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We investigate the high-frequency response of magnetization dynamics through magnetoimpedance

(MI) effect in Permalloy-based multilayered thin films produced with two different non-magnetic

metallic spacers: Cu and Ag. Due to the nature of the spacer materials, we are able to play with

magnetic properties and to study both systems with weak/strong magnetic anisotropy. We verify

very rich features in the magnetoimpedance behavior and high magnetoimpedance ratios, with

values above 200%. We compare the MI results obtained in multilayered thin films with distinct

spacers and number of bilayers, and discuss them in terms of the different mechanisms that govern

the MI changes observed at distinct frequency ranges, intensity of the magnetic anisotropy,

alignment between dc magnetic field and anisotropy direction. Besides, by considering a theoretical

approach that takes into account two single models together and calculate the transverse magnetic

permeability and the MI effect, we support our interpretation via numerical calculations modeling

the effect of weak/strong magnetic anisotropy on the MI response. Thus, we confirm that these

features are very important for the use of multilayered films in sensor applications and, both the

frequency and field response can be tailored to fulfill the requirements of a given device. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4868157]

I. INTRODUCTION

The magnetization dynamics in films and nanostructures

is a fundamental issue for current and emerging technologies

and devices as MRAMs,1 spin torque nano-oscillators,2,3 and

magnetic read heads.4 In this sense, magnetoimpedance (MI)

is one of the more versatile tools to perform the characteriza-

tion of the magnetic materials and nanostructures composing

these devices, revealing their magnetic properties at different

frequency ranges and magnetic field values, even at non-

saturated magnetization regimes.

The MI effect corresponds to the change of the complex

electric impedance Z¼Rþ iX of a ferromagnetic conductor

submitted to a static external magnetic field H. Thus, in a

typical MI experiment, besides the external field, the sample

is also submitted to an alternate magnetic field associated

with the probe electric current Iac ¼ Ioexpði2pftÞ, f being the

current frequency.

The overall effect of these magnetic fields is to induce

strong modifications of the effective magnetic permeability, a

factor that is relevant to determine the fields and current dis-

tributions within the sample.5 It is observed that in a soft

magnetic material, the magnetic permeability can change sev-

eral orders of magnitude when a rather small field is applied,

leading to strong variations of the sample’s impedance.6

Traditionally, the changes of magnetic permeability and

consequently impedance with magnetic fields at different

frequency ranges are interpreted considering three distinct

mechanisms: magnetoinductive effect, skin effect, and ferro-

magnetic resonance (FMR). It is well-known that at interme-

diate and high frequencies, above hundreds of MHz, the skin

depth and FMR (by skin effect) command the MI effect

through variations of the transverse magnetic permeability,

which has a strong dependence with the magnetic properties

of the sample.7 However, even from this traditional point of

view, the precise limits between the frequency ranges are

strongly dependent on magnetic anisotropy and, particularly,

on the dimensions and geometry of the sample. Therefore,

the control of these properties is a key issue on having a

good MI response in a given material. Besides, by choosing

an appropriate material and structure, it is possible to tailor
desired impedance responses, depending on the given tech-

nological application.

The higher MI ratio is usually observed in soft magnetic

materials with well defined magnetic anisotropy and low

electrical resistance.6,8 Since the discovery of the effect, MI

has been studied in a wide variety of systems, e. g., sheets,9

wires,10–18 ribbons,19–24 and thin films.25–39 In the particular

case of films, an increasing interest has been devoted to

the effect in single layered,25,26 multilayered,27–32 and struc-

tured multilayered thin films,30,31,33–39 since these nanostruc-

tures are suitable for applications in integrated devices

(magnetic field sensorþ integrated circuit40), in bio41 and

geo-sensors,42 etc.

In previous works reported by our group,30,31,37–39 the

use of multilayered films allowed us to control the magnetica)Electronic address: sommer@cbpf.br
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anisotropy and stored stress in ferromagnetic layers, as well

as to tailor the dc resistance and, consequently, the MI effect.

In this paper, we report an experimental investigation of

the high-frequency response of magnetization dynamics

through magnetoimpedance effect in Permalloy-based multi-

layered thin films produced with two different non-magnetic

metallic spacers: Cu and Ag. By playing with the nature of

the spacers, we are able to produce samples with distinct

effective magnetic anisotropies and experimentally confirm

that magnetic anisotropy has a fundamental role in the mag-

netoimpedance effect behavior. We show that the magneto-

impedance in these systems presents very rich features

(single, double and multiple peak structures) and high MI

ratios, with values above 200%, which bring new horizons

for application and devices design. In particular, we compare

the MI results obtained in multilayered thin films with distinct

spacers and number of bilayers, and discuss them in terms of

the different mechanisms that govern the MI changes

observed at distinct frequency ranges, intensity of the mag-

netic anisotropy, alignment between dc magnetic field and an-

isotropy direction. By considering a theoretical approach that

takes into account two single models together and calculate

the transverse magnetic permeability and the MI effect, we

support our interpretation via numerical calculations model-

ing the effect of weak/strong magnetic anisotropy on the MI

response. Thus, we confirm that these features are very im-

portant for the use of multilayered films in sensor applications

and, both the frequency and field response can be tailored to

fulfill the requirements of a given device.

II. EXPERIMENT

In this work, we study multilayered thin films of

(Py/NM)� n, where Py is the well-known Permalloy with

nominal composition Ni81Fe19, NM is the spacer material

Ag or Cu, and n is the number of bilayers Py/NM. In particu-

lar, we consider 15, 50, and 100 as values of n, while

tPy¼ 10 nm and tNM¼ 2.5 nm are the thicknesses of the Py

magnetic and Ag or Cu non-magnetic metallic layers,

respectively. The complete list of the studied samples is pre-

sented in Table I.

The films are grown by magnetron sputtering onto glass

substrates with dimensions of 50 mm� 24 mm, covered by a

Ta buffer layer. The deposition is carried out with the follow-

ing deposition parameters: base pressure of 5.0� 10�7 Torr,

Ar pressure during deposition of 5.2 mTorr and 20 sccm Ar

flow rate, 65 W RF power supply for the Permalloy deposi-

tion, and a dc current of 10 mA and 25 mA for the Ag and Cu

growths, respectively. Using these parameters, the deposition

rates are 0.27 nm/s for Permalloy, 0.15 nm/s for Ag, and

0.16 nm/s for Cu. The deposition is done with the substrate

moving at constant speed through the plasma to improve film

uniformity. During the deposition process, the substrate is

submitted to a 100 Oe axial stray magnetic field from the

sputtering gun. This stray field, associated with the motion of

the substrate, induces an in-plane uniaxial anisotropy axis in

the multilayered films during the growth of the samples. The

easy magnetization axis is observed to be perpendicular to the

direction of motion of the substrates. Once the film is pro-

duced, samples with dimensions of 10 mm� 4 mm are cut

from the matrix film, with the main axis oriented along (la-

beled HA) and perpendicular (EA) to the direction of motion

of the substrate, as shown in Fig. 1.

The structural properties of the multilayered thin films

are obtained by X-ray diffractometry (XRD), not shown

here. Low-angle XRD measurements are performed to verify

the interface behavior and chemical modulation of the sam-

ple. High-angle XRD measurements confirm the polycrystal-

line structural character, with (111) preferential growth for

all layers.

The quasi-static magnetic properties are obtained through

magnetization curves measured using a vibrating sample

magnetometer, at room temperature, with maximum magnetic

field of 6150 Oe, applied along the main axis of the EA and

HA samples.

The magnetoimpedance effect is measured using an

HP4396B spectrum-impedance-network analyzer equipped

with an HP43961A impedance measuring fixture. In this

case, a stripline geometry is used, with the sample playing

the role of the central conductor in the sample holder, which

is separated from the ground plane by the glass substrate, as

detailed in Fig. 2. The electric contacts between the sample

and the sample holder are made with 24 h cured low resist-

ance silver paint. To avoid propagative effects and acquire

just the sample contribution to MI, the analyzer is calibrated

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

and load (50 X) measurements using reference standards.

The probe current is fed directly to one side of the sample,

TABLE I. Set of samples studied in this work.

Label Spacer n tPy/tNM (nm)

PyCu15 Cu 15 10/2.5

PyCu50 Cu 50 10/2.5

PyCu100 Cu 100 10/2.5

PyAg15 Ag 15 10/2.5

PyAg50 Ag 50 10/2.5

PyAg100 Ag 100 10/2.5

FIG. 1. Schematic diagram of the multilayered films prepared in this work,

indicating the cut orientation of the samples employed in the experiments.

During the deposition, the matrix substrate is submitted to a magnetic field,

not shown here. Thus, according the relative orientation between the main

axis of the cut sample and magnetic field, the cut samples are named as HA

and EA, where the first has the main axis oriented along the direction of the

motion of the substrate during deposition and the second one perpendicu-

larly to the first. Here, Py/NM corresponds to a single bilayer, and tPy and

tNM represent the Py magnetic and non-magnetic metallic layer thicknesses,

respectively.

103908-2 de Andrade et al. J. Appl. Phys. 115, 103908 (2014)
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while the other side is in short circuit with the ground plane.

In all cases, the ac current and dc magnetic field are applied

along the length of the sample. MI measurements are taken

over a wide frequency range between 100 kHz and 1.8 GHz,

with maximum applied magnetic fields of 6150 Oe. For all

measurements, while the external magnetic field is swept, a

0 dBm (1 mW) constant power is applied to the sample, with

ac current amplitude set to 4.4 mArms, characterizing a linear

regime of driving signal. Measurements with different values

of the ac current amplitude were performed, but they exhib-

ited similar results, with a slight improvement of the signal/

noise ratio for the higher currents. Thus, in the measurement,

at a given field value, the frequency sweep is made and the

real and imaginary parts of line impedance are simultane-

ously acquired. For further information on the whole proce-

dure, we suggest Refs. 26 and 37. The curves are known to

exhibit hysteretic behavior, associated with the coercive

field. However, in order to clarify the general behavior, only

curves depicting the field going from negative to positive

values are presented.

The MI ratio is quantitatively associated with the well-

known magnetoimpedance ratio MI%, defined as25

MI% ¼ ½ZðHÞ � ZðHmaxÞ�
ZðHmaxÞ

� 100; (1)

where Z(H) is the impedance value at a given field H and

Z(Hmax) is the impedance at the maximum applied magnetic

field Hmax, where the magnetic state of the sample is satu-

rated. Finally, MImax is defined as the maximum MI% value

for a given frequency.

III. RESULTS AND DISCUSSION

In this section, we present the experimental results of

the M vs. H curves, Z vs. H, and MImax vs. f, for Py/Cu and

Py/Ag set of multilayered films produced in this work, con-

sidering the EA and HA cuts. Besides, we discuss the mag-

netoimpedance results in terms of the mechanisms that

govern the MI changes, intensity of the magnetic anisotropy,

alignment between dc magnetic field and anisotropy direc-

tion, as well as we support our interpretation via numerical

calculations modeling the effect of weak/strong magnetic an-

isotropy on the MI response.

A. Magnetic behavior

Magnetic characterization of the sets of multilayered

films is obtained through magnetization curves. Figure 3

shows the quasi-static magnetization curves for all films,

obtained with the magnetic field applied along the main axis

of the EA and HA cuts.

For both set of films, the angular dependence of the

magnetization curves indicates the existence of an uniaxial

in-plane magnetic anisotropy induced during film growth. In

general, irrespective of the anisotropy, the hysteresis loops at

low fields for the HA cuts indicate that some stress is

FIG. 2. Stripline geometry sample holder, with the sample, used to perform

the impedance measurements.

FIG. 3. Normalized magnetization curves for the Py/Cu and Py/Ag set of multilayered films, obtained for the EA and HA cuts. The magnetization curves are

obtained between 6150 Oe, however they are presented between 680 Oe to make the visualization clear. The weak and strong induced magnetic anisotropies

are observed for the Py/Cu and Py/Ag sets, respectively. The inset in (c) emphasizes the weak magnetic anisotropy in the Py/Cu multilayered films.

103908-3 de Andrade et al. J. Appl. Phys. 115, 103908 (2014)
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associated with pinning centers and domain structure.

Besides, it is noticeable that the anisotropy induction in the

Py/Cu multilayered films is weaker than that observed for

the Py/Ag ones, a behavior consistent with results previously

reported for multilayered films with Cu and Ag employed as

metallic spacer materials.31,32

In particular, for the Py/Cu multilayered films, presented

in Figs. 3(a)–3(c), due to the weak anisotropic magnetic

behavior, the saturation field Hs values are close for both

cuts, being �1.0 Oe for EA and �2.5 Oe for HA, independ-

ently on the number of bilayers. On the other hand, for the

Py/Ag films, shown in Figs. 3(d)–3(f), the Hs values are

between 55 Oe and 75 Oe for the HA cuts and �5 Oe for the

EA ones with different number of bilayers. Besides, a small

reduction of the magnetic anisotropy is observed with the

increase in the number of bilayers, a fact evidenced by the

decrease in the coercive field of EA samples, and related to

orange peel and similar effects.

It is well known that the intensity of the effective mag-

netic anisotropy and the alignment between ac and dc fields

with the easy and hard magnetization axes are responsible

for the behavior of the magnetization dynamics and the

peaks’ structure in the MI effect.25 Thus, the magnetic

behavior observed for the Py/Cu and Py/Ag multilayered

films is reflected in the magnetoimpedance results.

B. High-frequency response of magnetization
dynamics

1. Magnetoimpedance results

Here, we present the high-frequency response of mag-

netization dynamics, investigated through the MI measure-

ments. Figures 4 and 5 show the general view of the MI

effect results for Py/Cu and Py/Ag multilayered films,

respectively. For both, the results are plotted for the films

with (a and b) 15, (c and d) 50, and (e and f) 100 bilayers.

FIG. 4. Two-dimensional plot of the

impedance Z as a function of the exter-

nal magnetic filed H and frequency f
for the (a) and (b) PyCu15; (c) and (d)

PyCu50; and (e) and (f) PyCu100 sam-

ples. Left: Z behavior for EA cuts of

the multilayered films. Right: Z behav-

ior for HA cuts. The presented fre-

quency range is between 1.0 GHz and

1.8 GHz and the external magnetic

field is between 6150 Oe.
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By considering this two-dimensional plot, it is possible to

observe the behavior of the impedance Z simultaneously as a

function of the external magnetic field H and frequency f.
For the Py/Cu multilayered films, at low frequencies

(not shown), the peak’s configuration evolves from a single

to a double peak structure. At moderate frequencies, around

0.5 GHz, the Z peak’s position is close to the Hs values indi-

cated in Sec. III A. This feature reflects the fact that the skin

effect is the main responsible for the MI variations. Beyond

0.5 GHz, the Z peak position in accordance with H, as f
increases, reflects the fact that the strong skin effect and a

small contribution of the FMR effect become the main mech-

anisms responsible for the MI variations.

The contribution of the FMR effect to Z was verified

using the method described by Barandiar�an et al.,43 and pre-

viously employed by our group in Ref. 31. This contribution

at moderate frequency ranges may be associated with the

presence of random local anisotropies induced by stress.

Therewith, in this set of films, the weak magnetic anisotropy

favors the appearance of localized resonances, contributing

to MI variation starting at lower frequency ranges. At high

frequencies, as shown in Fig. 4, similar MI behavior is

noticed irrespective of the cut direction of the multilayered

films, characterized by a double peak structure. This behav-

ior reflects the quasi-static magnetic behavior, where the EA

and HA cuts present similar magnetic features. Thus, in this

system in which a weak magnetic anisotropy is induced, the

MI variations can be devoted to the skin and FMR effect for

the whole studied frequency range, leading to considerable

MI changes even from hundreds of MHz.

On the other hand, for a system with strong induced

magnetic anisotropy, the dynamic magnetic behavior and MI

changes are completely different than that described before,

being dependent on the cut direction. For the EA cut of the

Py/Ag multilayered films, a single peak structure is verified

for the whole frequency range, a consequence of the align-

ment of the easy magnetization axis with the ac current and

dc magnetic field applied during the MI measurement. For

FIG. 5. Two-dimensional plot of the

impedance Z as a function of the exter-

nal magnetic filed H and frequency f,
similar to the one presented in Fig. 4;

(a) and (b) PyAg15, (c) and (d) PyAg50;

and (e) and (f) PyAg100 samples. Left:

Z behavior for EA cuts of the multilay-

ered films. Right: Z behavior for HA

cuts of the multilayer.
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this case, in the employed range of frequency, the skin effect

is the unique mechanism that commands the MI variations.

On the other hand, for the HA cut of the Py/Ag, the orienta-

tion among the easy magnetization axis, current, and mag-

netic field leads the MI to a double peak behavior. Up to

�1.2 GHz, the position of the peaks remains unchanged at

the Hs field, indicating that the skin effect governs the mag-

netization dynamics. For frequencies above this value,

besides the skin effect, the FMR effect also becomes an im-

portant mechanism responsible for variations in MI effect, a

fact evidenced through the change of the peak’s position in

the magnetic field as the frequency is increased.

C. Magnetoimpedance ratio

Figure 6 shows the MImax vs. f behavior obtained from

the MI measurements for the multilayered films, considering

the EA and HA cuts. As an important issue, the effective

magnetic anisotropy directly influences the MI ratio. As seen

in Figs. 6(a)–6(c), for the Py/Cu multilayered films, the

shape of the curves is similar, with the highest MImax values

at �1.5 GHz for the PyCu15 and PyCu50 samples, irrespec-

tive of the cut direction, and at �0.6 GHz and �1.0 GHz for

the PyCu100 in the EA and HA cuts. The MImax values

increase with the number of bilayers, reaching to �25%,

�100%, and �250% for the PyCu15, PyCu50, and PyCu100

samples, respectively. In particular, the surprisingly discrep-

ancy between the results for the PyCu100 film is still a ques-

tion in debate.

For the Py/Ag multilayered films, the MImax vs. f results

are strongly dependent on the cut direction. For the HA cuts,

the shape of the curves is similar to one observed for the

Py/Cu multilayered films. The MImax values seem to be at

the same position in frequency, when compared with the

Py/Cu films, indicating a possible relation between the

frequency where the maximum is observed with geometric

parameters, such as number of bilayers, ratio of thicknesses

tPy/tNM, and dimensions of the cut samples. In this case, the

MImax values reach to �6%, �50%, and �125% for the

PyAg15, PyAg50, and PyAg100 samples, respectively. On the

other hand, for the EA cut, the MImax values become relevant

just at high frequencies, above �1.0 GHz, reaching �14%,

�45%, and �230% for the PyAg15, PyAg50, and PyAg100

multilayered films.

Thus, as consequence, it is possible to notice that for

measurements performed with the HA cut of the multilay-

ered films, the overlap between strong skin effect and the

FMR, the main mechanisms responsible for the MI changes,

leads to high values of MImax for a wide frequency range.

However, when considered, the EA cut for both sets of films,

the framework qualifies samples with distinct magnetic ani-

sotropies for different technological applications. In this

case, while a sample with weak magnetic anisotropy pro-

vides considerable impedance variations in a wide frequency

range, similar to the ones obtained for the HA cut, a sample

with well defined magnetic anisotropy presents the highest

MImax values in a narrow frequency band, due to the strong

skin effect.

D. Multiple peak behavior and numerical calculation

Our results raise an interesting question about the struc-

ture of the peaks in the magnetoimpedance effect. In particu-

lar, here, is it verified a striking multiple peak structure at

high frequencies for the HA cut of the Py/Ag multilayered

films.

Usually, the induced magnetic anisotropy and its align-

ment with the ac and dc magnetic fields in a MI measurement

favor the appearance of one single peak or a double peak

structure, as frequently verified in several studies.25,32,33,37,44

FIG. 6. MImax vs. f for the Py/Cu and Py/Ag set of multilayered films obtained for the EA and HA cuts. Notice the striking between the shape of the curves

when obtained for systems with weak and strong induced magnetic anisotropies.
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In the case of the Py/Cu multilayered films, the double peak

structure is verified at high frequencies, irrespective of the

alignment, as a consequence of the weak induced magnetic

anisotropy. This behavior is already presented in Fig. 4 and is

evidenced in Fig. 7. In the case of the Py/Ag multilayered

films, a single peak structure is confirmed when the measure-

ment is performed with the EA cut, also already presented in

Fig. 5 and confirmed in Fig. 8, as expected.

However, when the MI effect is acquired for the Py/Ag

multilayered films with the HA cut, at high frequencies, a no-

ticeable multiple peak structure can be clearly verified, as

presented in Fig. 8. At a first moment, due to the structure of

the samples, one can figure the multiple peak structure is

devoted to different anisotropies with respect to the inner

part of the each layer or pinning effects originated at the thin

borders, leading different parts of the multilayered structure

behave distinctly. However, this feature is associated with

the very strong and well defined induced magnetic anisot-

ropy verified in the Py/Ag multilayered films, with the exact

orthogonality between the external magnetic field and uniax-

ial magnetic anisotropy induced during the growth of the

multilayered films, as well as with the appearance of the

FMR effect. This interpretation is supported by numerical

calculation.

The influence on the MI effect of the induced magnetic

anisotropy intensity and the alignment of the magnetic fields

with respect to the magnetic anisotropy direction can be the-

oretically analyzed by using a approach previously reported

by our group.45 To this end, a macrospin modified Stoner-

Wohlfarth model is considered to describe a general system

with low electrical resistance and anisotropic magnetic prop-

erties, and calculate the static and dynamical magnetic prop-

erties. By taking together the magnetic susceptibility model

proposed by Spinu et al.46 and the approach used to deter-

mine the magnetoimpedance behavior in a multilayered films

systems reported by Panina et al.,47 the results can provide

information on the magnetic properties of a multilayer sys-

tem, such as static magnetization curves, magnetic perme-

ability, magnetoimpedance, as well as dispersion relation

curves. By considering this approach, numerical calculation

is performed extending the frequency range up to values in

which is known that the FMR effect acts on the system.

In this case, the expression must present contributions

from the ferromagnetic layers, the energy density is given by

E ¼ �
Xn

i¼1

~H � ~Mi �
Xn

i¼1

ðHki=2MSiÞð~Mi � ûkiÞ2

þ
Xn

i¼1

4pM2
SiðM̂i � n̂Þ; (2)

where n¼ 15, 50, or 100 bilayers, the first term is the

Zeeman interaction, the second term describes the uniaxial

magnetic anisotropy, and the third corresponds to demagnet-

izing energy term for a planar system, such as a thin film. In

the terms, ~Mi and MSi are the magnetization vector and satu-

ration magnetization value for each ferromagnetic layer,

respectively. Besides, Hki¼ 2Kui/MSi is the anisotropy field

for each layer, where Ku is the uniaxial anisotropy constant,

directed along the versor ûk, with ûk1 ¼ ûk2 ¼… ¼ ûkn

¼ ûk, as well as MS1¼MS2¼…¼MSn¼MS, since there are

similar ferromagnetic layers in the sample. The employed

vectors and angles are depicted in Fig. 9. For further infor-

mation on the theoretical approach and numerical calcula-

tion, we suggest Ref. 45.

From this point, the magnetic permeability and the im-

pedance calculations require that some important parameters

must be fixed, such as the gyromagnetic ratio c, the phenome-

nological damping constant a, thicknesses of the metallic and

ferromagnetic layers, tNM and tPy, and the conductivity of the

metallic and ferromagnetic layers, r1 and r2, respectively.

FIG. 7. Impedance Z as a function of the magnetic field H, at 1.8 GHz, for

the Py/Cu multilayered films, obtained for the EA and HA cuts.

FIG. 8. Impedance Z as a function of the magnetic field H, at 1.8 GHz, for

the Py/Ag multilayered films, obtained for the EA and HA cuts.
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In this study, the numerical calculations are performed

using c¼ 2.9� 106 Hz/Oe, a¼ 0.0018, tPy¼ 10 nm,

tNM¼ 2.5 nm, r1¼ 6� 107 (Xm)�1, r2¼r1/4, and

Ms¼ 780 emu/cm3. Besides, to model a general ferromag-

netic film, hk¼ 90� and uk ¼ 0� or uk � 0�, while for the

calculation, hH¼ 90� and uH may vary between 0� and 90�.
In particular, all the Z results are calculated for f¼ 1.8 GHz,

frequency value in which the MI variations and Z peaks are

induced mainly by the FMR effect, when hH¼ 90� and

uH � 90�. Note that the results are obtained for a general

system with anisotropic magnetic properties using the

Stoner-Wolfart modified model, and, for this reason, they do

not allow a direct comparison between the calculated Z and

the presented experimental results.

Figure 10 shows the numerical calculation for the Z vs.

H for different values of anisotropy field Hk, i.e., uniaxial an-

isotropy constants or induced magnetic anisotropy intensity,

for hk¼ 90�, uk ¼ 0�, hH¼ 90�, and uH ¼ 90� or, in the

other words, when the dc magnetic field is applied along the

hard magnetization axis. The curves are presented only for

positive magnetic field values, although this behavior is also

observed for negative field values. So, from the figure, it is

possible to notice a change of the Z behavior, from a tradi-

tional double peak to a multiple peak structure as the anisot-

ropy field/intensity is increased. This evolution of the peaks

and the multiple peak structure are not frequently observed

since the condition of strong and very well defined magnetic

anisotropy is hard to be reached. Thus, keeping in mind the

dependence of the MI peak structure with the magnetic ani-

sotropy, it becomes reasonable the double peak structure

verified for the weak anisotropic PyCu15, PyCu50, and

PyCu100 multilayered films (Fig. 7), as well as the multiple

peak structure for strong anisotropic PyAg15 and PyAg50

ones (Fig. 8).

Next, keeping hH¼ 90�, Hk¼ 65 Oe, hH¼ 90�, and

uH ¼ 90�, Fig. 11 shows the numerical calculation for the Z
vs. H for different uk values. In this case, the increase in uk

models the stored stress leading to small deviations of the an-

isotropy in the sample. For an exact alignment between the

dc magnetic field and the hard magnetization axis, and a well

defined magnetic anisotropy, uk ¼ 0�, the Z result is a multi-

ple peak structure. As the anisotropy deviation is raised,

depicted by larger values of uk, the raise of anisotropy devia-

tion and the lack of orthogonality between dc magnetic field

and easy magnetic anisotropy direction suppress the multiple

peak structure, leading to a double peak one. This evolution

of the Z behavior is clearly verified for the set of Py/Ag mul-

tilayered films, as the number of bilayers n is increased. In

this case, as presented in Fig. 8, the multiple peak structure

is observed for the PyAg15 and PyAg50 multilayered films,

and the double peak structure is seen for the PyAg100 ones,

an evolution devoted to the stress stored in the film as the

thickness increases and to a small raise of the magnetic ani-

sotropy deviation.

Thus, once a straight relation of the MI effect with

induced magnetic anisotropy intensity and the alignment of

the magnetic fields with respect to the magnetic anisotropy

direction are identified, the origin the Z peak structures can

be elucidated using the classic relationship between the

FIG. 9. Schematic diagram of the theoretical system and definitions of mag-

netization and magnetic field vectors considered for the numerical calcula-

tion of magnetization, magnetic permeability, and magnetoimpedance

curves. In this case, ~H is the external magnetic field vector, hH and uH are

the angles that define orientation of the field vector, ~M is the magnetization

vector, hM and uM are the equilibrium angles of magnetization for a given

magnetic field value, ûk is the unit vector along the uniaxial anisotropy

direction, and n̂ is a unit vector normal to the film plane.

FIG. 10. Numerical calculation for the impedance Z vs. external magnetic

field H, at 1.8 GHz, for distinct anisotropy fields Hk. Here, hk¼ 90�,
uk ¼ 0�, hH¼ 90�, and uH ¼ 90�.

FIG. 11. Numerical calculation for the impedance Z vs. external magnetic

field H, at 1.8 GHz, for different values of the angle of magnetic anisotropy

direction uk . Here, hk¼ 90�, Hk¼ 65 Oe, hH¼ 90�, and uH ¼ 90�.
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resonance frequency and the external magnetic field. Figure

12 presents the numerical calculation of the dispersion rela-

tion in systems with weak and strong anisotropy for uH ¼ 0�

and 90�. For these calculations, hk¼ 90�, uk ¼ 0�, hH¼ 90�,
Hk¼ 5 Oe and Hk¼ 65 Oe for systems with weak and strong

anisotropy, respectively, and uH ¼ 0� and 90�.
It is well known that for isotropic systems (not shown

here), the dispersion relations are the same, irrespective the

orientation of the magnetic field. Considering anisotropic

systems, the shape of the curves is similar for each orienta-

tion between magnetic field and magnetic anisotropy direc-

tion, irrespective of the anisotropy intensity. For uH ¼ 0�,
when the magnetic field is along the easy magnetization

axis, just on resonance positive field is verified for a given

resonance frequency fr, leading to a double peak structure in

the Z curves.

However, the main fingerprint that reflects the magnetic

properties of the considered systems, such as magnetic aniso-

tropies and coupling, is verified when uH ¼ 90�, i.e., the

magnetic field is along the hard magnetization axis of the

theoretical sample. In this case, it is related to the resonance

frequency and magnetic field ranges in which the dispersion

relation is not an univocal function, indicated in the figure by

the gray regions. For a system with strong anisotropy, there

is a wide range where two positive magnetic field values sat-

isfy the resonance condition, leading to a multiple peak

structure in the Z curves. In principle, similar multiple peak

structure could be verified experimentally for systems with

weak anisotropy, however, it is not usually obtained because

of the overlap of the peaks, due to the restricted magnetic

field range in which they are observed.

The theoretical situations of uH ¼ 0� and 90� are equiv-

alent to the experimental EA and HA cuts. Consequently,

through this point of view, the dispersion relation directly

provides interpretation for the Z curves measured for the

multilayered films. For the Py/Cu ones with weak anisotropy

in both cuts, a double peak structure in the Z curves is con-

firmed through just one resonant condition for positive fields

in the dispersion relation or overlap of the Z peaks. In partic-

ular, we are not able to solve a multiple peak structure due to

the limited frequency range of the equipment and magnetic

field resolution. Notice in the inset of the figure that at

f¼ 1.8 GHz, the double peak structure would appear between

�4 and �6 Oe.

For the Py/Ag multilayered films in the EA cut, double

peak structure in the Z curves is verified, as expected. On the

other hand, the Z curves for the HA cut, multiple peak struc-

ture are confirmed for the samples with 15 and 50 bilayers,

in concordance with the dispersion relation obtained for sys-

tems with strong anisotropy. Note that by producing samples

with strong and well defined anisotropy, it is possible to split

the resonance magnetic fields for a given frequency that

makes possible the experimental observation of the multiple

peak structure. For the film with 100 bilayers, a double peak

structure is obtained possibly due to a very small misalign-

ment of the anisotropy direction with respect to the magnetic

field, a fact that leads to considerable raise of the resonance

frequencies close to the anisotropy field in the dispersion

relation, above the upper frequency limit of the measurement

equipment.

Clearly, the magnetic anisotropy has a fundamental role

in the magnetoimpedance effect behavior for both spacer

materials. By playing with the nature of the Cu and Ag non-

magnetic metallic spacers, the multilayered films can be

used in sensor applications and, both the frequency and field

response can be tailored to fulfill the requirements of a given

device.

IV. CONCLUSION

In summary, in this paper, we performed a systematic

experimental study of the high-frequency response of mag-

netization dynamics through magnetoimpedance effect in

Permalloy-based multilayered thin films produced with two

different non-magnetic metallic spacers: Cu and Ag. By

employing these spacers, it was possible to produce samples

with completely different magnetic behaviors. As expected,

while the multilayered films with Cu had weak induced mag-

netic anisotropy, the ones with Ag presented strong magnetic

anisotropy, as well as a well defined anisotropy direction.

The magnetic properties were reflected on the dynamic

magnetic behavior. For the Py/Cu multilayered films, the

peak’s configuration evolves from a single, at low frequen-

cies, to a double peak structure at high frequencies, irrespec-

tive of the cut direction. Thus, in this system in which a

weak magnetic anisotropy is induced, the MI variations can

be devoted to the skin and FMR effect for the whole studied

frequency range, leading to considerable MI changes even

FIG. 12. Numerical calculation of the dispersion relation for systems with

weak and strong anisotropy obtained for uH ¼ 0� and 90�, i.e., uH being the

angle between the external magnetic field and magnetic anisotropy direc-

tions. Note that these considered theoretical situations are equivalent to the

experimental EA and HA cuts, respectively. Here, hk¼ 90�, uk ¼ 0�,
hH¼ 90�, while Hk¼ 5 Oe and Hk¼ 65 Oe for systems with weak and strong

anisotropy, respectively. Each crossing of the dashed line with the dispersion

relation indicates the existence of a peak in the Z curve. Inset: Detailed view

of the dispersion relation at low fields for systems with weak anisotropy.
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from hundreds of MHz, reaching to �25%, �100%, and

�250% for the PyCu15, PyCu50, and PyCu100 samples,

respectively.

For the Py/Ag multilayered films, the dynamic magnetic

behavior and MI changes are completely different than that

described before, being dependent on the cut direction. For

the EA cut, a single peak structure is verified for the whole

frequency range, in which the skin effect is the unique mech-

anism that commands the MI variations. In this case, the

MImax values become relevant just at high frequencies, above

�1.0 GHz, reaching �14%, �45%, and �230% for the

PyAg15, PyAg50, and PyAg100 multilayered films. For the

HA cut of the Py/Ag, the observed double peak behavior is

associated with skin and FMR effects. The shape of the

MImax curves is similar to one observed for the Py/Cu multi-

layered films, and the MImax values reach to �6%, �50%,

and �125% for the PyAg15, PyAg50, and PyAg100 samples,

respectively. Thus, we confirm that these features are very

important for the use of multilayered films in sensor applica-

tions and, both the frequency and field response can be tai-
lored to fulfill the requirements of a given device.

As a final and very important remark, our results raised

an interesting question about the structure of the peaks in the

magnetoimpedance effect. To interpret them, we considered

two single models together, the transverse magnetic suscepti-

bility model proposed by Spinu et al.46 and the approach to

magnetoimpedance behavior reported by Panina et al.,47 and

performed numerical calculation modeling the effect of

weak/strong magnetic anisotropy on the MI response. Thus,

we verified the influence on the MI effect of the induced

magnetic anisotropy intensity and the alignment of the mag-

netic fields with respect to the magnetic anisotropy direction.

Based on this procedure, we supported the interpretation that

observed MI effect curves, in particular, the multiple peak

structures, are a result of the overlap of contributions from

the magnetic anisotropy and the orthogonality of the hard

magnetization axis with the dc magnetic field at high fre-

quencies, where the FMR effect is present.
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