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Among the magnetostrictive alloys, the one formed of iron and gallium (called “Galfenol” from its
U.S. Office of Naval Research discoverers in the late 1990s) is attractive for its low hysteresis, good
tensile stress, good machinability, and its rare-earth-free composition. One of its applications is its asso-
ciation with a piezoelectric material to form an extrinsic multiferroic composite as an alternative to the
rare room-temperature intrinsic multiferroics such as BiFeO3. This study focuses on thin Fe0.81Ga0.19 films
of thickness 5, 10, 20, and 60 nm deposited by sputtering onto glass substrates under a deposition field
Hdep ∼ 300 Oe. Magnetization reversal study reveals a well-defined symmetry with two principal direc-
tions independent of the thickness. The magnetic signature of this magnetic anisotropy decreases with
increasing Fe81Ga19 thickness due to an increase of the nonpreferential polycrystalline arrangement, as
revealed by transmission electron microscopy (TEM) observations. Thus, when magnetic field is applied
along these specific nontrivial directions, magnetization reversal is mainly coherent for the thinnest sam-
ple, as seen from the transverse magnetization cycles. The magnetostriction coefficient reaches 20 ppm
for the 5-nm film and decreases for thicker samples, where the polycrystalline part with nonpreferential
orientation prevails.

DOI: 10.1103/PhysRevApplied.12.024020

I. INTRODUCTION

Magnetostrictive thin films have attracted a huge inter-
est in the last few decades. Indeed, it is of interest to
understand the fundamental mechanisms driving the strain
and magnetic coupling in thin films. Also, magnetostric-
tive properties are the key properties used in different
applied issues and devices such as sensors, actuators,
energy-harvesters, spintronic devices [1,2], and strain-
tronic devices [3,4]. For example, a new technology, called
acoustically assisted magnetic recording (AAMR) based
on Fe-Ga alloy has been recently proposed. This tech-
nology uses a surface acoustic wave (SAW) to modulate
the coercivity of the recording medium by the inverse
magnetostrictive effect [5].

Among the different magnetostrictive alloys, Fe-Ga
alloy discovered in 2000 by Clark [6] has received
particular attention as it exhibits remarkable proper-
ties such as low hysteresis, large magnetostriction, good
tensile strength, machinability, and recent progress in
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commercially viable methods of processing [7]. Although
Fe-Ga alloy magnetostrictive properties are lower than
those of Terfenol-D (a terbium-iron-dysprosium alloy),
gallium, when substituted for iron, increases the tetrag-
onal magnetostriction coefficient λ100 over tenfold. This
increase is generally attributed to the formation of Ga
pairs when the Ga concentration reaches a substitution
concentration value of 19% Ga, whereas it is commonly
believed that the formation of an ordered DO3 phase, as
the alloy composition approaches 25% Ga, is detrimental
to magnetostriction [8].

These Fe-Ga alloys have the main advantage of being
free of rare-earth elements and, thus, the cost is reduced
compared to the rare-earth alloys family that has another
drawback, which is their brittleness. The bulk Fe-Ga phase
diagram is rich since many phases can coexist. Among
them, on the Fe-rich side, one can cite the disordered bcc
A2 phase, the ordered primitive cubic B2 phase, and the
ordered DO3 phase [9,10].

Fe-Ga alloys can be a good candidate to be associated
with a piezoelectric material to form a composite multifer-
roic material. Such “extrinsic multiferroic” materials are
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an alternative path to the intrinsic multiferroics since only
a few of the latter have high enough critical temperatures
to be used in devices [11,12].

In composite materials, properties of each layer are
combined: for example, magnetization can be controlled
by an electric field through a strain transferred from the
piezoelectric material to the magnetostrictive one. This is
the converse magnetoelectric effect (CME), which can be
schematically written as CME = (electric/mechanical) ×
(mechanical/magnetic).

Moreover, such magnetic thin films are a very important
part of flexible magnetoelectronics and an important foun-
dation for the development of flexible magnetic devices
[13,14].

For high-frequency devices, in-plane uniaxial anisotropy
is needed. One way to adjust the anisotropy has been
recently adressed in Fe-Ga alloy films (35 to 55 nm
thick) deposited on lead magnesium niobate-lead titanate
Pb(Mg1/3 Nb2/3)O3 -Pb(Ti)O3 piezoelectric substrates.
Anisotropy is modified using both oblique incidence depo-
sition and electric field [15].

A magnetoelectric composite composed of a layer of
Fe-Ga alloy associated with a layer of lead zirconate
titanate (piezoelectric ceramic material) Navy Type VI
(PZT-5H) has been studied for potential applications in
surgery such as cutting tools [16].

Clark et al. [17] have shown a nonmonotonic depen-
dence of magnetostriction with Ga concentration with a
double peak: the first one for 19% Ga content with 3

2λ100,
reaching 400 ppm, and the other peak is close to 27%,
with a slightly smaller magnetostriction coefficient. These
authors have also shown a sharp change from 3

2λ111 ≈
−20 ppm to 3

2λ111 ≈ +40 ppm around 20% Ga alloy
composition.

Very recently, it has been found that Fe-Ga single crys-
tals alloys with specific thermal treatment behave in an
unusual way: they show almost no magnetic hysteresis
and these alloys are “non-Joulian”: their overall volume is
not conserved during the magnetostriction process [18,19]
contrary to the usual behavior when the material dis-
torts in shape but not in volume since, while it expands
in one direction, it contracts in the transverse directions.
These alloys could find new applications in sensors and
actuators. The magnetostrictive properties of Fe-Ga alloy
depend strongly on composition preparation methods and
thickness.

Previous works on thin films (thickness of 150 nm)
have shown the same double-peaked maximum with
Ga concentration as observed in bulk [20], but with
lower magnetostriction values in 500-nm-thick films
[21]. Javed et al. have studied the effect of sputter-
ing deposition conditions on 50-nm-thick films with
Ga concentration ranging from 19% to 23% and found
a 〈110〉 crystallographic texture normal to the film
plane and an effective saturation magnetostriction close

to 60 ppm [22]. Javed et al. also studied the thick-
ness dependence (20–100 nm) of magnetostriction in a
Fe80Ga20 polycrystalline alloy and determined the surface
magnetostriction
contribution [23].

Epitaxially grown Fe81Ga19 on Si/Cu with different
thicknesses from 10 to 160 nm [24] or grown on
MgO(100) with 90-nm-thickness films has also been
studied [25].

Even if Fe-Ga alloy is widely studied within its film
form, little emphasis has been given to a wide range of
thickness-dependent magnetic properties. Extensive mag-
netization reversal and magnetostriction study for thin
films thinner than 10 nm has only been reported seldomly
[26,27]. In this paper, we report on an exhaustive mag-
netization reversal study with presentation of azimuthal
behavior of the coercive field and the transverse magne-
tization. Samples with thicknesses ranging from 5 to 60
nm are deposited on glass substrates under a deposition
field Hdep. Magnetostriction cycles are also presented for
each thickness. These magnetic results are explored in
correspondence with the structural study.

II. EXPERIMENTAL DETAILS

In this paper, a study of ultrathin Fe81Ga19 thin films
grown by a sputtering technique is presented. Fe81Ga19/Ta
layers are grown by standard rf diode sputtering onto glass
substrates (Schott D 263 TM [28]). A Fe81%Ga19% tar-
get is used and the sample composition is checked with
electron probe microanalysis (EPMA) measurements. The
base pressure prior to the film deposition is typically 10−7

mbar. The ferromagnetic (FM) Fe81Ga19 thicknesses are
tFM = 5, 10, 20, and 60 nm. Ta is used as a capping layer
to protect the Fe81Ga19 from oxidation. The rf power used
to sputter the 3-in. Fe81Ga19 target is 100 W and the argon
pressure is 1.5 × 10−2 mbar. With these sputtering con-
ditions, the growth rate is 0.22 nm s−1. This rate is close
to the one found by Weston et al. (0.3 nm s−1) with quite
similar deposition conditions [24].

An in-plane magnetic field of Hdep ∼ 2.4 kA m−1 (300
Oe) is applied, during deposition, to induce a preferred
direction. The influence of Hdep is discussed later in
the paper. Structural analysis is performed by transmis-
sion electron microscopy (TEM) experiments on cross-
sectional lamellas, thinned by mechanical polishing and
argon ion milling at low temperature using a Gatan preci-
sion ion polishing system equipped with a liquid-nitrogen
cooling system.

The samples are studied in high-resolution mode (the
electron beam being parallel to a high symmetry axis of
the crystal) in low magnification to ensure a large field of
view. Selected-area diffracted patterns are recorded to eval-
uate the polycrystallinity of the layers as a function of their
thickness.
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X-ray measurements are performed with a four-circle
X’Pert Pro Panalytical diffractometer, using a Cu Kα wave-
length of 0.1542 nm, in a reflective mode.

Static magnetic measurements are performed at room
temperature with a home-built vectorial vibrating sample
magnetometer (VVSM), allowing us to determine both the
longitudinal (ML) and transverse (MT) magnetization com-
ponents. MT is the magnetization component in the film
plane, but perpendicular to H .

Coercive field temperature dependence is also obtained
from M (H) measurement using a Cryogenic cryogen-free
physical properties measurement platform with a vibrating
sample magnetometer inset. The magnet is initially demag-
netized, after which the sample is cooled in zero applied
magnetic field to the desired temperature. The M (H) is
then measured using the low-magnetic-field option of the
Cryogenic system.

Magnetostriction is characterized using optical deflec-
tometry. Under an applied magnetic field, the cantilever
(made of glass substrate with Fe81Ga19 deposited onto
it) deformation is recorded through laser beam reflec-
tion at the free tip. Further details can be found in a
previous paper [29]. In thin films, since the magnetostric-
tive sample is grown onto a much thicker substrate,
the magnetostrictive deformations are hindered by this
substrate and one usually deals with the magnetoelastic
coupling coefficient, b, rather than the magnetostriction
coefficient, λ. This coefficient represents the characteris-
tic magnetostrictive stress (see, for example, Ref. [29]).
We check that the amplitude of the deflection (in abso-
lute value) of the laser spot is unchanged whether it
is reflected by the magnetic film of the sample or by
the nonmagnetic film deposited from another side of the
substrate.

III. XRD AND TEM CHARACTERIZATION

Crystallographic properties are first determined using
x-ray diffraction as shown in Fig. 1. A very broad hump
is observed around 20◦ that can be attributed to the x-ray
signature of the amorphous glass substrate. A single Bragg
peak is observed at 44.4◦. This Bragg peak position cor-
responds to an interplanar spacing of 0.288 nm, which is
in agreement with the results of Javed et al. for a 50-nm
film [22], who noticed that the lattice parameter observed
in such thin films is lower than those of thicker films or
bulk values.

This Bragg peak position does not change for Fe81Ga19
thicknesses between 20 and 60 nm. It shows that the
Fe81Ga19 crystallographic lattice does not evolve with
thickness. Below 20 nm, it is not possible to measure clear
XRD spectra because of the poor signal-to-noise ratio. It
may be noted here that x-ray reflectivity is carried out
on all samples to confirm the thicknesses. Nominal thick-
nesses appear to be very close to those determined by

40 41 42 43 44 45 46 47 48

2θ (deg)

0

1

2

3

4

5

In
te

ns
it
y

(1
0

3
ar

b.
un

it
s)

60 nm
20 nm

0 25 50 75
2θ (deg)

0

4

8

FIG. 1. θ − 2θ pattern for 60- and 20-nm-thick Fe81Ga19 films.
Inset: Full angle scan.

reflectivity. These x-ray spectra exhibit well-defined Kies-
sig fringes in agreement with low-roughness thin films
[30].

TEM characterization is carried out to probe the crys-
tallographic properties for the thinnest films and also to
determine the morphology of the films. TEM characteriza-
tion is presented in Fig. 2 for the two samples of 7- and
40-nm thickness.

TEM images show that the thin films are continuous
with the absence of holes and a low roughness for all
thicknesses.

The diffraction patterns exhibit nonuniform circular
rings with well-defined points or peaks present at some
angular positions. Circular rings with a uniform dis-
tribution of intensity are a signature of polycrystalline
crystallographic systems with no preferential orientation.
However, the presence of well-defined spots in a diffrac-
tion pattern is characteristic of a well-defined long-range
ordering encountered in epitaxial systems or substrates.
The superposition of well-defined spots and circular rings
therefore indicates that the thin films are composed of
a polycrystalline fraction with no preferential orientation
and another part of the volume that grows in a precise
direction as in epitaxial systems [31,32]. The reinforce-
ment of spot intensity in some directions is clear on
the diffraction pattern corresponding to the thinnest sam-
ple, indicating a more “textured” film than the thicker
one.

Such a fact may have critical consequences for the mag-
netic and magnetostrictive properties, which depend on the
crystallographic arrangement, as shown later in this paper.
In the following sections, the magnetic properties are
analyzed using magnetometry and magnetostrictive tech-
niques in light of the structural characterization presented
in this section.
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FIG. 2. High-resolution TEM
image (left column: direct space;
right column: reciprocal space) of
a typical glass/Fe81Ga19(7 nm)/Ta
bilayer is shown in the top
image. The bottom figure shows
the image obtained for the
glass/Fe81Ga19(40 nm)/Ta thick
film.

IV. MAGNETIZATION REVERSAL

Figure 3 shows the evolution of the saturation magnetic
moment as a function of the Fe81Ga19 thickness. All the
magnetic measurements are performed on samples with
the same substrate surface area. The linear evolution of the
saturation magnetic moment, thus, means that all samples
from 5 to 60 nm have the same saturation magnetization
Ms = 919 kA m−1 (μ0Ms = 1.15 T). This value is close to
the one found by Zhang [33] for a 50-nm-thick Fe81Ga19
sample, but smaller than the one found by Gopman in thin
films of thicknesses ranging from 20 to 80 nm [34] or
in bulk materials that showed a saturation magnetization
of 1.5 T.
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FIG. 3. Saturation magnetic moment as a function of Fe81Ga19
film thickness. The solid line is a linear fit.

Even though Endo et al. [26] have also observed a
quasiconstant magnetization for Fe0.78Ga0.22 films with
thicknesses between 3 and 100 nm, it is quite remark-
able that the magnetization for the present sample series
remains constant for all thicknesses since a reduction of
magnetization at the nanoscale may be observed when the
thickness is decreased; i.e., reduction of the magnetization
should be related to low dimensionality effects [35].

Figure 4 presents the magnetization hysteresis loops
for the 5- and 60-nm samples for both transverse and
longitudinal components. An in-plane magnetic field is
applied along the direction of the applied deposition
field (ϕ = 0◦) or perpendicularly to it (ϕ = 90◦). The
third angle (ϕ = 50◦) corresponds to the maximum of
Max(MT)/Ms found when varying ϕ (see Fig. 5).

For the 5-nm sample and along the ϕ = 0 direction,
the transverse magnetization is flat, showing the absence
of a net moment in the direction perpendicular to the
applied field. Thus, the magnetization reversal is incoher-
ent, involving domains nucleation and propagation. On
the other hand, when external field is applied along the
ϕ = 50◦ direction, the 5-nm normalized transverse mag-
netization shows a maximum value of 1, indicating a
coherent magnetization reversal [i.e., a coherent (uniform)
magnetization reversal] [36]. For larger thicknesses, the
angular variation of transverse magnetization displays a
similar behavior, in the sense of a maximum value at
ϕ = 50◦. However, this MT maximum value is reduced for
thicker samples. It should be noted here that the observed
angular dependence of the longitudinal and transverse
components of magnetization does not correspond to a
uniaxial anisotropic system with an easy axis induced by
the applied field during growth. Indeed, such a uniaxial
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FIG. 4. In-plane magnetization loops of thickness 5 and 60 nm.
Longitudinal ML (red �) and transverse MT (blue ◦) components
are shown. ϕ is the angle between the deposition axis and the
direction of the in-plane applied field. ϕ = 0 corresponds to H
applied parallel to the direction of the deposition field.

system would exhibit a maximum value of MT perpen-
dicular to the magnetic field applied during growth. In
order to understand the driving mechanism for the mag-
netic properties’ angular dependence, systematic in-plane
azimuthal measurements are performed for all samples in
increments of ϕ = 10◦. For each applied magnetic field
direction, the maximum value of the transverse magnetiza-
tion and the coercive field are obtained, as shown in Figs. 5
and 6.

Figure 5 shows the azimuthal angular dependence of the
normalized (to the saturation magnetization Ms) maximum

FIG. 5. Azimuthal behavior of the normalized maximum trans-
verse magnetization, Max(MT)/Ms, for different Fe81Ga19 film
thicknesses.

FIG. 6. Azimuthal behavior of the coercive field Hc for differ-
ent Fe81Ga19 film thicknesses.

transverse magnetization Max(MT)/Ms for all samples. It
reveals an “X” shape with four lobes and a well-defined
symmetry: for a given thickness, the four lobes have the
same size and their maxima show up at about 50◦, 120◦,
230◦, and 300◦ with respect to the depositing field direc-
tion (i.e., 0◦). Even though the lobe amplitude decreases
when the thickness increases, it is worthwhile to note that
their orientation does not vary with thickness. The symme-
try of the azimuthal angular dependence for the transverse
magnetization relates to the magnetic anisotropy present in
a system. A uniaxial anisotropy system with coherent mag-
netization rotation, as described by the Stoner-Wohlfarth
model [37], exhibits a well-known azimuthal shape of MT,
with two maxima. However, a magnetic system with a
predominant cubic anisotropy exhibits an azimuthal shape
with four maxima such as observed here. Furthermore, if
the cubic anisotropy is of crystalline origin, then the max-
ima are related to the in-plane crystalline directions. Here,
the angular positions of the maxima observed in Fig. 5 cor-
respond to the angles between [111] directions within the
(110) plane in the cubic system.

Considering that the preferential growth discussed pre-
viously is along the [110] directions, it shows that the
crystalline ordering is the driving mechanism for ultra-
thin sputtered Fe81Ga19 systems studied here. Fe81Ga19
systems exhibit a magnetically hard axis along defined
crystallographic directions. It favors a coherent rotation
mechanism (i.e., a maximum of the transverse component)
along these directions so as to minimize the anisotropic
energy of the system. As already noted, the maxima ori-
entation is not thickness dependent, whereas the maxima
intensity decreases strongly with increasing thickness. It
can be explained by an increase of the volume of the
nonpreferential polycrystalline arrangement with increas-
ing Fe81Ga19 thickness, as revealed by TEM observations.
Therefore, this clearly demonstrates the presence of a
surface anisotropy due to the low-dimensional effect in
the rf sputtering ultrathin films. This surface anisotropy
originates from the thickness-dependent crystallographic
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texture effect. The same kind of anisotropy was observed
by Weston et al. [24] in epitaxially grown Fe81Ga19 films
with thicknesses ranging from 20 to 160 nm but not in sput-
tered ones: for very thin layers, Endo et al. have shown
a small uniaxial anisotropy if t ≤ 7.5 nm, but isotropic
behavior above this thickness [26].

It is of interest to determine the angular dependence of
the coercive field so as to further understand the effect
of the magnetocrystalline component. The reason for this
is because such a property is of prime interest for Fe-Ga
alloy-based MEMS when studied in an external magnetic
field [20].

Figure 6 shows a clear thickness dependence of the
coercive field azimuthal shape. The thicker films exhibit
a quasicircular (isotropic) shape, whereas the thinnest ones
show a more complex behavior with local extrema posi-
tions reversed as compared to the MT evolution. Thus, the
directions of the Hc maxima correspond to MT minima and
vice versa. With increasing thickness, the maximum of Hc
increases from 20 to 75 Oe. These values are of the same
order as those found in Fe81Ga19 thin films grown epitax-
ially on Cu on Si [24], but at least half as small as the
values found by Javed [22] in 50-nm-thick samples grown
by cosputtering and evaporation techniques.

Zhang et al. [33] deposited a 50-nm-thick Fe81Ga19 onto
a polyethylene terephthalate (PET) flexible substrate with
varying Ta buffer layer thicknesses. They observed a uni-
axial anisotropy decreasing with Ta thickness, attributed
to residual stress from deformations in the PET substrate.
Along the hard axis, the coercive field is reduced to 14 Oe
when the Ta buffer layer is 20 nm. More recently, the same
group studied wrinkled Fe81Ga19 films (20, 40, 60 nm) fab-
ricated on elastic polydimethylsiloxane (PDMS) using two
fabrication methods [38]. They found more or less uniax-
ial anisotropy depending on the fabrication methods and
coercive field ranging from 40 to 90 Oe.

Finally, it should be noted that the minima of the coer-
cive fields may be used in the future to minimize the
external energy needed for controlling devices.

One may wonder what the influence of the deposi-
tion field Hdep is on the magnetic anisotropy character. A
5-nm-thick Fe81Ga19 sample is deposited in the exact
same sputtering conditions but without Hdep. This sam-
ple is magnetically characterized in the same way as the
5-nm one deposited with Hdep. The same characteristic X
shape of the azimuthal transverse magnetization with the
same angles between the four lobes is found. Along the
directions of these lobes, Max(MT)/Ms also reaches its
maximum value of 1. The only difference we observe is a
tilt (approximately 30◦) in the whole polar plot. The depo-
sition field Hdep thus orients the cubic anisotropy along a
specific direction but does not modify the anisotropy type.

In order to complement this room-temperature magnetic
study, coercive fields’ dependence with temperature from
10 to 300 K is probed. This thermal behavior should be
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FIG. 7. Temperature evolution of the coercive field, Hc, for
different Fe81Ga19 film thicknesses.

considered to understand the working temperature of sen-
sor or actuator devices involving ultrathin Fe-Ga alloy
films.

In order to measure the magnetization (M ) of the
Fe81Ga19 films as a function of applied magnetic field (H )
at constant temperature, the following measurement proto-
col is used. The protocol starts with a demagnetization of
the superconducting magnet, in order to obtain a zero mag-
netic field for the zero-field-cooled (ZFC) measurements.
The sample is then cooled in zero field to the desired tem-
perature and, after allowing the temperature to stabilize,
M (H) is then measured. After the M (H) measurement,
the system is heated back to 300 K, and then zero-field
cooled again to the next desired temperature. This protocol
is repeated in 25-K steps.

Coercive fields, Hc, as a function of temperature for all
the samples are presented in Fig. 7. The usual decreasing
Hc behavior with T is observed as also reported in CoCrTa
films [39], in exchange-coupled NiFe/NiO layers [40], and
in nanoparticles [41].

For all temperature ranges studied in this paper, the
thinnest sample always has the smaller coercive field,
while the thicker one has the most coercive one. The
slopes of the coercive field as a function of temperature
are roughly the same for all the thicknesses.

It indicates that there are no thickness-dependent mag-
netic phase transitions present in these Fe81Ga19 films.

V. MAGNETOSTRICTION

In a cubic crystal, the relative deformation due to mag-
netostriction is given by [42,43]

δ�

�
= 3

2
λ100

(
α2

1β
2
1 + α2

2β
2
2 + α2

3β
2
3 − 1

3

)

+ 3λ111 (α1β1α2β2 + α2β2α3β3 + α1β1α3β3) , (1)
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where λ100 and λ111 are the saturation magnetostriction
coefficients when the crystal is magnetized, and the strain
is measured, in the directions 〈100〉 and 〈111〉, respectively
[42]. αi and βi are respectively the direction cosines of
the magnetization and observed elongation measured from
cubic crystallographic directions ([100], [010], [001]).
The magnetostrictive strain can also be expressed in
terms of the tetragonal λγ ,2 = 3

2λ100 and rhombohedral
λε,2 = 3

2λ111 magnetostriction constants, since an initially
cubic cell magnetized along [100] becomes slightly tetrag-
onal, or rhombohedral when magnetized along [111].

From Eq. (1), it is clear that δ�/� is sensitive to
crystallinity and therefore different for monocrystalline,
polycrystalline, or textured materials.

Let us call x the sample thickness, y the width, and z
the length along which deformation is measured. When
the magnetic field is rotated within the y-z plane, one can
compute the azimuthal variation of deformation assum-
ing that for strong enough magnetic fields, magnetization
remains parallel to it. If ϕ is the angle measured from
the sample length (ϕ = 0 when �H ‖ z and ϕ = 90◦ when
�H ‖ y), one gets the general formula for the (averaged
where appropriate) relative deformation:

δ�

�
= A + B cos(2ϕ), (2)

where A and B are constants including both λ100 and λ111
with weighting coefficients depending on the crystallinity
of the sample, as we show below for three simple cases.

In the case of a fully randomly oriented polycrys-
talline material, using Birss calculations [44] one finds
A = 1

10λ100 + 3
20λ111 and B = 3

10λ100 + 9
20λ111.

In the case of a single crystal oriented such as [110] ‖
x, [001] ‖ y and [1̄10] ‖ z, one finds A = − 1

8λ100 + 3
8λ111

and B = 3
8λ100 + 3

8λ111.
In the case of a textured material with [110] ‖ x and ran-

dom orientations within the (y − z) film plane, one finds
A = 1

16λ100 + 3
16λ111 and B = 9

32λ100 + 15
32λ111.

In thin films, magnetostriction deformations are hin-
dered by the much thicker substrate. In our experiment, we
measure the bending angle θ(H) of the cantilever tip when
the magnetic field is cycled from Hmax to −Hmax and back
to Hmax with Hmax > Hsat, where Hsat is the saturation field
when magnetization reaches its saturation value [29]. In
our experiment, Hmax is chosen as 1500 Oe. The bending
angles θ(H) are converted to stress using the well-known
formula [45]

b(H) = Est2s
6(1 + νs)L tf

× θ(H), (3)

where Es = 72.9 GPa is the Schott D263 glass substrate
Young modulus and νs = 0.208 its Poisson ratio [28].
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FIG. 8. Azimuthal behavior of magnetostriction for
t = 5, 10, 20, 60-nm-thick films. For each thickness, the
solid line is a fit to experimental points using the function
A + B cos(2ϕ + δ).

The glass substrate thickness is ts = 30 μm and the
Fe81Ga19 film thickness is tf . L is the sample length (more
precisely, the distance between the support and the laser
spot on the sample). One can access the magnetostriction
coefficient through λ = − 2

3

[
(1 + νf )/Ef

] × b, but the
elastic coefficients of the thin film (νf and Ef ) are needed.
For very thin films, these elastic parameters are difficult
to measure and usually stress b is considered as the rele-
vant parameter for magnetostrictive effects. Nevertheless,
following Hattrick-Simpers [21], we take Ef /(1 + νf ) =
50 GPa for Fe81Ga19 to compute λ and compare the values
we get with those obtained by other authors.

The azimuthal behavior of b is shown in Fig. 8. The
cos(2ϕ) (where ϕ is the angle between the applied mag-
netic field H and the cantilever length) expected behavior
[see Eq. (2)] is found for all sample thicknesses.

The full H -bending cycles for the two remarkable
angles ϕ = 0 (‖ cantilever length and deposition field) and
ϕ = 90◦ (⊥) are shown in Fig. 9.

To access the effective magnetostriction constant (λeff)
or the characteristic magnetostrictive stress (beff), one has
to perform at least two measurements: along the sample
length (parallel) and along the sample width (perpendicu-
lar), since the magnetostriction constant is given by [42,46]
λeff = 2

3

[
(δ�/�)‖ − (δ�/�)⊥

]
and similarly beff = b‖ − b⊥.

Obviously, magnetostriction can also be deduced from the
azimuthal behavior of b, i.e., the cos(2ϕ) amplitude as seen
in Fig. 8.

One should notice that beff is negative for these Fe81Ga19
samples. This corresponds to a positive magnetostriction
since the magnetostriction coefficient λ and b are related
through a negative coefficient and thus a dilation along the
applied field direction.
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FIG. 9. Magnetostrictive bending H cycles of Fe81Ga19 can-
tilever films for thicknesses t = 5, 10, 20, 60 nm. Magnetic field
is applied either parallel to the cantilever length (‖) or perpendic-
ular to it (⊥).

Figure 9 shows the bending H cycles for the differ-
ent sample thicknesses. The coercive field enhancement
already seen with increasing thickness (measured from
M − H VSM loops and shown in Fig. 7) is also visible
on the magnetostriction cycles. Indeed, the magnetostric-
tive loops widen when thickness increases and the coercive
field corresponds to the field when b switches to 0.

The evolution of |beff| and λeff with film thickness is
presented in Fig. 10, which shows that |b| is thickness
dependent, since |beff| (λ) decreases from 1.5 to 0.7 MPa
(from 20 to 9 ppm) when t increases from 5 to 60 nm.

When decreasing thickness, our structural and magnetic
studies show that sample texture increases. This structural
modification impacts λeff since the weighting coefficients
of λ100 and λ111 appearing in appear in A and B in Eq. (2)
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FIG. 10. Evolution of the magnetoelastic coefficient, |b|eff, and
magnetostriction coefficient, λeff, with Fe81Ga19 thickness. The
solid line is a guide for the eye.

are crystallinity dependent. Yet it is not possible to exactly
determine these coefficients since precise crystallography
and orientations are not accurately known. However, the
difference between the thinnest sample (5 nm) and the
thicker samples cannot exclusively be explained by this
effect.

In fact, for very thin samples, the proportion of interface
and surface atoms with obviously different symmetry from
bulk atoms is large. Thus, this may contribute differently
to magnetostriction, as observed in anisotropy where a sur-
face term is usually added to the bulk one when the film is
only constituted of a few atomic planes. Similarly to the
anisotropy phenomenological expression, one can write
λeff = λbulk + λsurf/t, as suggested by Néel [47] and Szym-
czak [48]. Once again, the thickness evolution obtained in
the present study cannot be explained alone by only con-
sidering the surface contribution. It would be hazardous to
extract λbulk and λsurf from the present data since varying
the thickness modifies the crystallinity. The evolution of
magnetostriction with thickness is probably a combination
of both crystallinity and surface effects.

The order of magnitude obtained in the present investi-
gation for magnetostriction is comparable with the value
found by other authors for comparable Ga alloy concen-
trations (20%), but the thickness evolutions are rather
different according to various studies: Javed et al. [23]
found an increase of λeff from approximately 20 to 80 ppm
when t increases from 20 to 100 nm in Fe80Ga20. Yu et
al. [49] showed that magnetostriction decreases from 35 to
28 ppm when thickness increases from 10 to 120 nm.

For very thin Fe78Ga22 samples (3–10 nm), Endo
et al. [26] reported a magnetostriction fluctuation between
15 and 20 ppm, reaching 24 ppm for 30 nm and then
decreasing to 18 ppm at 100 nm.

For a Fe81Ga19 110-nm-thick film deposited on glass,
Jen et al. [50] found λs = 21 ppm, a very close value to that
measured by Yu et al. in a sample deposited onto a flexible
PET substrate [13]. Thus, the value obtained in the present
study for the magnetostriction corresponds well with that
previously reported in the literature.

VI. CONCLUSION

We perform an exhaustive magnetization reversal study
on Fe81Ga19 samples with thicknesses ranging from 5 to
60 nm. The magnetic results including magnetostriction
cycles are explored in light of a structural study.

We show that thin Fe81Ga19 films deposited by sputter-
ing exhibit peculiar anisotropy directions even if growth is
initiated onto an amorphous glass substrate. The deposition
field Hdep orients the anisotropy along a specific direction
but is not necessary to induce the observed anisotropy.

This anisotropy revealed by XRD and TEM is prominent
for the thinnest films (t ≤ 10 nm) and has clear con-
sequences for magnetic and magnetostrictive behaviors:
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when rotating the applied magnetic field in the film plane,
transverse magnetization is maximum for specific direc-
tions. Angles between these directions correspond to the
[111] family directions in-between angles in the (110)

plane. Thus, when external field is applied along these spe-
cific directions, magnetization reversal is mainly coherent.
The present study also shows that magnetostriction coef-
ficient is higher for the thinnest samples (5 nm), where
the polycrystalline part of the sample is reduced as com-
pared to the thicker one (60 nm). We demonstrate that the
thinnest film possesses the best characteristics for potential
applications: highest magnetostriction coefficient, lowest
coercive and saturation fields, and pronounced anisotropy.
Film thickness thus strongly affects the magnetic and mag-
netostrictive properties of Fe81Ga19 films. It has to be taken
into account for applications when anisotropy is required,
such as in microwave devices.

Good magnetic characteristics found in the 5-nm-thick
film are also desired when this magnetostrictive alloy is
associated with a piezoelectric material so as to form an
extrinsic multiferroic composite. Voltage control of mag-
netism through strain-mediated magnetoelectric coupling
between the piezoelectric material and the magnetostric-
tive one is a key function in magnetic memory and logic
devices.
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