Here, fol-

lowing the quasi-static magnetic characterization, we de�ne φ 

as the angle between H and the main axis of the �lm, as shown 

in �gure 1.

The FMR experiment is performed using a homemade 

X-band spectrometer operating at 9.5 GHz. The sample is 

mounted on the tip of an external goniometer and inserted in 

the center of a TE102 rectangular microwave cavity, with Q 

factor of 2500 and an oscillator-cavity frequency stabiliza-

tion circuit. The quasi-static magnetic �eld H, applied in the 

plane of the �lm, varies from 0.6 up to 1.6 kOe. Helmholtz 

coils on the cavity walls modulate the �eld at 99 kHz, allowing 

the lock-in detection of the derivative of the absorption 

spectra. The set up allows the rotation of the sample. Thus, 

the resonance �eld HR as a function of the angle φ is deter-

mined by �tting the derivative of the absorption spectra. For 

further details on the experiment and analysis, we recommend  

[13, 23, 24].

The MI effect is measured using a rf-impedance analyser 

Agilent model E4991, with E4991A test head connected to a 

microstrip in which the sample is the central conductor, sep-

arated from the ground plane by the substrate. The electric 

contacts are made with low resistance silver paint. To avoid 

propagation effects and acquire just the sample’s contribution 

to MI, the analyser is calibrated at the end of the connection 

cable by performing open, short and load (50 Ω) measure-

ments using standard references. The alternating electric cur-

rent iac and quasi-static magnetic �eld H are both along the 

main axis of the �lm, �φ = 0 . MI measurement is taken over a 

frequency range between 0.5 and 3.0 GHz, with a maximum 

�eld of  ±350 Oe. While the magnetic �eld is varied, a 0 dBm 

(1 mW) constant power is applied to the sample, character-

izing a linear regime of driving signal. Thus, at a given �eld 

value, the frequency sweep is made and the real R and imagi-

nary X components of the impedance Z are simultaneously 

acquired. The dispersion relation curve, i.e. the resonance 

frequency for each magnetic �eld value, is obtained from the 

usual procedure of plotting the position in frequency of the 

peaks of the R component, located at the same frequency of 

the zero crossing of the X one, for each magnetic �eld value. 

For further information on the whole experimental procedure, 

we suggest [18].

The magnetic permeability results are obtained using an 

experimental setup based on the transmission line perturba-

tion method, in which the sample is inserted in a segment 

of a transmission line, leading to changes of characteristic 

param eters of the whole system, such as impedance, permit-

tivity and effective magnetic permeability. Measurements of 

the re�ection coef�cient S11 are performed using a vector 

network analyser Rohde & Schwarz model ZVB14. The 

microstrip is constructed directly on the SMA rf connector 

[25] with a characteristic impedance of  ≈ Ω50 . The line 

length is 6.5 mm and the upper line and ground plate sepa-

ration is 0.5 mm, twice the substrate thickness. Similarly to 

the MI measurement, the microstrip line and quasi-static 

Figure 1. Schematic representation of a ferromagnetic NiFe �lm, 
where the in-plane magnetic �eld applied during the deposition is 
perpendicular to the main axis of the substrate, and the directions of 
the magnetic �elds employed in the magnetization, FMR, MI and 
magnetic permeability experiments. All experiments are performed 
with the �elds in the plane of the �lm. Notice that for the dynamic 
magnetic characterization, the respective alternating magnetic 
�eld Hac is always transverse to the orientation of the quasi-static 
magnetic �eld H. Here, we de�ne φ as the angle between H and the 
main axis of the �lm.

Figure 2. High angle x-ray diffraction pattern for the NiFe �lm 
with thickness of 500 nm. The (1 1 1) and (2 0 0) NiFe peaks are 
identi�ed at �

θ≈2 44.2  and �
θ≈2 51.5 , respectively, indicating the 

polycrystalline state of the �lm. The �lms with distinct thicknesses 
present similar behavior. The inset shows the evolution of the grain 
size as a function of the �lm thickness.

J. Phys. D: Appl. Phys. 50 (2017) 185001
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magnetic �eld H are along the main axis of the �lm, �φ = 0 . 

The permeability measurements are taken over a wide fre-

quency range, from 0.05 up to 7.0 GHz, with a maximum 

�eld of  ±220 Oe. Initially, the analyser is also calibrated at 

the end of the connection cable by performing the open, short 

and load ( Ω50 ) measurement procedures. To the measure-

ments, the calibration plane is dislocated to the beginning of 

the microstrip line. The real µ′ and imaginary ″µ  components 

of the magnetic permeability µ are determined through an 

analytical approach from the measurements of the re�ection 

coef�cient S11 of the microstrip line when empty, loaded 

with a substrate with the same dimensions of the sample, and 

with the own sample, following the procedure discussed in 

detail in [25, 26]. The dispersion relation curve is obtained 

by considering a procedure very similar to that performed 

for the MI results. However, here, the typical behavior for 

ferromagnetic resonance is found by plotting the position in 

frequency of the ″µ  component of the magnetic permeability, 

which occurs simultaneously to the zero crossing of the ″µ  

one, for each magnetic �eld value [6].

3. Results and discussion

We �rst characterize the �lms from the structural and mor-

phological point of views. Following, we investigate the 

quasi-static magnetic behavior. This shows remarkable mod-

i�cations in the magnetic anisotropy and magnetic proper-

ties (hysteresis loops, coercive �elds, etc) with the thickness. 

In a third moment, we investigate the dynamic magnetic 

response through three distinct and complementary tech-

niques. The dynamic magnetic characterization reveals the 

increase of the complexity of the whole sample as the �lm 

thickness is raised.

3.1. Structural and morphological characterization

Structural and morphological characterization is obtained 

by x-ray diffraction and transmission electron microscopy. 

Figure 2 shows the high-angle x-ray diffraction pattern for the 

�lm with a thickness of 500 nm. Similar behavior is veri�ed 

for the �lms with different thicknesses. In this case, the pat-

tern indicates the polycrystalline state of all �lms, assigned 

by the well-de�ned and high-intensity (1 1 1) and (2 0 0) NiFe 

peaks, identi�ed at �
θ≈2 44.2  and �

θ≈−2 51.5 , respectively. 

No evidence of evolution of the texture is veri�ed with thick-

ness, i.e. although the peaks have an increase of intensity 

as the �lms become thicker as expected, the relative inten-

sity between them keeps invariant. However, the width of 

the peaks decreases as the thickness increases, revealing the 

raise of the grain size. In particular, the grain size calculated 

from the width at the half height of the (1 1 1) peak using the 

Scherrer method [27] remains between 3 and 16 nm, as shown 

in the inset of �gure 2.

Figure 3 presents the results of transmission electron 

microscopy for the �lm with thickness of 50 nm, as a repre-

sentative example of the general features veri�ed for this set. 

Figure 3(a) shows the bright �eld cross-section transmission 

electron microscopy image. Besides probing the morphology 

and structural character of the material, the transmission elec-

tron microscopy images con�rm the thickness of the �lms. 

In particular, differences smaller than 2% with respect to the 

nominal thickness are found, placing the sputtering as a reli-

able technique to produce reproducible samples. Selected elec-

tron area diffraction analysis, shown in �gure 3(b), discloses 

Figure 3. Results of transmission electron microscopy for the �lm 
with thickness of 50 nm. (a) Bright �eld cross-section transmission 
electron microscopy image. The white circle shows the limits of 
the area investigated through the diffraction technique. (b) Selected 
electron area diffraction pattern, where the diffraction rings with 
interplanar spacings dhkl matching to the (1 1 1), (2 0 0), (2 1 0), 
(2 2 0), (3 1 1), (2 2 2), (4 0 0) and (3 3 1) planes of NiFe are observed. 
The standard pattern and dhkl-spacings for the NiFe alloy are 
obtained from the CIF 01-071-8324. The acquired pattern con�rms 
the polycrystalline state of the �lm previously veri�ed through the 
high-angle x-ray diffraction results. The white circle in (b) indicates 
the diffraction spot considered to the obtainment of the dark �eld 
image presented in the following. (c) Dark �eld image obtained 
from the spot of the (1 1 1) NiFe plane. The white circle delimits the 
part of the sample in which the high-resolution images are taken. 
In the inset, the high-resolution transmission electron microscopy 
image reveals the tilted columnar growth of the �lm, in which the 
1 1 1⟨ ⟩ direction has an inclination angle of about �

13.2  with respect 
to the normal of the substrate. The �lms with distinct thicknesses 
present similar features as well.

J. Phys. D: Appl. Phys. 50 (2017) 185001
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a typical pattern of a polycrystalline material, assigned by 

the presence of diffraction rings with interplanar spacings 

dhkl matching to the (1 1 1), (2 0 0), (2 1 0), (2 2 0), (3 1 1), 

(2 2 2), (4 0 0) and (3 3 1) planes of NiFe, in agreement with 

dhkl-spacing for a face-centered cubic fm-3m space group. 

Moreover, it is possible to note the presence of spots indi-

cating some degree of preferential growth direction, being the 

most intense spots associated with the (1 1 1) NiFe plane, cor-

roborating the high-angle x-ray diffraction results. Figure 3(c) 

presents a dark �eld image obtained from the spot of the (1 1 1) 

NiFe plane shown in �gure 3(b). The bright regions uncover 

that the �lm is formed by columns with different growth 

directions. In the inset, the high resolution transmission elec-

tron microscopy image from the diffracted region reveals the 

tilted columnar growth, in which the ⟨ ⟩1 1 1  direction has an 

inclination angle of about �
13.2  with respect to the normal of 

the substrate.

3.2. Quasi-static magnetic characterization

Quasi-static magnetic characterization is obtained through 

magnetization curves. Figures 4(a) and (b) show the magneti-

zation curves, measured with the magnetic �eld, both applied 

along and perpendicular to the main axis, obtained for NiFe 

�lms with selected thicknesses. And �gure 4(c) presents the 

thickness dependence of the coercive �eld Hc, saturation �eld 

Hs and normalized remanent magnetization /M Mr s, obtained 

from the magnetization curves measured for �φ = 90 .

When analysed as a function of the thickness, an evolution 

in the shape of the magnetization curves is noticed, indicating 

the existence of a critical thickness range, which splits the 

�lms into two groups according to the magnetic properties. 

Here, the change of magnetic behavior is veri�ed in the range 

between 150 and 200 nm.

Films below 150 nm exhibit behavior of a classical in-plane 

uniaxial magnetic anisotropy system [28]. The angular depend-

ence of the curves indicates a well-de�ned in-plane uniaxial 

magnetic anisotropy, without any out-of-plane comp onent, 

induced by the magnetic �eld applied during the deposition. 

For �φ = 90 , a square loop is acquired, since the magnetic 

�eld is along the induced easy magnetization axis. The �lms 

have low Hc values, and this coercivity is primarily related to 

the uniaxial anisotropy and to the existence of pinning centers 

for the domain walls due to the surface irregularities [29]. The 

domain wall motion is the main mechanism acting during the 

magnetization reversal, a fact revealed by the own shape of 

the curve and by the almost constant values of ≈H Hs c and 

/ ≈M M 0.97r s . On the other hand, for �φ = 0 , a slightly tilted 

loop with low remanence appears once the magnetic �eld is 

perpendicular to the easy axis. The non-zero coercive �eld and 

area of the magnetization curve are evidences of the existence 

of some dispersion of the magnetic anisotropy [30]. Reversible 

and irreversible rotations of the magnetization are the main 

responsibles by the magnetization reversal process.

The magnetic properties of these �lms and the main fea-

tures of the magnetization curves are well described by a mod-

i�ed Stoner–Wohlfarth model [30–33], previously studied by 

our group, which mimics anisotropic systems with magn-

etic aniso tropy dispersion. In particular, based on numer ical 

calcul ations performed with the theoretical approach for a 

system with effective uniaxial magnetic anisotropy, the �lms 

below 150 nm can be characterized by the saturation magneti-

zation of ≈M 780s  emu cm−3 and anisotropy �eld Hk values 

in the range between 5 and 10 Oe, corresponding to values 

of effective anisotropy constant =K MHeff

1

2
s k from  ≈1.9 up 

to  ≈3.9 kerg cm−3, values compatible with those found in lit-

erature for Permalloy �lms [34–36].

Regarding the magnetic domain structure, �gure  5(a) 

depicts the domain pattern veri�ed for the �lms thinner than 

150 nm. In particular, it is well-known that the magnetic struc-

ture for �lms, within this thickness range and with in-plane 

uniaxial magnetic anisotropy, is characterized by large in-

plane domains with antiparallel magnetization oriented along 

the easy axis, separated by various types of domain walls 

(Néel, cross-tie, asymmetric Néel, and Bloch walls) strongly 

dependent on the �lm thickness [6, 36–39].

On the other hand, �lms above 200 nm have isotropic in-

plane magnetic properties, with an out-of-plane anisotropy 

Figure 4. ((a) and (b)) Normalized magnetization curves for the NiFe �lms with thicknesses of 50 and 500 nm, measured with the magnetic 
�eld H applied along ( �φ = 0 ) and perpendicular ( �φ = 90 ) to the main axis of the �lms. For this set of �lms, a change of magnetic 
behavior is veri�ed in the thickness range between 150 and 200 nm. Films with thicknesses below 150 nm present behavior similar to that 
of the 50 nm-thick �lm, typical of an in-plane uniaxial magnetic anisotropy system, while the �lms above 200 nm have the same features 
observed for the �lm with thickness of 500 nm, i.e. isotropic in-plane magnetic properties, with an out-of-plane anisotropy contribution. 
(c) Coercive �eld Hc, saturation �eld Hs and normalized remanent magnetization M Mr s/ , obtained from the magnetization curves measured 
for �φ = 90 , as a function of the �lm thickness. The gray zone represents the critical thickness range, which splits the �lms into two groups 
according to the magnetic behavior.

J. Phys. D: Appl. Phys. 50 (2017) 185001
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contrib ution [26, 36–40]. The remarkable change in the shape 

of the magnetization curves reveals the deterioration of the soft 

magnetic properties observed for the thinner �lms. The curves 

are unchanged whatever the orientation of the applied in-plane 

magnetic �eld, a �ngerprint of the so-called rotatable aniso-

tropy effect [36, 37, 40]. Moreover, they are characterized by 

an abrupt magnetization reversal at �elds close to the coercive 

�eld, occurring mainly through domain wall motion, followed 

by a linear approach to the magnetic saturation, in which the 

main magnetization reversal mechanism becomes the magneti-

zation rotation.

The observed behavior is essentially related to the stress 

stored in the �lm as the thickness is increased and/or to the 

tilted columnar growth arisen due to the oblique incidence of 

the sputtered particles during the deposition [6, 21, 22, 34, 41], 

the latter clearly evidenced in �gure 3(c). The characteristic 

shape of the magnetization curve appears to result from the 

juxtaposition of both hard and soft magnetic regions of a non-

homogeneous magnetic system [6]. The initial increase of Hc 

with thickness is attributed to the formation of stress centers 

in the bulk of the samples during the growth process [29]. The 

further decrease is related to the higher contrib ution of the 

magnetization rotation to the magnetization reversal process, 

due to local anisotropies and perpendicular aniso tropy. This 

contribution is also responsible for the loss of the square shape 

of the magnetization curves, resulting in a noticeable decrease 

of /M Mr s and considerable increase of Hs. In particular, the 

latter is directly connected to the value of the perpendicular 

anisotropy =⊥K MH
1

2
s s [39], since the aniso tropy �eld Hk can 

be estimated at the �eld at which rotations start appearing, 

considering the curve coming from saturation [42]. Thus, by 

assuming Ms  =  780 emu/cm3, the out-of-plane anisotropy 

constant presents values in the range between  ≈29 and  ≈102 

kerg cm−3.

Concerning the magnetic domain structure in the �lms 

thicker than 200 nm, the emergence of rotatable magnetic 

anisotropy and out-of-plane anisotropy contribution, as well 

as the general magnetic behavior and characteristic shape of 

the magnetization curve, uniquely indicates the presence of 

a stripe magnetic domains pattern [6, 36, 37, 39, 40, 43–45]. 

They are clearly evidenced in �gure 5(b). The period of the 

stripes is comparable to the �lm thickness [37, 39]. It is known 

that the stripe domain structure is established by applying a 

magnetic �eld high enough to magnetically saturate the �lm 

along an in-plane direction, and then reducing the �eld to 

zero [37]. As a consequence of the stripe domains, an induced 

rotatable anisotropy appears as a pseudo-uniaxial aniso tropy 

aligned along the direction of the stripes [36, 46]. Its magni-

tude is comparable or even much higher than the one of the 

uniaxial anisotropy induced by the magnetic �eld applied 

during the deposition, as previously shown.

Similar dependence of the magnetic behavior with thick-

ness has been already veri�ed by several groups, considering 

samples with different compositions and using distinct exper-

imental techniques [6, 26, 36–40, 46–52]. For our set of NiFe 

�lms, as aforementioned, the change of magnetic behavior is 

found to occur between 150 and 200 nm. However, we point 

out that this critical thickness range is strongly dependent on 

the preparation conditions of the �lms, such as substrate, pres-

sure and power deposition, as well as on the own composition 

of the alloy, since this latter affects magnetic parameters as 

the magnetostriction constant and magnetocrystalline aniso-

tropy [46, 52]. For these reasons, reports indicating distinct 

critical thickness ranges may be found in literature [26, 36, 

40, 46, 47]. Anyway, the interpretation for the dependence of 

the magnetic behavior with the �lm thickness is common for 

all studies. The change of the magnetic behavior with thick-

ness is usually associated to a competition between the planar 

demagnetization energy, the shape anisotropy energy, magne-

toelastic energy and the domain wall energy [53]. Thus, for 

the �lms with thicknesses below the critical thickness range, 

the magnetic �eld applied during the deposition and the planar 

demagnetization energy term are mainly responsible for the 

in-plane and uniaxial magnetic anisotropies [53]. In the case 

of the �lms with thicknesses above this range, the in-plane 

magnetic anisotropy is obscured by the local stress stored in 

the �lm during deposition, as well as by the emergence of 

local anisotropies and non-homogeneous magnetization con-

�guration as the thickness increases. Besides, it is veri�ed 

that the tilted columnar growth, due to oblique incidence of 

the sputtered particles, can also be responsible for creating 

an effective out-of-plane perpendicular magnetic anisotropy 

contribution [6, 21, 22, 34, 40, 41].

3.3. Dynamic magnetic response

The quasi-static magnetic properties play a fundamental role 

on the magnetization dynamics. Thus, strong modi�cations in 

dynamic magnetic response are expected as the �lm thickness 

is varied. Here, the dynamic measurements are carried out by 

the FMR, MI and magnetic permeability experiments.

Figure 6 shows the derivative of the FMR absorption 

spectra, measured with the in-plane magnetic �eld H, both 

Figure 5. Magnetic domain structure for the NiFe �lms with 
thicknesses of (a) 100 and (b) 200 nm. Films with thicknesses below 
150 nm present a domain structure similar to that of the 100 nm-
thick �lm, characterized by large in-plane domains with antiparallel 
magnetization oriented along the easy axis. Within this thickness 
range, the images are acquired by high-resolution longitudinal Kerr 
effect experiments and the image size is µ×400 400  m2. The �lms 
above the critical thickness range have the same features observed 
for the 200 nm-thick �lm, which presents stripe domain structure. 
For this thickness range, the images are acquired by magnetic force 
microscopy and the image size is µ×30 30  m2. All images are taken 
at the remanence, after in-plane magnetic saturation. Speci�cally 
considering these images, the �eld is applied along the vertical 
direction.
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applied along and perpendicular to the main axis of the sam-

ples, for NiFe �lms with selected thicknesses. Interesting fea-

tures related to the shape of the resonance spectra reside in 

the dependence on the number of resonance modes, as well 

as on the amplitude and position of the modes, with the �lm 

thickness.

With respect to the number of modes, the 50 nm-thick 

�lm presents spectra with a single FMR mode. Although 

measurements were performed considering wider magn-

etic �eld ranges, no evidence of further resonance modes 

is observed. In particular, this behavior with a single FMR 

mode is expected for single systems with homogeneous in-

plane magnetization con�guration, as observed in most �lms 

with in-plane uniaxial anisotropy and polycrystalline struc-

ture [13, 36, 46, 54, 55].

Thicker �lms have spectra with two resonance modes, with 

distinct amplitudes and variable separation. The resonance 

mode with higher amplitude corresponds to the well-known 

main precession mode, while the smaller one is attributed to a 

secondary resonance mode [54].

The secondary mode has �ngerprints of a perpendicular 

standing spin wave (PSSW) mode [56, 57]. For the �lms 

with thicknesses of 100 and 150 nm (the latter not shown 

here), which still present in-plane uniaxial magnetic aniso-

tropy, the secondary resonance mode may be associated to 

non-homogeneous magnetization con�guration and some 

dispersion of the magnetic anisotropy. Despite the similar 

magnetic behavior, these �lms have slightly higher aniso-

tropy dispersion if compared with the 50 nm-thick �lm, a 

fact related to the local stress stored in the �lm as the thick-

ness increases. For the �lms with thicknesses above 200 nm, 

presenting isotropic in-plane magnetic properties and out-

of-plane magnetic anisotropy contribution, the secondary 

resonance mode in turn is a response of regions with local 

anisotropies originated from the non-uniformity of the stress 

[6]. In particular, similar FMR spectra are characteristic of 

systems with non-homogeneous magnetization con�gura-

tion [15, 54, 56, 57].

Regarding the amplitude and position of the resonance 

modes, both are strongly dependent on the magnetic behavior 

and on the �lm thickness. The main resonance mode has 

much higher amplitude than the secondary resonance one, as 

expected [58]. Moreover, an evolution in the position of the 

resonance modes as the thickness increases can be noticed. 

Considering �φ = 0 , the spectrum with the single resonance 

mode, located at  ≈  1.0 kOe, observed for the 50 nm-thick 

�lm initially evolves to a pattern with two well-de�ned and 

separated resonance modes, located at  ≈0.95 and  ≈1.20 kOe, 

veri�ed for the �lm with thickness of 100 nm. A continuous 

displacement of both resonance modes toward  ≈1.07 kOe is 

veri�ed as the �lms become thicker, following the modi�ca-

tions of the quasi-static magnetic properties. The �lms with 

100 and 150 nm (the latter not shown), with in-plane magnetic 

anisotropy, still present separated resonance modes. However, 

as a signature of the change of magnetic anisotropy and the 

emergence of isotropic in-plane magnetic properties, the reso-

nance modes start overlapping, evidenced in the curve for the 

200 nm-thick �lm, and merge, as identi�ed for the �lm with 

500 nm, as the thickness increases.

From the derivative of the FMR absorption spectra, �gure 7 

shows the in-plane angular dependence of the resonance 

�eld HR and the FMR linewidth ∆H of the main precession 

Figure 6. Derivative of the FMR absorption spectra for NiFe 
�lms with selected thicknesses at resonance frequency =f 9.5

r
 

GHz. Although the curves are acquired for several φ values, just 
the results for �φ = 0  and �

90  are shown here in order to make the 
visualization clearer.
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mode for NiFe �lms with selected thicknesses, as representa-

tive examples of the �lms with distinct quasi-static magnetic 

behaviors.

The in-plane angular dependence of the FMR linewidth 

∆H for both 100 and 200 nm-thick �lms is roughly constant, 

despite some �uctuations. Similar behavior is veri�ed for all 

samples.

Regarding the resonance �eld, the in-plane angular 

dependence of HR con�rms that the 100 nm-thick �lm has 

a clear in-plane uniaxial magnetic anisotropy, with the easy 

magnetization axis oriented perpendicularly to the main axis 

(See �gure 1). This feature is ascribed to the fact that the HR 

reaches the maximum (minimum) value when H is perpend-

icular (parallel) to the easy magnetization axis. These cases 

are respectively identi�ed for �φ = 0  and �
90 . Similar general 

behavior is veri�ed for the all �lms with thicknesses below 

150 nm, as expected.

Further, thicker �lms share curves of HR as a function of 

the angle φ that are similar to that measured for the 200 nm-

thick �lm. They are characterized by roughly constant HR 

values, evidencing the in-plane magnetic isotropic behavior 

previously veri�ed through the magnetization curves. The 

slight variation of the HR values is a �ngerprint of a residual 

uniaxial anisotropy induced by the magnetic �eld applied 

during the deposition, which is not completely obscured by 

the local stress stored in the �lm.

The equation for the resonance frequency can be expressed 

as a function of the second derivatives of the magnetic free 

energy, from the well-known Smith-Beljers relation [59, 60], 

and it is
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where fr is the resonance frequency of the main precession 

mode, ħ/γ µ= g B  is the gyromagnetic ratio associated to the 

effective g-Landé coef�cient, θM and ϕ
M

 are the polar and 

azimuthal angles of the magnetization, respectively, at equi-

librium magnetization con�guration for a given value of the 

applied �eld, and E is the magnetic free energy density of the 

system.

Here, from equation (1), following the procedure described 

in [13] and considering the magnetic free energy for an uni-

axial anisotropy system, the angular dependence of the reso-

nance �eld HR as a function of the anisotropy �eld Hk and 

effective magnetization πM4 eff can be written as

( / ) /π γ π φ= −H f M H2 4 2 sin .R kr
2

eff
2 (2)

In particular, considering =f 9.5
r

 GHz and /γ π =2 2.94 GHz 

kOe−1 [13, 61], for �lms with thickness below 150 nm, Hk 

values are found in the range between 7 and 24 Oe, in good 

agreement with the values previously veri�ed from the quasi-

static magnetic characterization.

The value of πM4 eff varies signi�cantly with the �lm thick-

ness. A decrease from π =M4 10.55eff  kG to 8.73 kG is veri-

�ed as the thickness varies from 50 to 100 nm. Above 100 nm, 

the effective magnetization continuously increases with 

the thickness, reaching up to  ≈9.9 kG for the thicker �lms. 

This latter variation of πM4 eff is devoted to the reduction of 

the surface anisotropy, given that they are related through 

/π π= −M M K M t4 4 2s s seff , where /K M t2 s s  is the surface aniso-

tropy �eld, Ks is the surface anisotropy constant, and t is the 

�lm thickness [62]. Similar behavior of πM4 eff with thick-

ness has been previously reported for Permalloy �lms and the 

values obtained here are consistent with those found in litera-

ture [35, 62–64].

Table 1 summarizes the mean values of FMR linewidth and 

effective magnetization for the NiFe �lms at selected thick-

nesses. The features evidenced by the FMR experiments are 

in agreement with the ones veri�ed through the quasi-static 

magnetic characterization and are corroborated by the mag-

netoimpedance and magnetic permeability results.

Figures 8 and 9 show the general view of the impedance 

Z and relative magnetic permeability /µ µ
o
 for NiFe �lms 

Table 1. Parameters obtained from the best �ts to the experimental 
FMR data, at =f 9.5

r
 GHz, for the NiFe �lms at selected 

thicknesses.

Thickness (nm) ∆H⟨ ⟩ (Oe) πM4 eff (kG)

50 32 10.55

100 41 8.73

200 37 9.42

500 38 9.87

Figure 7. In-plane angular dependence of (a) the resonance �eld 
HR and (b) the FMR linewidth ∆H of the main precession mode, 
with =f 9.5

r
 GHz, for the NiFe �lms with thicknesses of 100 

and 200 nm, as representative examples of the �lms with distinct 
quasi-static magnetic behaviors. In (a), the solid lines, red and blue, 
are the theoretical �ts obtained from relation (2) and by using the 
appropriate magnetic free energy term for an uniaxial anisotropy 
system, following the procedure described in [13].
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Figure 9. Two-dimensional plot of the relative magnetic permeability µ µ
o

/  as a function of both quasi-static in-plane magnetic �eld H 
and frequency f for NiFe �lms with selected thicknesses. The curves are obtained for �φ = 0 . The curves are acquired over a complete 
magnetization loop and present hysteretic behavior. Here we show just part of the curve, when the �eld goes from negative to positive 
values. Notice the remarkable similarities among the impedance Z and relative magnetic permeability µ µ

o
/  for each �lm thickness.

Figure 8. Two-dimensional plot of the impedance Z as a function of both quasi-static in-plane magnetic �eld H and frequency f for NiFe 
�lms with selected thicknesses. The curves are obtained for �φ = 0 . Although the curves are acquired over a complete magnetization 
loop and present hysteretic behavior, here we show just part of the curve, when the �eld goes from negative to positive values. Films with 
thicknesses below 150 nm present similar behavior, characteristic of typical uniaxial systems, while �lms above 200 nm present a complex 
magnetic behavior, depicted by several ferromagnetic resonance peaks detected at relatively low �elds.
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with selected thicknesses, obtained for �φ = 0 . By consid-

ering the two-dimensional plot, it is possible to observe the 

behavior of Z and /µ µ
o
 as a function of both quasi-static 

magnetic �eld H and frequency f. In particular, the magneto-

impedance and magnetic permeability curves are acquired 

over a complete magnetization loop and present hysteretic 

behavior. However, here we show just part of the curves, in 

which the measurements start from the negative �eld, with 

amplitude high enough to magnetically saturate the �lms, 

followed by the quasi-static sweep of the �eld up to the 

maximum positive value. When the �eld goes from positive 

to negative values, the behavior of both curves is reversed, 

a feature associated to the magnetization reversal process in 

the descending branch of the magnetization loop. From the 

�gures, notice the striking similarity among the results pro-

vided by these techniques, a fact that is not a surprise since 

electrical impedance and magnetic permeability are closely 

related [31, 33].

Films below 150 nm present the well-known symmetric 

behavior around H  =  0 of anisotropic systems, including the 

dependence with the magnetic �eld amplitude, frequency and 

the orientation of the quasi-static magnetic �eld H and alter-

nating magnetic �eld Hac with respect to the magnetic aniso-

tropies [33]. The curves have a double peak structure6 for the 

whole frequency range, a feature of the FMR relation disper-

sion for an uniaxial magnetic anisotropy system [32, 65, 66], 

in a signature of the simultaneous alignment the alternating 

magnetic �eld with the easy magnetization axis, and perpend-

icular alignment of the quasi-static magnetic �eld H with the 

same easy axis [67].

For frequencies below 0.15 GHz, the double peak behavior 

is not clearly observed, due to the reduced thickness of the 

�lms and to the very low Z and /µ µ
o
 variations. For frequen-

cies of  ≈0.5 GHz, the peaks appear and are located close 

to the anisotropy �eld Hk. This feature relates, in the �rst 

moment, the quasi-static and dynamical magnetic properties. 

For frequencies beyond this value, the FMR effect becomes 

an important mechanism responsible by the Z and /µ µ
o
 varia-

tions, a fact evidenced by the displacement of the position of 

the peaks in the double peak structure toward higher �elds as 

the frequency is increased, following the behavior predicted 

by the FMR dispersion relation [65, 66]. This contribution of 

the FMR effect is also con�rmed using the method described 

by Barandiarán et  al [68] and previously employed by our 

group [48].

The resonance peaks in the double peak structure, for 

a given frequency, can be associated to the main resonance 

mode [36] previously observed in the FMR experiment. The 

emergence and raise of some dispersion of the magnetic aniso-

tropy are evidenced here by the width of the peaks, which are 

veri�ed wider for the �lm with thicknesses of 100 and 150 nm 

(the latter not shown here) when compared to the results for 

the 50 nm-thick �lm.

In contrast to the spectra of the �lms below 150 nm, the 

�lms with thicknesses above 200 nm present complex magn-

etic behavior, depicted by several resonance peaks detected at 

relatively low �elds. The displacement of the position of each 

peak in the multiple peaks structure toward higher �elds as the 

frequency is increased con�rms the ferromagnetic resonance 

effect as the main mechanism responsible for the Z and /µ µ
o
 

variations.

In particular, even the �lms thicker than 200 nm present an 

out-of-plane anisotropy contribution, the several resonance 

peaks are not interpreted in terms of perpendicular standing 

spin waves. This is justi�ed since the frequency range employed 

in these experiments is much smaller than that in which these 

waves are usually observed [69]. Also, the resonance peaks 

seem not to be quantized, a required condition for the appear-

ance of standing spin waves [70].

In this sense, the multiple resonance peaks are associated 

to regions with local anisotropies originated from the non-

uniformity of the stress [6], as well as to different spin regions 

(part of domains, closure domains and domain walls) of the 

stripe domains [36, 46, 52]. This fact becomes plausible since 

the �lms are in an unsaturated state. Moreover, given that each 

region responds independently to the alternating magnetic 

�eld, the raise of the number of resonance peaks is consistent 

to the expected increase of the whole system complexity with 

thickness.

The ferromagnetic resonance peaks can also be analyzed 

through the �eld dependence of the resonance frequency, i.e. 

considering the dispersion relations determined from equa-

tion (1). Since the techniques employed here share the same 

�eld con�guration, it is expected that equation  (2) can also 

be employed to describe the relation between resonance fre-

quency fr and quasi-static magnetic �eld H. Considering only 

high-�eld data, where the contribution of the anisotropy �eld 

can be neglected, i.e. ≫πM H4 eff , it predicts a straight line 

with zero intercept for the plot of f
r

2 versus H which can be 

expressed by

( / )γ π π≈f H M2 4 ,
r

2 2
eff (3)

whose slope is determined by the effective magnetization of 

the material [18].

Figure 10 shows the dispersion relations obtained from the 

results of the impedance Z and relative magnetic permeability 

/µ µ
o
, �φ = 0 , for NiFe �lms with selected thicknesses.

Films below 150 nm present a typical behavior of ferro-

magnetic resonance, which obeys a linear relation with the 

straight line �t passing through the origin. Thus, in this case, 

the �ts corroborate the decrease of the effective magnetiza-

tion previously veri�ed through the FMR experiment. A 

change from π ≈M4 9eff  to 7 kG is obtained as the thickness 

varies from 50 to 100 nm, such that a good agreement of the 

πM4 eff values determined through the three techniques can 

be found.

For �lms with thicknesses above 200 nm, the dispersion 

relations deviate from the single linear behavior. A non-linear 

relationship between f
r

2 and H occurs at �elds below Hs, 

since the magnetization is not a constant value and is strongly 

6 Notice that, in the context of magnetoimpedance and magnetic permeabil-

ity experiments, the terminology ‘double peak structure’ refers to curves that 

present two resonance peaks, i.e. one peak located at negative �eld values 

and another at positive �eld ones.
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dependent on the quasi-static magnetic �eld. Moreover, the 

remarkable asymmetric behavior in the dispersion relations 

also evidences the magnetization reversal process and the 

presence of magnetic domain structure, since the sample is 

not magnetically saturated. We point out that the curves are 

obtained from measurements with increasing �elds, in which 

the �eld starts from a maximum negative value and is varied 

up to the maximum positive one. In particular, when the �eld 

goes from positive to negative values, the dispersion relations 

and the asymmetric behavior are reversed due to the magneti-

zation reversal process in the descending branch of the mag-

netization loop.

The linear dependence of f
r

2 with H is expected just when 

the �lm is magnetically saturated. In particular, this fact is 

con�rmed for �lms below 150 nm, which have a square mag-

netization loop, with low ≈H Hs c. For the thicker �lms, linear 

dependence is just veri�ed in a very restricted range at high 

magnetic �eld values, above Hs. Consequently, the limited 

range is not suitable for obtaining a precise and reliable esti-

mation of πM4 eff. On the other hand, the dispersion relations 

clearly evidence that the multiple peaks structure, veri�ed in 

the Z and /µ µ
o
 results, is directly related to the FMR effect. 

This is in concordance with previous studies reported in litera-

ture, in which experiments of zero-�eld dynamic permeability 

[6, 36], FMR [54, 71] and dynamic micromagnetic approach 

[52] exhibit spectra with several absorption peaks for �lms 

with thicknesses above the critical range.

4. Conclusion

In conclusion, we have investigated the thickness dependence 

of the magnetic anisotropy and dynamic magnetic response of 

ferromagnetic NiFe �lms with thicknesses in the range between 

50 and 1000 nm. Firstly we have characterized the �lms from 

structural and morphological point of views, as well as inves-

tigating the quasi-static magnetic behavior. Our achievements 

show remarkable modi�cations in the magnetic anisotropy 

and magnetic properties with the �lm thickness. In a second 

moment, we have moved forward and investigated the dynamic 

magnetic response by means of three complementary tech-

niques: the FMR, MI and magnetic permeability measurements.

From the results obtained through this experimental invest-

igation, we have veri�ed an increase of the crystalline grain 

size with thickness, although no evidence of evolution of the 

texture has been found. Moreover, we have split the �lms with 

different thicknesses into two groups according to the magn-

etic properties, and revealed the increase of the complexity 

of the whole sample as the �lm thickness is raised. For our 

set of �lms, there is a change of magnetic behavior for the 

critical thickness range between 150 and 200 nm. Films with 

thicknesses below 150 nm exhibit behavior of a classical in-

plane uniaxial magnetic anisotropy system. In particular, they 

present two resonance modes in the FMR experiment, except 

the 50 nm-thick �lm, as well as a double peak structure in the 

MI effect and magnetic permeability curves. For �lms thicker 

than 200 nm, the quasi-static magnetization measurements 

indicate isotropic in-plane magnetic properties with an out-

of-plane anisotropy contribution. This behavior is related to 

the emergence of a non-homogeneous magnetization con�gu-

ration and local anisotropies arisen as a consequence of the 

non-uniformities of the stress stored in the �lm as the thick-

ness is increased and/or to the columnar growth of the �lm. 

Such properties lead to spectra with two resonance modes 

in the FMR experiment that eventually overlap and merge 

as the thickness is increased. Similarly, the magnetoimped-

ance effect and magnetic permeability curves exhibit a com-

plex magnetic behavior, depicted by several resonance peaks 

detected at relatively low �elds, whose number raises with 

increasing the �lm thickness.

Figure 10. Dispersion relations obtained from the results of 
impedance Z and relative magnetic permeability µ µ

o
/ , �φ = 0 , for 

NiFe �lms with selected thicknesses. In particular, although the 
Z and µ µ

o
/  curves are acquired over a complete magnetization 

loop, here we show just part of the respective dispersion relations, 
obtained when the �eld goes from negative to positive values. 
The solid lines are linear �ts of the dispersion relations at high 
�eld, obtained using equation (3), whose slope is associated to the 
effective magnetization πM4 eff of the �lms.
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The approach considering FMR, MI and magnetic per-

meability measurements allowed us to obtain a broad magn-

etic characterization, revealing information on saturated and 

unsaturated states. The comparison of the results determined 

through the three techniques reveals good agreement between 

them. Although the techniques share the same magnetic �elds 

con�guration, they works at distinct frequency ranges and 

magnetic �eld amplitudes, as well as the experiments are per-

formed with different setups and, consequently, may induce 

dissimilar distributions of alternating magnetic �elds probing 

the sample. This may be the probable reason for the small dis-

crepancies of the πM4 eff values veri�ed for the thinner �lms, 

and for the different number of resonance peaks veri�ed in 

the dispersion relations obtained from the Z and /µ µ
o
 results, 

especially veri�ed for the thicker �lms. Thus, we understand 

that these techniques provide complementary information on 

the magnetic anisotropy and dynamic magnetic response of 

the �lms.

These results correspond to a further step to understand the 

relations among thickness, magnetic anisotropy and dynamic 

magnetic response in �lms. Considering this fact, in order 

to obtain a complete general framework on the complex 

magnetic behavior in �lms with different thicknesses, more 

theoretical and experimental works are needed, not only per-

forming studies using distinct techniques, but also considering 

techniques working together. We hope our results motivate 

both theoreticians and experimentalists.
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