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ABSTRACT

Measurement of thin film magnetostriction is a challenging task, as magnetostrictive ma-
terial deformations in parts per million, in conjunction with materials at small dimensions,
require high precision, often with dedicated set-ups, for reproducible results. We have de-
veloped a novel approach employing a commercial atomic force microscope (AFM) with
attached electromagnets. Magnetostriction measurements are demonstrated on 50 — 500
nm thick FegyAljg films sputter deposited directly on high aspect ratio commercial AFM
micro-cantilevers. A magnetostrictive deflection of the cantilever bimorph translates into a
deflection force acting in a contact mode measurement, which is interpreted and recorded
as a change in height. For determination of the magnetostriction coefficient Ay, we have de-
veloped a modified version of the equation for the magnetostrictive deflection of a cantilever
bimorph by Guerrero and Wetherhold, taking into account long-range attractive forces act-
ing during contact mode AFM measurements in air. The sub-atomic precision of the AFM,
combined with the widespread availability of all components and the simple set-up, makes
the measurement of magnetostriction on films of just a few tens of nanometers thickness

easily accessible.

I. INTRODUCTION

Given their capability to couple electromagnetic and mechanical energy, magnetostric-
tive materials, whose dimensions change under the application of a magnetic field [1], can
be fundamental building blocks for transducers, MEMS and NEMS |2, 3|, wirelessly con-
trolled actuators [4], sensors [5, 6], nanomechanical systems for mass and force detection of
molecules and atoms in biomedicine [7-15], and in solid state physics [16-18]. A variety of
methods has been exploited to measure magnetostriction, which is in the order of a few tens
to thousands of parts per million, including strain gauges [1, 19|, tunnelling tip dilatome-
ters [1], small-angle magnetisation rotation [20-22|, and strain and ferromagnetic resonance
methods [20, 23]. For thin film samples dimension variations become very small, and care-
fully tailored techniques are required to amplify the deformation of the magnetostrictive
material [24]. Among these, cantilever-based systems are the most versatile, allowing repro-

ducible and reliable detection by, principally, capacitive methods [20, 25| and optical means,
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such as fiber optic dilatometers [20], interferometers [26], and laser optics [27-29]. A signif-
icant drawback of these approaches is, however, the requirement for a dedicated and often
custom-made setup, as well as specific sample preparation. A promising alternative to this is
atomic force microscopy (AFM), being an established and widespread method with the ca-
pability to detect sub-nanometric features. Early studies have employed conventional AFM
imaging for magnetostriction measurements on metallic wires [30, 31]. More recently, it has
successfully been demonstrated for thin film magnetostriction by measuring the tip deflec-
tion of micromachined macro-cantilevers (a few millimetres to centimetres in size), coated
with Fe, Ni, Co and Th based magnetostrictive films [32, 33|. In a related approach for
dynamic force microscopy in liquid environments, the AFM probes (with micro-cantilevers
a few pm in size) have been directly coated with 50 nm films of magnetostrictive Fe-B-N;,

to drive their mechanical oscillation [34].

In this work, we have taken these approaches further by developing a thin film magne-
tostriction measurement method employing AFM micro-cantilevers in an unmodified atomic
force microscope, equipped with an electromagnet for application of magnetic fields. Com-
mercial, mechanically soft AFM cantilevers are directly coated with 50 — 500 nm thick mag-
netostrictive Feg;Aljg films by sputter deposition. During a contact-mode experiment on a
very small, flat area a varying homogeneous magnetic field is applied along the cantilever
length. This enables a measurement of the magnetostrictive force exerted by the deflection
of the bimorph (magnetic film on cantilever) with precise field resolution, giving a full de-
flection wvs. field curve as a result. This technique avoids any need for custom apparatus
or preparation of special cantilevers, using only commercial components, while extracting
the best from the capability of atomic force microscopes to measure size variations at sub-
nanometric resolution, with the highest sensitivity derived from the use of micro-cantilevers.
Its potential to analyse any magnetostrictive material that can be deposited or grown by
physical or chemical methods to coat AFM cantilevers renders it similarly versatile to con-
ventional cantilever-based methods. While the deflection force of the bimorph is directly
measured by the atomic force microscope, the calculation of the magnetostriction constant
of the magnetic material is indirect. Existing mathematical expressions for the deflection
of such bimorphs based on the early works by du Trémolet et al. [35] do not fully apply to
AFM-based measurements in contact mode as the cantilever is subject to other forces (e.g.

adhesion and capillary interaction forces) in addition to the magnetostrictive one that bends
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the bimorph. We propose an extension to existing bimorph deflection analysis to account
for this AFM set-up, and have obtained magnetostriction coefficients for Fe-Al thin films

comparable to results achieved using other methods [36, 37|.

II. MATERIALS AND METHODS

Fe-Al films with a composition of 19 at.% aluminium were deposited on Si(100) substrates
and Si AFM cantilevers (Nanosensors, Pointprobes, 445 um length, 50 pm width, 2 um
thickness, =~ 0.3 N/m nominal value of elastic constant) in a multi-target dc-magnetron
sputtering setup. Both Si substrates and cantilevers were supported on a turntable which
rotated at 4 rpm in front of the targets, with a target - substrate distance of 35 mm. Two
magnets attached to the turntable provided a permanent magnetic bias field (950 Oe) to
induce uniaxial magnetic anisotropy in the deposited film, with the hard axis along the
cantilever length. The substrates were cleaned prior to film deposition in ultrasonic baths
of acetone and isopropyl alcohol for 10 min. In the sputtering chamber, a base pressure less
than 1077 Pa was established after a bake-out. The rectangular (55 x 35 x 1 mm) targets
were pre-sputtered for 8 minutes for removal of oxidation layers and additional cleaning.
They were run at 60 W for iron (99.5 % purity) and 23.5 W for aluminium (99.999 %
purity), with the substrates at ambient temperature in 1.2 Pa Ar (99.9999 %). The film
growth rate, determined by measurement of step height (Veeco Dektak 6M profilometer)

at the edge of a masked region, was 0.16 nm s~*.

The deposition pressure was optimised
to achieve minimal as-deposited stress in the films (monitored by curvature of a Kapton
substrate). Phase analysis was conducted on a Bruker D8 advance X-ray diffraction system
with CuKa radiation in divergent beam Bragg-Brentano geometry, showing that the films
are polycrystalline, consisting of an Fe bcc structure with Al in solid solution. The film
composition was quantified on a Bruker XFlash 6 EDX system within a FEI NovaNano 450
SEM. All deposited samples are assumed to be homogeneous in composition and thickness,
according to previous experience, absence of peaks in X-ray diffractograms indicating the
presence of difference or segregated phases, and repeatability of the measured magnetic
properties on different test samples.

A PMC MicroMag 2900 Alternating Gradient Field Magnetometer has been used for

characterisation of magnetic hysteresis and anisotropy of the films deposited on the Si sub-
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strates. A representative Feg;Alig (at.%) film with a thickness of 277 nm has been selected
for illustrating all reported measurements. The AFM is a Bruker Multimode V Nanoscope 8
equipped with a non-magnetic scanner and head, operating under an applied magnetic field
provided by a custom electromagnet, capable of generating fields up to 1000 Oe in the sam-
ple plane. Figure S1 of the supplemental material reports a schematic representation of the
experimental setup. Magnetostriction measurements with the AFM have been conducted at

room temperature in air.

III. RESULTS

The principle of operation of the technique consists in measuring the deflection force of
a cantilever induced by a magnetostrictive film coating under an applied magnetic field. In
this setup, an AFM cantilever is coated with a magnetostrictive film deposited onto the tip
side of the cantilever such as represented in Figure S2 of the supplemental material. The
resulting bimorph is mounted in the atomic force microscope in the standard way, and the
tip approached to a non-magnetic flat and hard sample surface (Silicon oxide wafer in our
case).

The microscope is operated in contact mode, and the scan size set to zero (point contact
measurement), or to a small scan size (1 nm in our case). The slow scan axis is disabled, to
ensure that the tip permanently remains in the same position and artefacts do not appear
originating from imperfections in the sample surface or from lack of planarity. A small
positive deflection setpoint must be configured for the experiment, which will cause the
microscope to apply a certain force to the sample through the tip by slightly bending the
cantilever. It is important to highlight that the cantilever must be mechanically “soft” and
the sample surface mechanically “hard”; in order to ensure that, whatever the deflection
setpoint value, this induces a negligible deformation of the surface where the tip is pushing.
A schematic representation of how the measurement technique works is depicted in Figure
1.

In Figure 1(a), the initial configuration at zero magnetic field is displayed. The coated
cantilever bimorph is not deflected (apart from the small initial deflection discussed above,
and not represented in the figure), and the tip is in contact with the flat surface of the

sample. During normal operation of the microscope, its electronics will actuate the relative
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FIG. 1. Working scheme of the setup. (a) At H = 0, the cantilever (blue) coated with the
magnetostrictive film (red) is straight; the tip is engaged to the sample surface (the light blue
disk), and the AFM piezoelectric scanner (grey) is in its default position. (b) At H > 0, the
bimorph bends upward. (c¢) The AFM feedback causes the piezoelectric scanner to retract, until
the cantilever is straight again, keeping the deflection point constant. The representation is not in

scale and the increased tip-sample distance is exaggerated.

vertical displacement of the sample through the piezo scanner with respect to the tip in
order to keep the cantilever deflection constant, at the desired setpoint. As the scan area is
zero, or very small, acquired images should be perfectly flat surfaces, apart from instrument
or environment noise. Real-time and off-line line corrections should be disabled to improve
data visualisation during the experiment.

The end-of-line signal of the microscope controller is utilised to synchronise the power
supply that drives the electromagnet surrounding the microscope head. Each time a line,
consisting of several hundred points (e.g. 512), has been acquired by the microscope, the
power supply will change the current intensity that flows through the magnet coils; the
desired field scan can be programmed, for example from positive to negative saturation and
back, in any number of steps that fits within the number of lines that is used to acquire
a single image with the AFM. Therefore, even if the scan area is zero or very small, the
acquired AFM image must contain as many points and lines as required to accomodate all
the programmed field values.

During the measurement, the applied magnetic field will induce a magnetostrictive up-
ward deflection of the cantilever, as schematically represented in Figure 1(b). For the AFM,
this is as if the tip had encountered a feature on the sample surface that has caused the

cantilever to move up. This point is only a transient: as the upward curvature of the can-



tilever is interpreted by the AFM as a stronger repulsive (pushing) force, due to a feature on
the sample surface, the feedback loop of the microscope will immediately react to keep the
deflection setpoint constant. It will retract the sample from the tip, in order to compensate
for the cantilever deflection. Assuming that there is an attractive force with a sufficiently
long range, the retracted sample will attract the tip and eventually restore the initial de-
flection of the cantilever, as represented in Figure 1(c). This configuration corresponds to
an increased tip-sample distance, that is equal to the vertical displacement A, performed by
the piezoelectric z-stage contraction, of the sample which has moved away from the tip. The
measured A is not equal to the deflection of a free-standing cantilever, as it is a balance be-
tween the magnetostrictive forces and the attractive ones obtained at the desired deflection
setpoint. Nonetheless, the displacement A directly scales with the film magnetostriction.

It should be noted that the schematic representation of the principle of operation depicted
in Figure 1 represents steps with finite deflections and displacements occurring in different
times, whereas the process is continuous and simultaneous.

It is also important to remark that the upward deflection of the cantilever upon applica-
tion of a magnetic field is achieved by depositing the film on the tip side of the cantilever
for positive magnetostrictive materials, and on the back side for negative magnetostrictive
ones. An inevitable increase of the tip radius by film coating and consequent degradation of
horizontal resolution are irrelevant for the quality of results as measurements are performed
in zero or very small scan area. The upward cantilever deflection is required, as a downward
one would only increase the force exerted by the tip on the sample without resulting in a
cantilever bending, being the flat surface scanned by the tip “infinitely” hard. Therefore, a
proper choice of the side of the cantilever on which the magnetostrictive coating is deposited
is required.

It is also necessary to acknowledge that, in principle, the proposed measurement technique
could be simplified, by operating the microscope in non-contact configuration, but without
cantilever oscillation. The bimorph deflection under the application of the magnetic field
would directly result in a signal from the 4-quadrant photodiode of the microscope, that
could be acquired, and would provide a direct measurement of the deflection of the cantilever
after suitable calibration. In our tests, this method, although much simpler, turned out to
be more affected by noise and less repeatable, therefore leading to the presently discussed

operation of the microscope.
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FIG. 2. Force curve acquired in air on a cantilever coated with a 277 nm thick Feg;Al;g magne-
tostrictive film, at zero applied magnetic field. The red curve represents the approach, from large
tip-sample distance to jump-to-contact and pushing on the surface; the blue curve represents the
inverse (retract) process, until the tip is disengaged from the surface and the far-distance, non-
interacting behaviour is restored. The origin of the x axis is at the jump-to-contact distance. The

y axis represents the AFM photodiode deflection response, in nanometers.

For the technique to work, it is necessary that a long-range attractive force keeps the tip
in interaction with the scanned surface, so that when the sample is moved far away from
the tip, this attractive force is able to bring the cantilever back to its original curvature,
compensating the upward bending caused by magnetostriction. In order to prove that such
a force actually exists, force curves [38] have been measured on all the studied bimorphs, a
representative example being reported in Figure 2.

The approach curve (red line) in Figure 2 is a typical force curve where the tip-sample
interaction is negligible (almost horizontal behaviour, starting from an arbitrary position

where the tip and the scanned surface are very far apart). When the tip approaches the

8



sample surface, it eventually enters in interaction with the sample surface, in close vicinity
to it, displaying the so-called jump-to-contact discontinuity, that we have used as origin of
the tip-sample distance axis in Figure 2. As this distance is further reduced, the cantilever
bends upwards (increase of the photodiode deflection response), since the tip is already
in contact with the sample surface, that is, as previously stated, much harder than the
cantilever. The relative tip-sample surface movement is then reversed, so that their distance
is increased (blue curve). The zero-distance is crossed, but the tip remains in interaction
with the sample surface, resulting in a downward bending of the cantilever over a tip-sample
distance of ~ 165 nm. At this point, the tip disengages the sample surface, and the deflection
measured by the AFM photodiode goes back (by ~ 170 nm) to its original value, indicating

that the tip and the sample surface are no longer interacting.

The force curve shown in Figure 2, representative of all the coated cantilevers that have
been measured, is characterised by a large hysteresis between the jump-to-contact and the
disengagement points (=~ 165 nm as stated above), due to a long-range attractive force
responsible for a deflection of the cantilever of almost 170 nm. Such a force cannot be
attributed to the attractive regime of the Lennard-Jones potential commonly used to model
the tip-sample interactions in atomic force microscopes (which is effective only at very small
distances), but is nonetheless quite common in AFM experiments performed in air, where
both adhesion and capillary forces (exerted by humidity) are expected to play significant
roles [39-42].

Representative images acquired with the AFM are reported in Figure 3. The microscope
acquires two channels, one with the input from the Hall sensor, therefore containing the
applied magnetic field values, and the other with the height values, i.e. the vertical dis-
placement of the scanner that, as discussed above, is attributed to the vertical displacement
A of the sample. Each image consists of 512 horizontal points in a line corresponding to
single measurements that are then averaged in order to reduce the signal noise caused by
the environment and feedback gains. For each row, a different magnetic field is applied.
The data are interpreted as if a profile across the rows were traced (dashed line in Figure
3). For each row, the value of the signal, averaged over the acquired number of points, is
extracted, and the evolution of the applied magnetic field and of the cantilever displacement
as a function of the row number are obtained (panels (a) and (b)). These two sets of data

can be correlated through their common parameter, the row number (the two images are
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acquired at the same time), and a typical displacement vs. applied field curve is obtained
(see Figure 3(c)). It is important to remark that, even if the scan area is zero or very small,
drifts of the piezoelectric scanner may occur during the measurement. Horizontal ones are
negligible, unless some feature on the scanned surface is encountered (e.g. some dirt), in
which case the measurement will of course need to be repeated, because any deviation from a
flat surface will affect the measured cantilever deflection. Vertical drifts, instead, if present,
can be compensated by ensuring that the first and last measure points are both at the same
applied field (e.g. positive saturation), and imposing that the measured deflection is the
same. A linear drift with time is then assumed to correct the measured values. In our
experiments, such a correction has sometimes been necessary.

A cantilever displacement curve is shown as a function of the applied field in Figure
4. The displacement curve is compared on the same field axis with the hysteresis loop
measured on the corresponding film deposited on the Si substrate; it can clearly be seen
that the deflection peak corresponds to the coercive field, and that the deflection curve
saturates at the same field values where the hysteresis curve is also almost saturated. As a
counterproof, similar experiments have been conducted on an identical uncoated cantilever,
and on another commercial MFM cantilever (Bruker, MESP-HR, 225 um length, 28 um
width, 3 pm thickness, 3 N/m nominal value of elastic constant), showing no dependence
on the applied magnetic field (red line and symbols in Figure 4).

The deflection setpoint in the contact mode experiment determines the initial force at
zero field that the tip exerts on the sample surface. Figure 4(b) shows A measured with the
described technique at the saturation field for different values of the deflection setpoint. It
can be seen that the maximum displacement induced by the magnetostrictive effect on the
cantilever, and measured with this technique, does not depend on the deflection setpoint.
This is true for all studied bimorphs, with different thickness of the magnetostrictive coating.
Additionally, there is no influence on the whole deflection vs. field curve of the deflection
setpoint. This confirms the robustness of the technique, and supports the approximation of
the measured A as the result of a compensation of two opposite forces (upward deflection
of the cantilever due to magnetostriction, and downward deflection of the cantilever due
to attractive adhesion and capillary forces), to the deflection of a free-standing bimorph

cantilever subject to a change of length of its magnetostrictive coating.

Magnetic film anisotropy has been tailored in order to guarantee maximum magnetostric-
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FIG. 4. (a) Vertical displacement of the piezolelectric scanner A as a function of the applied mag-
netic field for a cantilever with a 277 nm thick Feg; Aljg coating (open symbols). The corresponding
hysteresis loop of the same thin films is reported as a continuous blue line. A dashed line shows
the correspondence between the peak of the deflection curve and the coercive field of the loop. For
comparison, an uncoated cantilever (red line) and a standard MFM cantilever (MESP-HR) (red
symbols) are reported as well. (b) A (at the saturation field) as a function of the setpoint value for

the 277 nm thick sample.

tive response. In Figure S3 of the supplemental material the angular dependence of the
normalised in-plane remanence of the representative film deposited onto a Si substrate is
reported. A well-developed uniaxial anisotropy lying in the film plane is clearly induced. In
order to maximise the magnetostrictive response of the films, the cantilevers were oriented

with their long axis perpendicular to the applied magnetic bias field direction during film
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deposition, inducing the films’ magnetic hard axis parallel to the cantilever length; this con-
figuration is called “transverse” in Figure 5, whereas the “longitudinal” configuration deals
with magnetisation processes along the cantilever length involving specimens with the mag-
netic easy axis aligned in the same direction. As shown in Figure 5, the magnetostrictive
response is quite evident in the transverse configuration, where significant magnetisation ro-
tation takes place upon application of the magnetic field, whereas a much smaller response

is obtained when the easy axis lies along the direction of the applied field, as expected.
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FIG. 6. Maximum cantilever displacement versus film thickness, expressed as ¢ = tr/t. where ¢ is
the film thickness and ¢4 is the cantilever thickness (2 pym). Square symbols mark the experimental

data. The blue line is the fit performed according to eq. 6.

IV. DISCUSSION

An analysis of the amplitude of the maximum displacement A as a function of the thick-
ness ty of the magnetostrictive coating on the cantilever is reported in Figure 6, through
the ratio ¢ = ts/t, where t, is the thickness of the cantilever. A displacement equal to zero
is obtained for ¢ = 0.025, corresponding to ¢t; = 50 nm, which deviates from the intuitive
assumption that a non-zero actual deflection or bending of the cantilever should be obtained
for any non-zero magnetostrictive coating thickness.

The cantilever is indeed subject to multiple distinct forces. One is of magnetostrictive
origin, and is due to the elongation of the metal layer of the bimorph, inducing the upward
bending of the cantilever. The deflection of such a system can be expressed according to the

following equation [43]:
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3As (1+¢) L? (1)
e T4+ + X +6C ¢

where the ms subscript refers to the magnetostrictive contribution, A\, is the saturation

Ams =

magnetostriction coefficient, ¢ = 7/t is the ratio between the magnetostrictive coating and

the cantilever thickness, L is the cantilever length, and x is equal to:

X = (2)

with E being the Young modulus, and v the Poisson ratio, and f and s suffixes referring to
the metal film and substrate (cantilever) respectively. Another force acting on the cantilever
is of elastic origin, that opposes any deflection, trying to restore the straight configuration
of the cantilever, and is due to its elastic constant. Then, opposing any upward deflection,
there are the adhesion and capillary forces discussed previously (see Figure 2), that keep the
AFM tip engaged with the sample for a long range. These forces act on the free end of the
cantilever and are directed downward. The other end of the cantilever is instead subject to
a rigid constraint. Under these assumptions, the deflection of a beam subject to a force P

acting on its free end is equal to [44]:

_1rL?
"3BT

with L and E; having the same meaning as above, and I =

(3)

> where w is the cantilever

width and ¢, is its thickness. The r suffix refers to the “recall” nature of this contribution.
In equation 3, the contribution of the metallic coating to the mechanical deflection of the
cantilever has been neglected, assuming that its reduced thickness with respect to t5 would
be negligible. The force P acting at the end of the cantilever is therefore the sum of two
components: an elastic one, depending linearly with the tip-sample distance, that combines
the elastic recall force of the cantilever and the long-range capillary forces, and a constant
one, representing an adhesive force whose threshold must be overcome to start appreciating
a deflection of the cantilever induced by the applied field by means of the magnetostrictive
actuation. This force is necessary for taking into account the ¢ = 0.025 limit discussed

above. The force P can therefore be expressed according to the following equation:

P = _PO — krdts (4)
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parameter|value notes

Ey 2-10 N/m? |representative value for a metal
E; 1.7 - 10! N/m?|representative value for Si

vy 0.3 representative value for a metal
Vg 0.25 representative value for Si

TABLE I. Values of the parameters appearing in equation 6.

Py is the adhesion force, k, is an effective elastic constant related to the cantilever and
the capillary forces, and d;, is the tip-sample distance. As discussed while describing the
operation principles of the technique, the tip-sample distance is in fact A, the vertical
displacement measured by the microscope under the application of the magnetic field, which

is given by:

A=A+ A, (5)

By substituting and rearranging the terms, the displacement A measured by the AFM is

therefore:

B Eawt? 3 (14 ¢) L? 4L°P,
- Bowt3 + 4k, L3 A+ ) F G 60t Bt

(6)

Equation 6 can be used to fit the experimental data reported in Figure 6, keeping A, P
and k, as free parameters. The other parameters have the values reported in Table I, that
give a value of y = 1.22.

As a result of the fitting procedure, the adhesive force P, has an intensity of 6.13 - 107
N the fitting results are weakly dependent on the recall elastic constant k,, that can be of
the order of unity and that can fluctuate above or below by an order of magnitude without
significantly affecting the results (k. = 1 N/m in our fit), and the saturation magnetostriction
coefficient )\, assumes a value of approximately 3.0 - 1075, This value is of the expected
order of magnitude for bulk Fe-Al alloys [45]. The thin film value is slightly smaller than
often reported in Fe-Al alloys, because the material is polycrystalline. Moreover, strong
dependency of thin film morphology on deposition parameters may have further impact due
to density fluctuations and grain structure [46].

The quality of the fitting reported in Figure 6 could be improved if the fitting equation 6
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were more linear in our range of ¢ values. The excessive non linearity comes from equation 1,
which may not perfectly model the behaviour of a bimorph bending under the magnetostric-
tion effect of one of its layers (see [43, 47]). Even if a more detailed equation replacing (1)
would improve the fitting quality of the experimental data in Figure 6, the fitting obtained
with equation 6 is nonetheless quite satisfactory, as it accounts for the finite value of ¢ (and

therefore of ¢;) at which the displacement becomes zero, and it provides a reasonable value

for \.

Finally, it is worth remarking that in all the measured cases, reported in Figure 6, the
maximum values of A are always smaller than the deflection jump of the cantilever when
disengagement takes place (see Figure 2); therefore, even if the magnetostrictive effect pulls
the tip away from the sample, the long-range attractive forces are still strong enough to
ensure that the tip does not disengage. Should that happen, a stiffer cantilever would be

required, to reduce the bending induced by the elongation of the magnetostrictive coating.

V. CONCLUSIONS

We have developed a sensitive AFM-based technique for the measurement of magne-
tostrictive properties of thin films. Stepwise application of a magnetic field allows the
recording of reproducible magnetostrictive displacement curves with very fine field reso-
lution. Analysis of the resulting bending forces of film-coated micro-cantilevers enables an
estimation of the film magnetostriction coefficient. This technique benefits from a simple
set-up, using widely available commercial components, and can be applied to a broad range

of film materials and film thicknesses.
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