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Microstripline ferromagnetic resonance technique has been used to study the indirect magnetoelectric

coupling occurring in an artificial magnetoelectric heterostructure consisting of a magnetostrictive

thin film cemented onto a piezoelectric actuator. Two different modes (sweep-field and sweep-

frequency modes) of this technique have been employed to quantitatively probe the indirect magneto-

electric coupling and to observe a voltage induced magnetization rotation (of 90�). This latter has

been validated by the experimental frequency variation of the uniform mode and by the amplitude of

the sweep-frequency spectra. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927308]

In recent decades, the development and the sophistication

of growth and characterization on the atomic and nanometric

scale have led to the elaboration of smart materials which

reveal captivating phenomena. In the midst of these materi-

als, multiferroics magnetoelectric materials, currently at

the cutting edge of spintronics, have attracted the attention

of many groups.1–5 A flurry of research activities has

been launched in order to explore the physics behind these

materials. From the applications standpoint, an alternative

approach to overcome the scientific impediments of weak

magnetoelectric coupling in single-phase multiferroics is

two-phase systems of ferromagnetic and ferroelectric constit-

uents.6 One of the major advantages of ferromagnetic/ferro-

electric extrinsic multiferroics, as reported in the literature,

is the flexibility in the choice of the materials.6 One of the

main ideas behind the fabrication of artificial magnetoelec-

tric multiferroics is the electric or voltage control of the

magnetization using electric fields for low power and

ultra fast next generation electronics.7,8 The straightforward

heterostructure allowing such a control appears to be the

one presenting a piezoelectric/magnetostrictive interface

wherein the interaction vector is the voltage induced in-

plane strains.6,9–14

The present study concerns the experimental observation

of the voltage induced magnetization rotation in an artificial

magnetoelectric heterostructure by probing the magnetic reso-

nance of the uniform precession mode. A method based only

on microstripline ferromagnetic resonance (MS-FMR) experi-

ments is presented.15 The two different modes of this technique

are presented and used to perform a quantitative characteriza-

tion of the effective magnetoelectric coupling, as well as of the

voltage induced magnetization-rotation. Figures 1(a) and 1(b)

show the artificial heterostructure composed of a 25 nm

Co2FeAl (CFA) thin film grown onto a 125 lm thick polyimide

(Kapton
VR

) flexible substrate and then cemented on a piezoelec-

tric actuator. The CFA film was deposited onto the Kapton
VR

substrate by rf sputtering. The deposition residual pressure was

of around 4� 10�9 mbar, while the working Ar pressure was

of 1:3� 10�3 mbar. A 5 nm thick Ta cap layer was deposited

on the top of the CFA film in order to protect it from oxidation.

CFA was chosen because of its non-negligible magnetostriction

coefficient at saturation even in a polycrystalline film with no

preferred orientation (k � 14� 10�6),16,17 which will produce

strong indirect magnetoelectric field and also because it is a se-

rious candidate for spintronic applications.18–20 Moreover, we

have shown that Kapton substrate does not affect the whole

system magnetoelectric behavior because of its high

compliance.9,11

MS-FMR experiments can be carried out in two differ-

ent modes: (i) by fixing the microwave driving frequency

ðf0Þ and sweeping the applied magnetic field (H)11,15,18 or

(ii) by fixing the applied magnetic field ðH0Þ and sweeping

the microwave frequency ðf Þ.21 A resonance field (Hres at

fixed f0) and a resonance frequency (fres at fixed H0) are

extracted from these two modes each having their own

advantage. Indeed, the sweep-field mode is more sensitive

than the sweep-frequency one (both modes are of course less

sensitive than standard FMR technique where resonant

microwave cavities are used). However, contrary to the

sweep-field mode, the sweep-frequency mode presents the

advantage of performing spectra without disturbing the mag-

netization distribution of the studied systems,22 provided that

the rf field ~hrf amplitude is weak enough (which is the case

here). These two modes have been used in the present study

to characterize the indirect magnetoelectric field and to

probe the voltage induced magnetization rotation.

A beforehand characterization of the magnetic proper-

ties of the heterostructure has been performed in the bench-

mark state (i.e., absence of applied voltage) in order to

measure the effective magnetization (Meff) and the gyromag-

netic factor (c) as well as the unavoidable uniaxial anisotropy

(Hu) due to in-plane non-equibiaxial residual stresses. This

initial anisotropy is attributed to imperfect flatness of the

Kapton substrate during deposition and/or cementation on

the actuator.9 The quantitative evaluation of this initial uni-

axial anisotropy is performed through the angular depend-

ence of the uniform mode resonance field (see Figure 1(c))

measured at f0 ¼ 10 GHz.15 Furthermore, one can note that

this anisotropy is aligned along the y-axis since the reso-

nance field minimum reaches a minimum at uH ¼ 90�. In
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addition, the frequency dependencies of the uniform mode,

measured along the easy (uH ¼ 90�) and hard (uH ¼ 0�)
axes are shown in Figure 1(d). The full lines in Figures 1(c)

and 1(d) are the best fits to the experimental data and

allowed the determination of the following parameters: Meff

¼ 720 emu cm�3, c¼ 1:835� 107 Hz Oe�1, and Hu � 30 Oe,

which are close to the values previously obtained for similar

films.16

Sweep-field MS-FMR spectra have been recorded as a

function of the applied voltage (for f0 ¼ 10 GHz). This latter

was varied from 0 V to 200 V by 10 V steps. Figure 2 presents

typical spectra measured at different applied voltages (0 V,

100 V, and 200 V) with an applied magnetic field along y axis

(uH ¼ 90�, i.e., along the initial easy axis). A shift of the

resonance field, defined as dHres ¼ HresðVÞ � Hresð0Þ, is

clearly observed. The voltage dependence of dHres is shown

in Figure 2, where the solid line corresponds to a linear fit

showing that dHres is positive and almost proportional to V.

This means that the y direction gradually becomes a hard

magnetization axis or a less easy one for the magnetization

direction.11,15,17 This is due to the positive magnetostriction

coefficient of Co2FeAl (Refs. 16 and 17) and to the nearly uni-

axial tensile stress (i.e., rxxðVÞ > 0) along the x direction

applied by the piezoelectric actuator to the film (for this range

of applied voltage: 0–200 V (Ref. 23)). Note that a non-linear

and hysteretic behavior is observed if the voltage is applied

backward from 200 V to 0 V (not shown here) due to the

intrinsic properties of the piezoelectric material.9–11,15,23 It

should be noted that the dHresðVÞ curve presented in Figure 2

has been measured several times and all the obtained curves

were superimposed. Furthermore, the resonance field shift

can also be viewed as an indirect magnetoelectric field HmeðVÞ
¼ dHresðVÞ aligned along x direction, i.e., perpendicular to the

initial easy axis induced by the deposition conditions. The

evaluation of the voltage dependence of Hme will serve to

quantitatively study the magnetization rotation using the

sweep-frequency mode of the MS-FMR setup.

The sweep-frequency-mode has been used to probe the

magnetization direction as function of the applied voltage by

measuring both the resonance frequency and the spectra

amplitudes. For this purpose, the selective rule, as illustrated

in Figure 3, has been used. In this figure, two spectra per-

formed with a similar applied magnetic field (of 500 Oe)

along y are presented; the only difference comes from the

direction of the weak rf field ~hrf (also called pumping field)

emanating from the microstripline, which is either parallel

(~hrf k ~M) or perpendicular (~hrf ? ~M) to the static magnetiza-

tion. Indeed, the efficiency of the pumping field is maximum

when ~hrf ? ~M (Figure 3(b)) and minimum when ~hrf k ~M
(Figure 3(b)). In the present experimental conditions, a factor

of 20 is found between these two geometries. Furthermore,

Counil et al.24,25 demonstrated both theoretically and experi-

mentally that for a pure Lorentzian profile of the signal, the

amplitude of this signal is directly proportional to sin2u,

where u is the angle between the pumping field and the static

magnetization direction. Therefore, the voltage-induced

FIG. 1. (a) Depiction of the cross section

view of the investigated system illustrat-

ing the CFA/Kapton
VR

system deposited

onto a piezoelectric actuator. (b) Top

view sketch of the system showing the

different angles used in the text. (c)

Angular dependence of the resonance

field measured at 10 GHz. (d)

Experimental and calculated frequency

dependence of the uniform mode meas-

ured along the easy and hard axes

(uH ¼ 90� and uH ¼ 0�).

FIG. 2. Up-graph: Resonance field shift (dHres ¼ HresðVÞ � Hresð0Þ) varia-

tion as function of the applied voltage. Circles refer to experimental data,

while solid line represents to the best fit. Down-graph: typical MS-FMR

spectra recorded at different applied voltages (0 V, 100 V, and 200 V).
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rotation of the magnetization has been probed by measuring

the evolution of the relative amplitude of the signal as func-

tion of the applied voltage.

For this purpose, the pumping field was applied parallel

to x direction (~hrf k~x), i.e., perpendicular to the initial easy

axis (see Figure 1). In order to ensure an initial uniform mag-

netization along the y axis (initial easy axis), a small bias

field of 40 Oe was applied. In this condition and in absence

of applied voltage, ~M is supposed to be uniform and aligned

along y axis. Then, the voltage applied to the actuator, in

steps of 10 V, leads to the development of an indirect magne-

toelectric filed parallel to the x axis, which tends to align ~M
along this axis. The normalized component of the magnetiza-

tion along the indirect magnetoelectric field mxðHmeÞ is rep-

resented in Figure 4 using the following formula deduced

from the model presented by Counil et al.:24

mx Hmeð Þ ¼
cos
�

arcsin
� ffiffiffiffiffiffiffiffiffiffiffiffiffi

AN Vð Þ
p �

cos arcsin
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AN 150Vð Þ

p� �
;

� (1)

where ANð150VÞ and ANðVÞ are the normalized (by the 0 V

amplitude spectrum) amplitude of the 150 V spectrum and of

the applied voltage spectra, respectively. The red solid line

in Figure 4 corresponds to the theoretical value of the nor-

malized x-component of the magnetization as function of V.

One can note that the rotation is complete at around 40 V

(Hme¼ 70 Oe), where the magnetoelectric field totally com-

pensates the small bias field (Hb¼ 40 Oe) and the initial ani-

sotropy field (30 Oe). The confrontation between the model

and the experimental data proves that a voltage induced

magnetization rotation has been performed. Another proof of

the effective rotation of the magnetization comes from the

voltage dependence of the uniform mode frequency as func-

tion of the applied voltage. The blue solid line in Figure 4

refers to the simulation of this frequency being given the

HmeðVÞ dependence previously determined (see Figure 2).

This dependence highlights the well-known softening of the

frequency when the magnetization rotates from a hard axis

to an easy one;26 the frequency minimum directly gives the

voltage at which the system is in-plane isotropic (i.e., where

Hme compensates the initial anisotropy field and the bias

field). Both the experimental frequency and the amplitude

dependencies are well fitted by the solid lines and they

clearly show a 90� rotation of the magnetization direction.

The theoretical values have been calculated by using a mag-

netic energy density of the film, where the indirect magneto-

electric field is modeled by a voltage dependent uniaxial

anisotropy field. In these conditions, the following analytical

expression of the frequency can be derived from the Smit-

Beljers equation:15

2pf

c
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hme Vð Þ � Huð Þcos 2uþ Hb sin u

q

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pMs þ Hb sin uþ Hu sin2uþ Hme Vð Þ cos2u

q
;

(2)

where u is evaluated at each increment of the applied voltage.

Finally, it should be noted that the spectra profiles were not

always close to a Lorentzian one, especially at high applied

voltages, which make this modeling really robust.24,25

In summary, the indirect magnetoelectric coupling in ar-

tificial heterostructure was used to rotate the magnetization

direction. MS-FMR was used in two different modes to: (i)

quantitatively measure the voltage-dependence of the indi-

rect magnetoelectric field (which is strain-induced by the

piezoelectric actuator) and to (ii) observe the rotation of the

magnetization. The voltage dependence of the Hme was

found to be almost linear (in the range 0 V–200 V) and was

FIG. 3. (a) Sweep-frequency FMR spectra obtained according to the two

configurations depicted in (b) and (c), where Pin and Pout are the injected

and transmitted radio frequency current, respectively. The only difference

comes from the pumping field (~hrf ) which either parallel (red squares) or

perpendicular (blue circles) to ~M direction giving rise to the high and low

sensitivities geometries. The inset shows a zoom of the marked area. Note

that a saturating field of 500 Oe was applied to ensure a uniform magnetiza-

tion distribution. The solid lines show fits to the first derivative of the stand-

ard Lorentzian curve.

FIG. 4. Voltage dependencies of the uniform mode frequency (blue sym-

bols) and of the normalized x-component of the magnetization mxðHmeÞ with

a pumping field applied along x. The mxðHmeÞ values have been deduced

from Eq. (1). The solid lines are calculated using Eq. (2) with the following

parameters: Meff¼ 720 emu cm�3, c ¼ 1:835� 107 s�1, Hu¼ 30 Oe, and

Hb¼ 40 Oe. Note that Hme is deduced from Figure 2. The sketches show

how the magnetization direction rotates as function of the applied voltage.
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used during the frequency and amplitude variations of the

sweep-frequency spectra modeling.
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