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The magnetic anisotropy of a FeCuNbSiB (Finemet®)) film deposited on Kapton® has been
studied by micro-strip ferromagnetic resonance technique. We have shown that the flexibility of
the substrate allows a good transmission of elastic strains generated by a piezoelectric actuator.
Following the resonance field angular dependence, we also demonstrate the possibility of controlling
the magnetic anisotropy of the film by applying relatively small voltages to the actuator. Moreover, a
suitable model taking into account the effective elastic strains measured by digital image correlation
and the effective elastic coefficients measured by Brillouin light scattering, allowed to deduce the
magnetostrictive coefficient. This latter was found to be positive (A = 16 x 107°) and consistent
with the usually reported values for bulk amorphous FeCuNbSiB.

PACS numbers:
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I. INTRODUCTION

The strain control of magnetization orientation distri-
bution in magnetic thin films via the magnetoelastic or
the magnetostrictive properties, is increasingly studied to
face new challenges in magnetoelectronics and spintron-
ics [THB]. An easy way for mastering the magnetization
is to make adhering the thin film on a piezoelectric ac-
tuator, so that the strains can be applied to the film by
varying continuously a voltage on the piezoelectric actua-
tor. This latter will succeed in transferring the strains in
a more or less efficient way, depending on the chosen sys-
tem. Obviously, more the elastic strains are transferred
at the interface, more the indirect magnetoelectric effect
is optimized. Generally, at a first step, the magnetic thin
films are deposited on a substrate of usually one hun-
dred microns thick. At a second step the film/substrate
is cemented on an actuator [THI0]. At this point two in-
terfaces will play their role in the transmission of strains:
the actuator/substrate interface and the substrate/film
one. This double transfer limits the desired phenomenon,
especially when the substrate is stiff such as for com-
monly used wafer (Si, GaAs, ...) [II]. Besides, in this
configuration, it is generally hard to predict perfectly
the amount of the induced strains inside the thin film
(€zx and eyy) even if the piezoelectric coefficients d;jx
of the actuator are known. This is due to the partial
strains transmissions from the actuator to the substrate,
especially in the case of stiff substrates. This well-known
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reported limitation (a few ten percents of losses in best
cases) can be avoided by depositing the magnetic thin
film on a compliant substrate such as polyimides that
are more and more used in flexible spintronics [12HI4].
More precisely we reported in Ref. [9], by comparing
film and actuator strains, that one advantage of study-
ing thin films on polymer substrates is the very good
strains transmissions (nearly 100%) resulting from the
substrate compliance. However, once well-known strains
are transferred to the film, the estimation of the stresses
(022 and oyy) is straightforward only if the elastic coef-
ficients of this latter are known. Otherwise Hook’s law
is not applicable. Unfortunately, the elastic coefficients
are not always well-known, this is especially not the case
when studying thin film of new functional alloys.

In this paper, voltage induced strain effect on the in-
plane magnetic anisotropy has been quantitatively stud-
ied in a ferromagnetic film deposited on a flexible sub-
strate and glued onto a piezoelectric actuator. In partic-
ular, the structural (Young’s modulus E and Poisson’s
ratio ) and magnetoelastic (magnetostriction coefficient
at saturation \) properties have been completely deter-
mined by combining different techniques. Our general
methodology is based on the combination from one hand
of i) the control of the applied stress state in a mag-
netic thin film and from another hand on ii) the magnetic
uniform precession mode resonance field measurement
as function of the stress. In order to control the stress
state in the magnetic film, the film/substrate system is
glued onto a piezoelectric actuator that allows applying
in-plane strains (17 and e33) when applying voltage to
the actuator as it is shown on Figure [l To properly es-
timate the in-plane strains by the double interfaces, we
adopted the Digital Image Correlation (DIC) technique
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Figure 1: Sketch of the studied heterostructure showing the
530 nm thick Finemet@®) film deposited onto a 125 pm thick
Kapton(®) substrate and glued onto the piezoelectric actuator.
The arrows qualitatively represent the in-plane strains of the
piezoelectric actuator.

based on the optical observation of the film surface and
its evolution during the film straining (section IV).

A non-destructive method (Brillouin light scattering
[I7H19]) has been used to quantify the elastic coefficients
of the amorphous magnetic thin film (BLS study in sec-
tion III). The magnetic anisotropy dependence upon the
applied stress has been followed by measuring the behav-
ior of the high frequency resonance field while applying
an electric field inside the actuator. This resonance field
is directly linked to the magnetic anisotropy and it can
be estimated by performing Micro-Strip FerroMagnetic
Resonance (MS-FMR )[20, 21] experiments in several ge-
ometrical configurations (section IV). Moreover, by ad-
justing an appropriate model (section II) to the exper-
imental data, we have shown how to estimate with ac-
curacy the thin film effective magnetostriction coefficient
at saturation (A).

II. THEORETICAL BACKGROUND

The voltage-induced strain effect has been experimen-
tally studied by ferromagnetic resonance through uni-
form precession mode resonance field as a function of the
applied voltage. Indeed, the resonance field (or resonance
frequency) of the uniform precession mode is influenced
by the magnetoelastic behavior of the thin film. All the
experimental spectra presented in this work have been
performed at room temperature. Moreover, they have
been done at relatively “high” applied magnetic field in
order to have a uniform magnetization inside the film.
The expression of the resonance field is derived taking
into account in-plane strains (g4, and €,,). These in-
plane strains will be induced by applying an electric field
inside the piezoelectric actuator. When any magnetoelas-
tic contribution is required, the magnetic energy density
of a ferromagnetic thin film, using the coordinates system
of [l can be written as:

FO:ere+Fdip+Fezch+Fanis (1)

Where the three first terms stand for the Zeeman,
the dipolar and the exchange contributions, respectively.
The last term, which corresponds to the anisotropy con-
tribution, will be written as an ad hoc in-plane uniaxial
anisotropy characterized by the anisotropy constant K.
This is correct when no out-of-plane or surface contri-
butions to the anisotropy are observed in the film. This
term can then be written as:

Ky /- _\2
Fanis = =375 (M -, 2

ants Mg xX ( )

il is a unit vector along the “easy axis” (along z di-
rection) while M and M, are respectively the vector and
the module of the magnetization. The stress effect will
be modeled through a magnetoelastic density of energy
F,,. which will be added to Fj:

3 1 1
Fme = _5)‘ ((’Yﬁ - 3> Oxx + (75 - 3> Jyy) (3)

0zz and oy, being the in-plane principal stress tensor
components while v, and y, correspond to the direction
cosines of the in-plane magnetization. The presence of
a unique saturation magnetostriction coefficient A is due
to the amorphous structure of the thin film. The relation
between the principal stress components (04, 0y, ) and
strains (€45, €yy) tensors is thus given by an isotropic
Hook’s law where F is the Young’s modulus and v is the
Poisson’s ratio:

E 1 v
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In these conditions, minimizing the total volume mag-
netic energy density (i. e. F = Fy+ Fp,.), the reso-
nance field of the uniform precession mode can be ob-
tained thanks to the following relation [I5] [16]:

orf\? 1 \?[o*F o*F PF \°

< v > N <sin9M> 203, 03, (89M<pM>
(6)
Where f is the microwave driving frequency. The dif-
ferent energy derivatives are calculated at the equilib-
rium direction of the magnetization. In the above ex-
pression, v is the gyromagnetic factor v = g x 8.794 x 10°
s~1.0e~! while 0y, and ¢ stand for the polar and the
azimuthal angles of the magnetization. Note that for
an in-plane applied magnetic field, the equilibrium polar
angle is ¢p; = 5 because of the large effective demagne-
tizing field associated with the planar film geometry and




an explicit expression is obtained for f: where:
7= (L) 7)
or 14>
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Here @y is the angle between the in-plane applied mag-  tic field: H, = —V yiFanis and Hye = _61‘71 Fme, re-

netic field and the magnetic easy axis (x direction). The spectively. Indeed, in this condition, the magnetization
analysis can be simplified if the resonance field is larger direction will be almost parallel to the applied magnetic
than the effective uniaxial anisotropy and magnetoelas- field (par ~ @ ). The resonance field is thus given by:

1 A A ? 2mf\°
Hyes = 3 \/(47‘(‘MS + (Hu + j}—sozm) sin2 0+ ;—sayy cos? WH) +4 (%f) — 4 M,

1 3 3 1 3 3A 1 3
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III. AS-DEPOSITED THIN FILM
CHARACTERIZATION AT ZERO STRESS
APPLIED

: M

1. Finemet thin film deposition and structure

An amorphous 530 nm thick Finemet®) film was de-
posited onto a 125 pm thick polyimide flexible substrate
(Kapton@®)) by radio frequency sputtering. The deposi-
tion residual pressure was of around 107 mbar, while a
working Ar pressure was of 40 mbar and the RF power
was of 250 W. A 10 nm thick Ti buffer layer was de-
posited on the substrate to ensure a proper adhesion of
the Finemet®) film. Finally, another 10 nm thick Ti
cap layer was deposited on the top of the Finemet@®)
Figure 2: Schematic illustration showing angles, fields and film in order to protect it from oxidation. The composi-
coordinate systems used in the text. tion of the film has been measured by EDS (Energy Dis-
persive Spectroscopy) and is close to that of the target
(Fers.5CuiNbsSiy5 5B7) while the thickness of the film

The first term essentially represents a constant shift (530 nm) has been measured by Scanning Electron Mi-
in the resonance field baseline because 47M, and 271 croscopy and mechanical profilometry.
are found to be larger than the magnetoelastic and the The film/substrate system has been then glued onto

uniaxial anisotropy fields. The other terms correspond a piezoelectric actuator. Figure [1] presents a sketch of
to the angular variation of the resonance field due to the the studied heterostructure for studying the so-called in-
uniaxial anisotropy field (second term) and to the voltage verse magnetoelectric effect. In this Figure €17 and €99
induced magnetoelastic anisotropy field (third and fourth ~ correspond to the in-plane strains at the surface of the
terms). actuator (top) and at the interface with the flexible sub-
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Figure 3: Brillouin light scattering spectrum of the amor-
phous Finemet®) film on Kapton®) substrate. The trans-
ferred wave-vector is ¢ = 2.14x 10° cm™!. R denotes Rayleigh
surface wave while S; correspond to the Sesawa guided waves.
The red dashed line corresponds to the theoretical calculated
spectrum while the continuous blue line corresponds to the
experimental data.

strate. This latter is again used here as it is the best pos-
sible medium for efficiently transfer the in-plane strain
between the actuator and the ferromagnetic film. Max-
imum values of in-plane strains at a fixed voltage will
be obtained as compared to those obtained when using
a rigid substrate. Indeed, there is roughly two orders of
magnitude between the Young’s modulus values of rigid
substrates and the ones of a flexible one (~4 GPa for
Kapton®)) and ~180 GPa for Si). Nevertheless, even
if the interacting vector is the voltage induced in-plane
strain transferred from the actuator to the ferromagnetic
film, this is not sufficient to quantitatively analyze the in-
direct magnetoelectric effect. As stressed out in the pre-
vious section, in fact, the magnetoelastic anisotropy of
the Finemet®) material depends directly on the Young’s
modulus E and the Poisson’s ratio v of the thin film. To
determine them, we performed a Brillouin light scatter-
ing (BLS) study

2. FElastic coefficients estimation by Brillouwin light
scattering (BLS)

During the last twenty years, BLS has proved to be
very efficient for achieving a complete elastic charac-
terization of thin films and multilayered structures [I7-
19]. In a BLS experiment, a monochromatic light beam
probes and reveals acoustic phonons characteristic of
the investigated medium. The power spectrum of these
phonons is mapped out from the frequency analysis of
the light scattered within a solid angle. Because of the
wave vector conservation in the phonon-photon interac-
tion, the wavelength of the revealed elastic waves is of
the same order of magnitude as that of light. This means

that the wavelength is much larger than the inter-atomic
distances, so that the material can be described as a
continuum within an effective-medium approach. The
BLS spectra were collected in air at room temperature
with typical acquisition times of a few hours. 30 mW p-
polarized monochromatic light coming from a solid state
laser (A = 532 nm) was focused on the surface of the
sample. We used back-scattering configuration and the
scattered light was analyzed thanks to a (343)-pass tan-
dem Fabry-Pérot interferometer, so that the value of the
wave vector of the probed surface acoustic waves is exper-
imentally fixed to the value ¢ = 47” sin (§) = 2.14 x 10°
rad.cm™!, where & = 65° is the incidence angle of the
light beam.

For nearly opaque films with thicknesses around the
acoustic wavelength (0.3 - 0.4 pum), we can observe the
surface acoustic waves with a sagittal polarization. The
Rayleigh wave (R), the so-called Sesawa guided waves
(S1 to S;) and the corresponding phase velocities are
then measured. In our case, the amorphous film can
be considered as isotropic. Thus, two isotropic elastic
coefficients (Young’s modulus F and Poisson’s ratio v
of the thin amorphous film) influence the Rayleigh and
Sezawa modes, so that they can be evaluated by a best
fit procedure of the experimental velocities to the cal-
culated dispersion curves. By taking into account only
the ripple mechanism for the scattered intensity by the
surface acoustic waves, the experimental spectra are well
fitted, leading to the following values : E = 145 x 10'°
dyn.cm~2 (= 145 GPa) and v = 0.27. The estimated
Young’s modulus is close to the one of amorphous bulk
FeCuNDbSiB rubbans [22].

3. Magnetic parameters at zero applied voltage

During this study, the magnetic properties have been
probed by using Micro-Strip FerroMagnetic Resonance
(MS-FMR) which is now a common technique to scruti-
nized the dynamic magnetic properties in the microwave
regime. This setup allows the determination of the res-
onance field H,.s of the uniform precession mode by
sweeping the applied magnetic field in presence of a fixed
pumping radio frequency field }_ir ¢ (i. e. microwave driv-
ing frequency f).

In order to enhance the signal to noise ratio, a weak
modulation of the static applied magnetic field (here ~ 5
Oe at 175 Hz) is performed. Thus, this setup gives ac-
cess to the field first derivative of the rf absorption as
a function of the applied magnetic field. We have first
studied the magnetic properties of the Finemet®) thin
film in zero-applied voltage. The angular (¢g) depen-
dence of the resonance field has been studied for dif-
ferent microwave driving frequency f. This dependence
is presented in Figure ) for three frequencies (8, 9.47
and 12 GHz). Note that the measurements performed
at 9.47 GHz have been performed by using a resonant
cavity thanks to an Electron Paramagnetic Resonance
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Figure 4: a) In-plane angular (¢n) dependence of the reso-
nance field at three different driven frequencies (8, 9.47 and
12 GHz). b) Variation of the uniform precession resonance
field variation as a function of the microwave driven frequency
f at zero applied voltage. Open symbols are obtained with
@i = 0 (easy axis: H || &) and the filled ones are obtained
with pg = 7/2 (hard axis: H || &,). The solid and dashed
lines in a) and b) are best fits to the experimental data using
equation with the following parameters: v = 1.885 x 10°
Hz.Oefl, Ms = 965 emu.cm*?’, K, = 3.8x10* erg.cmf‘q’ and

Ozz = Oyy = 0.

(EPR) set-up and are clearly consistent with the MS-
FMR ones. All the measurements show that the angular
dependencies are governed by a uniaxial anisotropy hav-
ing an easy axis along x direction (the resonance field is
indeed minimum at ¢y = 0). Figure [4b) presents the
resonance field variation as function of the microwave
driving frequency f along the easy axis (pg = 0, open
circles) and along the hard axis (pg = 7, filled circles).
The continuous lines in Figure |4] are calculated thanks
to equation The in-plane strains are equal to zero
(exa(V = 0) = g4,(V = 0) = 0) in absence of applied
voltage and therefore the resonance field depends only on
v, M and K,, [25]. The best fits to experimental data are
obtained using the following parameters: v = 1.885 x 107
s710e !, Mg = 965 emu.cm™3 (i. e. 47M, ~ 12100
G) and K, = 3.8 x 10* erg.em™3(i. e. H, ~ 80 Oe).
The obtained Landé factor (g ~ 2.1) value is the typical
for metallic ferromagnets and the M value is in a good
agreement with previously determined values for simi-
lar films. However, due to the amorphous structure of
the material, the in-plane magnetic anisotropy in equiv-
alent Finemet®) film deposited onto rigid substrate (Si)
is generally weaker (a few Oe) than the ~ 80 Oe found
here. As previously suggested [26H29], the origin of this
uniaxial anisotropy is certainly due to a non zero mag-
netoelastic anisotropy at zero-applied voltage. This “ini-
tial” anisotropy can be due to a slight curvature along a
given direction taking place during the elaboration pro-
cess which could lead to a magnetoelastic anisotropy at

zero-applied voltage. Thereafter, this residual anisotropy
will be modeled as an ad hoc uniaxial one.

IV. MAGNETIC ANISOTROPY STRAINS
EFFECT

A. DMeasured in-plane strains

The piezoelectric actuator is characterized by a
main axis direction (direction 2 in Figure [I). The
film/substrate system has been glued in order to have
the main deformation axis of the actuator perpendicu-
lar to the easy axis, so in this condition, the direction
1 (resp. 2) of the actuator refers to x (resp. y) direc-
tion of the thin film. Digital image correlation (DIC)
method enables accurate measurements of changes in dig-
ital images [30L[3T]. This method uses tracking and image
registration to make full-field non-contact measurements
of displacements and strains in a wide variety of engi-
neering applications (mechanics of materials, micro- and
nano-technology, ...). Here, two CCD cameras mounted
on a tripod have been positioned vertically in top of the
film/substrate/actuator system, the field of view is fixed
to approximately 2 x 2 cm?. Given the 2448 x 2050
number of pixels of the cameras, the area per pixel is
about 12.5 nm?. The respective positions of the cameras
has been calibrated by using a 10 mmx8 mm calibra-
tion pattern. Figure ) presents a part speckle pattern
which has been generated at the “uniform” top surface
of the heterostructure by using a spray paint in order
to generate a contrast which will serve to calculate the
deformation. Indeed, a first image (reference image) is
taken at zero applied voltage; then, a sequence of images
are taken at different applied voltages and are compared
to the reference. The field strain at the surface of the
system has been extracted for each applied voltage by
performing DIC calculations which are performed by us-
ing the reference image and the different images coming
from the sequence. The DIC calculations have been per-
formed by using ARAMIS which is a commercially avail-
able software package [32]. From the fields strain, the
mean in-plane strains are extracted as function of the
applied voltage. Note that shear strains can also be ex-
tracted because of the use of two cameras in the present
setup. However, the shear strains values are found to be
negligible in this study and will be neglected thereafter.

Images were collected by performing applied voltage
loops (from 0V to 100V and back to 0V) with a frame rate
of about 0.1 FPS; the step of applied voltage was fixed
to around 5 V. Furthermore, prior to the measurements,
several images have been taken in absence of voltage in
order to estimate the DIC setup statistical errors, esti-
mated to be ~ 5 x 1076, Moreover, different images have
been taken as a function of time at 0 V after saturating
the actuator at 100 V. After approximately 5 hours, a dif-
ference of about |4 X 10_5‘ in the in-plane strains values

is found; this value rises to ’1 X 10_4| after several days
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(which is relatively high). This difference is due to the
training effect of the polarization. In addition, ARAMIS
has been used to calculate the DIC in two different 3 x 3
mm? regions: an uncoated area of the actuator and an
area located at the top of the thin film.

Figures ) presents the extracted mean in-plane
strains €11 and e95. Indeed, similar quasi-homogeneous
strain fields as function of the applied voltage have been
calculated from the two regions. Thus a 100% in-plane
strain transmission in between the piezoelectric actuator
and the film is observed, it can be conclude that €11 = €,
and €33 = €,y. Non linear and hysteretic variations are
observed for both €17 and e55 which is certainly due to
the intrinsic properties of the ferroelectric material used
in the fabrication of the actuator [9]. One can note that
€99 is found to be positive and £1; is found to be negative
in the voltage range [0-100 V]. Moreover, it is interesting
to note that a linear variation of €95 as a function of €11
is found €99 ~ —1.7¢77. The maximum achieved values
of e92 and 17 (~ 1 x 1073 ~ —0.5 x 102 at 100 V, re-
spectively) show that the film is not deteriorated by the
plasticity regime because it is obtained for higher values:
this is experimentally confirmed by the excellent repro-
ducibility of the experiments (even after several days). In
this condition and because of the amorphous structure of
the magnetic film, the in-plane stresses can be calculated
using equations [4] and [5| with £ and v values previously
determined by BLS. Obviously, 011 and 092 also present
non linear and hysteretic variations as function of the ap-
plied voltage. This representation of the in-plane stresses
could be useful, especially in the case of uniaxial in-plane
stress which is not the case here. Indeed, for o35 , a sim-
ilar linear variation is found with o995 ~ —3.60711.

From the voltage dependence of 17 and e92 (or o13.
and 092), the indirect magnetoelectric effect can be quan-
titatively studied in the the system by probing resonance
field uniform mode.
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(initial easy axis: H || &), the filled circles are obtained with g = 7 (hard axis: H || §) and the open triangles are obtained

™

with YH = %

The different lines are best fits to the experimental data using equation with the following parameters:

v =1.885x 10" s71.0e™!, Mg = 965 emu.cm™>, K, = 3.8 x 10* erg.cm™3, F = 145 GPa and v = 0.27 and X = 16 x 1075,

Ame (V.em™1.0e™ 1) apy (Oe.MPa™1)

f (GHz) YH
0 2 0 2

8 -1.62 1.4 -0.67 0.77
10 -1.62 1.39 -0.62 0.77
11 -1.76 1.41 -0.63 0.77
12 -1.68 1.41 -0.64 0.76
13 -1.7 1.4 -0.58 0.75
14 -1.76 1.41 -0.62 0.76
15 -1.85 1.44 -0.58 0.75
16 -1.81 1.76 -0.59 0.62
18 -1.81 1.7 -0.6 0.64
20 -1.831 1.37 -0.6 0.79

[og . . )
Table I: ame and amyd as function of the microwave driving

frequency f extracted along the x and y direction.

B. Strain induced anisotropy and magnetoelastic
behavior

Figures @1) shows typical MS-FMR experimental spec-
tra recorded at 11 GHz with an applied magnetic field
along y direction (initial hard axis: ¢y = F) at dif-
ferent applied voltages (0, 20, 40, 60, 80 and 100 V).
A shift of the resonance field §H,.s of around 100 Oe
between spectra recorded at 0 and 100 V is clearly ob-
vious. The corresponding variation of H,.s (defined as
O0H es = Hpes(0) — Hpes(V)) as a function of the applied

voltage is reported in Figure [6} a non linear and hys-
teretic variation is observed. Here, filled circles represent
the upsweep (0 to 100 V) and open circles the downsweep
of the applied voltage (100 to 0 V). The spectra presented
in Figure [6h) show that the resonance field decreases
when increasing the applied voltage. Since €y, > 0 and
ezz < 0, it can be conclude that the magnetostriction
coefficient at saturation A of the thin film is positive. In-
deed, a negative magnetostriction coefficient would have
led to an increase of H,.s, as it is the case in Ni poly-
crystalline thin film [9] B3].

Furthermore, a linear variation of 6 H,.s appears if the
voltage-stress dependence (see Figure [o]) is used. Fig-
ure [6f) illustrates such a behavior where the continu-
ous line is the linear fit of the slope which is found
around an?? = 0.76 Oe.MPa~!. This feature indicates
that the non linear and the hysteretic variations of § H,..s
as a function of V is not related to the magnetoelastic
anisotropy; it is completely due to the intrinsic properties
of the ferroelectric material used for the actuator fabri-
cation. In addition, in first approximation, if the non
linear and the hysteretic behavior of §H,.s as a func-
tion of V is neglected and adjusted by a linear fit, an ef-
fective magnetoelectric coupling (. in V.em™1.0e™! )
can be estimated (by considering the static electric field
inside the actuator. Table [[] presents the different val-
ues of e and an?? as function of the microwave driv-
ing frequency measured along the initial easy and hard
axes (pg = 0 and 7). The first observation is that the
voltage-induced magnetoelastic effect is frequency inde-
pendent for this system. However, a weak difference
of a,ue extracted from the measurements performed at
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Figure 8: In-plane angular (¢rm) dependence of the reso-
nance field measured at 12 GHz for three different applied
voltages: 0, 80 and 100 V. The symbols are experimental
data (triangles: 0 V, open circles: 80 V and filled circles:
100 V) while the solid lines are calculated thanks to equa-
tion with the following parameters: v = 1.885 x 107
s 1.0e™t, Ms = 965 emu.cm ™2, K, = 3.8 x 10* erg.cm™3,
E =145 x 10'° dyn.cm™2 and v = 0.27 and A = 16 x 1076.
The Sketches correspond to 3D view of the heterostructure
showing the voltage-switch of the easy axis from x to y direc-
tion.

on =0 and gy = 7 is found. Such effect is most prob-
ably due to the misalignment (of a few degrees) of the x
direction and the direction 1 of the actuator which may
occurred when gluing of the film/substrate system onto
the piezoelectric actuator and is predicted by the equa-

tion

Figure[7] presents variations of H,s as a function of the
applied voltage-induced stress (three top graphs) and as
a function of the applied voltage (three down graphs)
for different ¢p angles (0, 7 and 7) at various mi-
crowave driving frequencies. In first approximation, the
induced magnetoelastic anisotropy can be viewed as a
uniaxial magnetoelastic anisotropy field H e along y di-
rection, which is thus perpendicular to the “initial” uni-
axial anisotropy field ﬁu In absence of applied voltage,

the resonance field along z direction (¢g = 0) is smaller
than the one measured along y direction (¢ = 7), the
difference of these two last resonance fields is roughly

equal to HQﬁ“ H When increasing the applied voltage (or

induced-stress), the = direction will be less easy which
leads to an increase (resp. decrease) of the resonance
field along x (resp. along y) direction because of the
competition between ﬁme and ﬁu At 80V (011 ~ —30
MPa and g92 ~ 105 MPa), the resonance fields are equal
for the three studied angles which means that H, is to-
tally compensated by Hpeo A quantitative analysis of
the voltage-induced variation of the resonance field has
been performed by using equation By introducing
the stress-voltage dependence, the only undetermined pa-
rameter is the saturation magnetostriction coefficient A;
the best fits of all the experiments gives A = 16 x 1076,
which is slightly lower with the bulk material. A good
agreement is found between the experimental variations
and the calculated ones for the different frequencies (see
m). Note that the non linear and the hysteretic variations
of H,es as a function of V' are well reproduced. In ad-
dition, at py = 7, an experimentally confirmed almost
constant variation as predicted by equation [I0]

Figure [§] presents angular variations of the resonance
field at different applied voltage: 0, 80 and 100V which
correspond to o171 ~ 0, -30 and -45 MPa and o225 ~ 0, 105
and 130 MPa, respectively. At zero-voltage, the angular
variation of the resonance field found in Figure @a) is re-
trieved, the horizontal peanut shape represented by blue
triangles is characteristic of a uniaxial anisotropy along x
direction (¢ = 0). The 80 V value was chosen because
of the “exact” compensation of this uniaxial anisotropy
by the induced magnetoelastic one. At this voltage, the
film is in-plane isotropic in the magnetic point of view. It
is experimentally confirmed by the circle shape formed by
the open circles. Finally, at 100 V, a uniaxial anisotropy
characterized by a vertical peanut shape is observed along
y axis (¢g = ). Thus, a voltage-switch of the effective
easy axis from z direction (at 0 V) to y direction (at 100
V) has been performed. The sketches of Figure E’D qual-
itatively present such effect. Finally, the solid lines of
Figure [4h are calculated thanks to equation [I0] with the
parameters previously determined.

V. CONCLUSIONS

e Magnetic anisotropy in Finemet®) thin films de-
posited on Kapton(®) substrate has been studied by
Micro-Strip FerroMagnetic Resonance (MS-FMR).

e We have shown that the flexibility of Kapton®)
substrate allowed tailoring the magnetic anisotropy
of the film by applying small voltage-induced
strains.

e The flexibility of the Kapton®) substrate induced
an initial uniaxial anisotropy that is generally not



found in ferromagnetic films whose thickness is a
few hundred nanometers.

e The knowledge of the applied elastic strains versus
applied voltage measured by Digital Image Correla-
tion and Finemet@®) film elastic constants measured
by Brillouin light Scattering allowed estimating the
effective magnetostriction coefficient of the film.
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