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Opto-Mechanical Control over Magnetic Films by Liquid

Crystalline Networks

Gabriele Barrera,* Daniele Martella,* Federica Celegato, Neri Fuochi, Marco Coisson,
Camilla Parmeggiani, Diederik S. Wiersma, and Paola Tiberto

Magnetostrictive materials are essential components in sensors, actuators,
and energy-storage devices due to their ability to convert mechanical stress
into changes in magnetic properties and vice-versa. However, their operation
typically requires physical contact to apply stress or relies on magnetic field
sources to control magnetic properties. This poses significant limitations to
devices miniaturization and their integration into contactless technologies.
This work reports on an approach that overcomes these limitations by using
light to transfer mechanical stress to a magnetostrictive device, thereby
achieving non-contact and reversible opto-mechanical control of its magnetic
and electrical properties. The proposed solution combines a magnetostrictive
Fe,,Ga;, thin film with a photo-responsive Liquid Crystalline Network (LCN).
Magpnetic properties are modulated by changing the light wavelength and
illumination time. Remarkably, the stable shape change of the LCN induced by
ultraviolet (UV) light leads to the retention of magnetic properties even after

In this context, magnetostrictive ma-
terials enable a unique bi-directional
coupling between magnetic and mechani-
cal energy. These materials either respond
to an applied magnetic field by exhibit-
ing deformations or transduce external
mechanical stresses into internal mag-
netic anisotropy, resulting in a measurable
change in magnetic properties. The magne-
tostrictive effect has been widely employed
for the realization of magnetic field sen-
sors, biological and tactile sensors,®®]
actuators,*1% transducers in ultrasonic
devices,!'!l and energy harvesters.!213]

The integration of magnetostrictive
thin-films with smart substrates capable
of finely and locally controlling stress

the light is switched off, resulting in a magnetic memory effect with an energy
consumption advantage over the use of conventional magnetic field
applicators. The memory effect is erased by visible light, which releases the
mechanical stress in the photoresponsive layer. Therefore, this new composite
material creates a fully reconfigurable magnetic system controlled by light.

1. Introduction

The synergic combination of functional materials whose prop-
erties can be tuned by external stimuli such as magnetic fields,
temperature, mechanical stress, and light, has enabled the real-
ization of multifunctional smart composite materials with break-
throughs in various fields of application, spanning from actuat-
ing systems to sensors and photonic devices.'™!

is currently being investigated. In that
context, polymer substrates integrated
with spin-valve structures composed of
magnetostrictive layers have been ex-
ploited to achieve a strain-controlled
giant magnetoresistance effect.!* Ad-
ditionally, piezoelectric substrates have
been coupled with magnetostrictive thin
films to create artificial magnetoelectric
composite heterostructures.!'191 Recently, silk fiber substrates
coated with a magnetostrictive metal layer provided an excel-
lent combination of silk’s natural mechanical properties with
stress-sensitive magnetic properties and strain-dependent elec-
trical conductivity.[2"]

The current research challenge involves activating functional
substrates with reliable and peculiar external stimuli enabling
the reconfiguration and fine-tuning of the magnetic properties
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of a magnetostrictive thin film point by point in the same de-
vice. This would reduce the use of bulky magnets or coils to tune
magnetic response, which not only takes up significant space but
also leads to substantial energy consumption. This issue is partic-
ularly pertinent considering the prominent trend toward minia-
turization in magneto-electronics.[?!723] Consequently, there is an
urgent need for alternatives that do not rely on magnetic compo-
nents for switching and modulating magnetism.

A possible solution should be the use of light irradiation as
a contactless reconfiguration stimulus, which enables remote
control of mechanical stress from a photoresponsive substrate
to a magnetostrictive layer. Following this direction, a simple
physical realization of a smart composite material, whose mag-
netic properties are modulated reversibly by light, is presented
in this study. In particular, a magnetostrictive thin film is com-
bined with a photoresponsive polymeric actuator allowing for
wireless, non-contact control over the mechanical strain pro-
duced inside the material when irradiated with an appropriate
wavelength.

To demonstrate the concept an actuator based on a Liquid Crys-
talline Network (LCN) containing an azobenzene crosslinker has
been realized.?*! Indeed, low molecular weight liquid crystals
have been used to prepare a variety of functional materials, from
ordered self-assembly of nanostructures,2>2% to responsive poly-
mers (as exploited here). On the other hand, azobenzene is a
photoswitch that has been previously used to trigger variations of
shape, 2772 adhesion,[3%3!] wettability,[*?) and many other macro-
scopic properties of materials.

LCNs are materials where mesogenic molecules are chemi-
cally crosslinked to polymeric networks. Their most peculiar be-
havior is their reversible shape-changing capability and sensi-
tivity to external stimuli.l**3*l For example, during heating, the
molecular order is gradually lowered obtaining a progressive con-
traction along the alignment direction and expansions in the per-
pendicular ones. The materials recover their original shape on
cooling.[*>3¢] In azobenzene doped LCN, the liquid crystalline or-
der can be modified by irradiation which causes the dye isomer-
ization from the trans to cis statel>’*®] hereby inducing a phase
transition (or a partial disordering of the aligned mesogen)[?73]
with a consequent macroscopic deformation. These materials
have been extensively studied as artificial muscles for the real-
ization of light activated robotics systems[“**2l and other minia-
turized responsive devices.[*344]

So far, the combination of LCNs with magnetic materials has
involved the integration of magnetic micro/nanoparticles!*! for a
remote magneto-responsive actuation!*®*’! (e.g., by heat dissipa-
tion under alternating current magnetic fields).*##°! LCNs have
been also used to orient the nanoparticles, thus allowing a control
over the magnetic properties under mechanical stretching (pass-
ing through polydomain to homogeneous alignments).5*-521 On
the other hand, to the best of our knowledge, their use as mechan-
ical actuators for the control over magnetostrictive thin films has
never been reported.

Therefore, this research activity has been dedicated to the in-
tegration of a magnetostrictive Fe,,Ga,, thin film[>3] with a LCN
one exploring the possibility of fine-tuning the magnetic prop-
erties without the need for a magnetic field, but only through
light irradiation. Specifically, irradiation with ultraviolet (UV)
light induces the photo-actuation of the LCN substrate trans-
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ferring mechanical stress to the FeGa thin film. Exploiting this
mechanism, magnetic parameters (including magnetization re-
manence, coercive field, and magnetic susceptibility) can be mod-
ulated as a function of the UV illumination time, and are main-
tained constant after switching off the light. The emergence of
magnetic anisotropy after irradiation is also demonstrated in
dependence of the liquid crystalline alignment of the under-
lying layer. In addition, irradiation with visible light causes a
gradual release of stress in the FeGa thin films and a conse-
quent recovery of their pristine magnetic properties. The same
reversible tuning is observed by anisotropic magnetoresistance
measurements where the stress induced by light irradiation is
exploited to adjust and set the resistance value of the FeGa thin
film.

This work aims to pave the way for advanced and innova-
tive contactless technologies based on the control of the mag-
netic properties in thin films. The proposed opto-mechanical ac-
tion addresses the urgent demand for alternative tuning mech-
anisms for switching and modulating magnetism that does not
rely on bulky and heavy magnetic components. This approach
has the potential to promote safe energy consumption and en-
hance miniaturization in the field of magneto-electronics.

2. Results and Discussion

2.1. Material Preparation and Photoresponsive Actuation

Responsive actuators have been obtained by photopolymeriza-
tion of a mixture of acrylate-based reactive mesogens.>* The
structure of the monomers is reported in Figure S1 (Support-
ing Information) and the mesomorphic properties of the mixture
have been studied by Differential Scanning Calorimetry (DSC)
and Polarized Optical Microscopy (POM) as reported in Figure S2
(Supporting Information). Such analyses demonstrate the pres-
ence of a nematic phase both during the heating and the cooling
stage. The steps for material fabrication are briefly summarized
in Figure 1A. First, the mixture is melted in the isotropic phase
and infiltrated by capillarity in a liquid crystalline cell, treated to
obtain a homogeneous planar alignment. The sample is cooled
down in the nematic phase and photopolymerized by a blue LED
(450 nm). All the polymeric films presented a monodomain ho-
mogeneous alignment with the mesogenic molecules that are
aligned parallel to the film surface along a common direction
(nematic director), as checked by POM (Figure S3, Supporting
Information).

The LCN layer is subsequently used as a substrate for a 30 nm
thick magnetic Fe,,Ga,, film deposition using the sputtering
technique with an appropriate mask to select the metal layer
shape. To study the magnetoresistive properties of the FeGa/LCN
sample, four copper electrical contacts are sputtered on top of the
magnetic thin film. An optical image of the final composite ma-
terial is shown in Figure 1B while two pictures taken by a Scan-
ning Electron Microscope (SEM) of its cross section are reported
in Figure S4 (Supporting Information).

An example of the light-responsive behavior of a LCN stripe
under UV illumination (LED lamp, 385 nm) is reported in
Figure 1C. The initial (almost flat) polymeric film undergoes
a bending toward the light source when irradiated (from the
top)l>>°%] and retains the bent shape after switching off the light
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Figure 1. Preparation of FeGa/LCNs and photoresponsive shape-change. A) Scheme of the steps for the material fabrication. B) Picture of a final
FeGa/LCN sample. Scale bar: 5 mm. C) Pictures of a LCN stripe before (right) and after (left) irradiation with UV light from the top. Scale bars: 1cm. D)
Scheme of the photoresponsive behavior mechanism during the irradiation with UV or visible light. E) Example of the photoactuation reversibility. The
graph reports the tip displacement of a FeGa/LCN stripe after irradiation with UV and visible light respectively. Using different LED sources, the stripe

first bent toward the light (during UV irradiation) and then recovered the original position (with green light).

(due to the stability of the cis isomer). The mechanism for the
material shape-change is schematically depicted in Figure 1D.
The dye isomerization triggers a progressive disordering of the
molecular order to obtain a contraction along the alignment di-
rection and the expansion in the perpendicular ones (labeled
x- and y-direction, respectively).’”8] The high absorbance of
the sample in the UV region causes a gradient light penetra-
tion along the thickness of the material, with non-homogeneous
shrinking across the sample, giving rise to a macroscopic bend-
ing motion.l*>®! The material shape-change is reversible by ir-
radiation with a green LED lamp (505 nm) that induces the
opposite molecular reaction (cis-trans isomerization) and re-
stores the original nematic order. A peculiar behavior of the
chosen alignment is that the bending occurs toward the ir-
radiated side (see Figure S5, Supporting Information for an
example of bending in different directions by the same LCN
stripe).

Very interestingly, the presence of a FeGa metallic skin on
one side of the actuator does not hamper the photoinduced
bending as demonstrated in Movie S1 (Supporting Information)
(showing both bending under UV and unbending with visible
light). The light source faces the side of the LCN opposite to
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where the FeGa thin film was deposited, resulting in a homo-
geneous deformation of the FeGa/LCN samples similar to that
observed for the pristine LCN reported in Figure 1C; conse-
quently, this setup configuration will be used for all subsequent
characterizations.

On the other hand, if the irradiation is performed on the same
side of the FeGa layer, the LCN is not able to bend efficiently and
homogeneously (since the metallic layer hinders the absorption
by the polymeric film behind) thus limiting shape-change with
respect to the pristine LCN.

The reversibility of the photoinduced bending for the
FeGa/LCN is demonstrated in Figure 1E, reporting the tip dis-
placement (measured at the end of the strip by optical images)
for a FeGa/LCN actuator after several cycles of UV and green
light irradiation. As the number of cycles progresses, there is
no evidence of any degradation of the LCN deflection proper-
ties. For a similar polymer composition, it has already been
demonstrated by force measurements that this shape-change
functionality is preserved over thousands of irradiation cycles.[!]
Additional exemplificative pictures to demonstrate the shape-
changing reversibility are also reported in Figure S6 (Supporting
Information).
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Figure 2. Light-induced modulation of the FeGa/LCN magnetic properties. A) Sketch of the opto-mechanical action from irradiated LCN substrate to
magnetostrictive FeGa thin film. B,C) Room-temperature normalized hysteresis loops after UV light irradiation for selected time with the magnetic field
H applies along the x and y direction, respectively. D,E) Normalized hysteresis loops at room temperature after green light irradiation for selected time
(following the UV irradiation reported in panels B and C)) with the magnetic field H applies along the x and y directions, respectively. F) Evolution of
normalized saturation magnetization (M,/M), coercive field (H,), and magnetic susceptibility (X,;,) evaluated along x and y directions as a function of
progressive UV and green irradiation time. G) Modulation of M, /M, value at H = 0 Oe along x and y direction by subsequent application of UV and green
light. Color code in (F) and (G): the area shaded in purple, green, or white indicates irradiation with UV or green light or both lamps off, respectively.

2.2. Opto-Mechanical Modulation on Magnetic Properties almost isotropic magnetic behavior, with a slight preference to
magnetize the sample along the y-direction. In this initial stage,
Room temperature hysteresis loops of the FeGa/LCN sample are  no stress is applied to the FeGa thin film by the underlying poly-
measured by applying a magnetic field H in the film plane along  mer matrix; consequently, the corresponding M(H) curves are
both directions (already labeled x and y, referring to the direc-  used as a reference for the further magnetic characterizations.
tions parallel or perpendicular to the LC alignment, respectively). As stated in the previous section, UV irradiation on the LCN
The FeGa/LCN sample is fixed on a glass plate to prevent macro-  substrate activates its deformation which is transferred as a com-
scopic bending of the photoresponsive substrate ensuring that ~ plex mechanical shear stress to the FeGa thin film (o), as
the plane of the FeGa thin film is always parallel to the applied  sketched in Figure 2A. To maximize stress transfer, the light
magnetic field during the measurements. Nevertheless, thissam-  source is positioned directly on the side of the sample oppo-
ple mounting does not hinder the photoisomerization of the dye  site to the FeGa thin film deposition. This applied stress results
contained in the polymeric structure. in a compressive and tensile strain of the magnetic thin film
The M(H) curves, corresponding to the FeGa/LCN sample in  along the x- and y-direction, respectively. These opto-mechanical
the initial state (i.e., before any illumination), are shown in Figure  actions significantly affect the magnetic properties of the FeGa
S7 (Supporting Information). The two curves appear practically  thin film, as shown in Figure 2, owing to its considerable mag-
overlapping with a slightly higher coercive field and remanence  netostrictive character.’*%2] A comprehensive discussion of the
magnetization along the y-direction. These features indicate an  opto-mechanical mechanism together with a detailed sketch

Adv. Sci. 2024, 11, 2408273 2408273 (4 of 10) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

85UB01 SUOWIWIOD BAIER1D) |qedl|dde au3 Ag peuenoh a1 ol YO ‘@SN JO S9N 10} ARG BUIIUO A8]IM UO (SUORIPUOD-PUE-SWBIALIOD" A3 |1 ARe1q 1 pU1UO//SARY) SUORIPUOD PUe SWR L 33 885 *[5202/T0/82] U0 Ariqraulluo Aojim ea1B0j0B N 2180 1d dfUDIZeN OIMIS| Aq ££280120Z SAPR/Z00T OT/I0p/L0D"A8 |1 ARe.d] 1ol JUO"PeoURAPe//SdRY WO} PopeojuMoq ‘Lt ‘7202 ‘vv8E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(Figure S8, Supporting Information) can be found in the Sup-
porting Information.

By measuring the magnetic properties along the compression
direction (H along the x direction), a progressive change in the
shape of the hysteresis loops is observed with increasing UV ir-
radiation time (Figure 2B) up to t = 440 s. In particular, the rever-
sal of magnetization occurs over an increasingly wide magnetic
field range. Consequently, the magnetic field intensity necessary
to overcome the effective magnetic anisotropy energy present in
the FeGa thin film, and thus reach magnetic saturation, becomes
progressively higher.

Conversely, the opposite behavior is observed measuring the
M(H) curves along the tensile direction (H along the y direc-
tion) as a function of UV light irradiation time (Figure 2C) up to
t = 440 s. The reversal of magnetization becomes progressively
steeper and occurs in an increasingly narrow magnetic field
range.

A detailed evolution of the magnetic parameters such as nor-
malized magnetization remanence (M,/M,), coercive field (H,)
and magnetic susceptibility (X},,) evaluated from the M(H) curves
in the x- and y-directions are reported in Figure 2F as a function
of UV light irradiation time (up to 440 s). All parameters show a
monotonic approach to a constant value as the irradiation time
increases. However, the trend is opposite as a function of the di-
rection along which the magnetic parameters are measured: a de-
crease along the compressive x-direction and an increase along
the tensile y-direction.

In particular, the magnetic susceptibility shows a symmetrical
deviation of about 70% from the initial values in both directions.
Instead, the normalized magnetization remanence tends toward
its upper limit of M,/M, = 1 along the y-direction, while it shows
a greater decrease along the x-direction reaching a value almost
three times smaller than the initial one. The coercive field mainly
favors the y-direction with an increase of more than 50% from the
initial value.

This ability to control the magnetic behavior of the thin film
through the opto-mechanical effect of the LCN is closely related
to the significant positive magnetostrictive properties of FeGa
alloy.53?]

In the absence of induced mechanical strain in the FeGa thin
film (at irradiation t = 0 s), the shape of the M(H) curve is mainly
governed by the magnetocrystalline and shape anisotropies.[]
These anisotropies are distributed almost isotropically in the
film plane, as confirmed by the near-overlap of the hystere-
sis loops measured along the x and y-directions for the as-
deposited thin film (see Figure S7, Supporting Information).
When the mechanical strain is induced by the LCN substrate
in the FeGa layer during UV irradiation, an uniaxial stress
anisotropy is generated with the magnetic easy axis along the
y-direction (i.e., the direction of the tensile strain),[>¢3 lead-
ing to anisotropic magnetization behavior. The uniaxial stress
anisotropy becomes stronger as the UV illumination time in-
creases.

When measuring magnetic properties along the x direction
(i-e., H along the hard axis of the magnetic stress anisotropy), the
induced stress anisotropy competes with the applied magnetic
field in driving the magnetic moments. Therefore, the gradual
increase in the intensity of the stress anisotropy as a function of
the duration of the UV irradiation leads to a gradual increase in
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the magnetic field strength required to reach magnetic satura-
tion (Figure 2B). As a result, a decrease in the values of M,/M,,
H_, and X, as a function of the UV irradiation time is observed
(Figure 2F).

In contrast, when studying the magnetic properties along the
y-direction (i.e., H along the stress anisotropy easy axis), the ap-
plied magnetic field and stress anisotropy cooperate in driving
the magnetic moments. Therefore, by increasing the intensity of
the stress anisotropy through the UV irradiation time, the mag-
netization is increasingly favored to remain along the magnetic
anisotropy easy-direction axis, showing a steeper inversion pro-
cess (Figure 2C). Consequently, an increase in M,/M,, H,, and
Xy, values is observed as a function of the UV irradiation time
(Figure 2F).

The release of the stress-induced in the FeGa thin film during
UV irradiation is obtained by green light (Figure 2A), which in-
duces the opposite molecular reaction (cis-trans isomerization)
with respect to UV light and restores the original nematic or-
der. As a result, the intensity of the uniaxial stress anisotropy
decreases and the magnetic properties of the FeGa/LCN sample
tend to progressively recover to their initial state (£ =0 s). In fact,
the shape of the M(H) curve induced after 440 seconds of UV
irradiation shifts progressively as a function of the green irradia-
tion time until the shape of the initial stage is partially recovered,
as shown in Figure 2D,E.

Similarly, it occurs for the magnetic properties M,/M,, H_, and
X}, as shown in Figure 2F. Short time intervals of green light in-
duce a prompt variation in the magnetic parameters which is in
opposition to the effects observed under UV light. Following this
initial response, after approximately 640 seconds, the magnetic
properties approach a constant value, resulting in a partial recov-
ery of the initial magnetic state (¢t = 0 s). In particular, the final
magnetic values are found to be within 10% of the initial ones for
all parameters.

Furthermore, this competitive action of UV or green light ir-
radiation in modulating the strain in FeGa thin film allows its
magnetic properties to be adjusted over a wide range of values
without the need for magnetic fields.

As an example, in Figure 2G, the normalized magnetization
remanence is modulated by subsequent application of UV and
green light. The UV-light irradiation linearly adjusts the M, /M,
value toward a lower or higher value for the x- and y- dlrectlons
respectively, compared to the initial state. It is important to note
that the M,/M, value set by the UV irradiation is maintained
even after the light is turned off, demonstrating a magnetic mem-
ory effect. For both directions, the green-light is able to tune the
M, /M, value in the opposite trend (higher or lower value for
the x- and y-directions, respectively). A few cycles of UV/green
irradiation are carried out and, except for the first cycle where
a slight reduction in the magnetic signal is observed, probably
due to the release of peculiar stresses generated at the material
interface during the sputtering deposition, the subsequent cy-
cles result in a satisfactory reproducibility of the magnetic signal
modulation.

Moreover, the light-induced modulation of the M,/M; value
can be adjusted in intensity not only through an appropriate
irradiation time but also by synergically applying a constant
magnetic field in the sample plane (e.g., via an electro-magnet
or a permanent magnet). As shown in Figure S9 (Supporting
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Figure 3. Light-induced modulation of the FeGa/LCN magnetoresistance properties. A) Sketch of the opto-mechanical action from irradiated LNC
substrate to magnetostrictive FeGa thin film leading to a macroscopical bending; UV and green light-induced modulation of AR/R value of FeGa/LCN
sample both fixed and free to bend by flowing electric current along, B) the x-direction, and C) along the y-direction. D) Response of AR/R value to
successive UV irradiations of At = 20 s. E) Response of AR/R value at different UV exposure times. Color code: the area shaded in purple, green, or
white indicates irradiation with UV or green light or both lamps off, respectively.

Information), increasing the magnitude of the constant mag-
netic field results in a reduction of the light-induced modula-
tion effect. This effect occurs due to the competitive action of the
magnetic field and the uniaxial stress anisotropy on magnetic
moments. At H = 600 Oe, the effect of the magnetic field al-
most overcomes the stress anisotropy energy while a negligible
effect of light on M, /M value is observed. This cooperative action
extends the multi-response aspects of the FeGa/LCN sample to
model its magnetic properties.

In the present study, the irradiation time was used as the key
parameter to modulate the light dose to the FeGa/LCN sample,
thus controlling the magnetic properties. Note that an equivalent
effect can be achieved by using the light power as a control pa-
rameter; an example is shown in Figure S10 (Supporting Infor-
mation).

Adv. Sci. 2024, 11, 2408273 2408273 (6 of 10)

2.3. Opto-Mechanical Modulation on Magnetoresistive
Properties

The light-induced modulation of magnetization in FeGa/LCN
sample was also studied by anisotropic magnetoresistance mea-
surements, in which the resistance of the FeGa thin film (R)
varies as a function of the angle between the direction of mag-
netization and the direction of the electric current (I) flowing in
the magnetic layer.[6264]

Magnetoresistance measurements were performed on the
FeGa/LCN sample both fixed on a glass layer and free to
bend by flowing electric current in both the in-plane directions,
as schematized in Figure 3A. Specifically, the AR/R value is
recorded for an interval of time during which the UV and green
light were properly turned on and off.
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Figure 3 shows that an increase in resistance occurs during
light irradiation for both current configurations (I parallel to the
x or y-directions) and light wavelengths, although the effect is
more significant when using the UV lamp rather than the green
lamp. This increase is mainly due to a non-negligible thermal ef-
fect in the FeGa sample induced by the light, as described in the
Supplementary Information and shown in Figure S11 (Support-
ing Information). Therefore, the following description has been
focused on the AR/R value when the lamps are off. After ther-
mal relaxation following the lamp switch off, the AR/R value re-
sults in a different value than the initial one. This AR/R modu-
lation is strictly related to the shear strain induced in the FeGa
thin film by the photoinduced isomerization of the dye. Indeed,
it has been proved that a FeGa/LCN sample without photosen-
sitive molecules in the polymer matrix exhibits a AR/R(t) curve
that returns perfectly to its initial value after the light (both UV
and green) has been switched off and the thermal relaxation has
ended, as shown in Figure S12 (Supporting Information).

Figure 3B reports the results obtained by applying the electrical
current along the x-direction (i.e., the direction along which FeGa
undergoes compressive deformation due to UV irradiation) for
the FeGa/LCN sample in the fixed state (green curve). After UV
lamp irradiation (At = 20 s), a significant reduction in the AR/R
parameter from its initial value (at t = 0 s) is evident. Also in this
case, this value remains constant even after the lamp is turned
off, confirming an interesting magnetic memory effect. Subse-
quently, AR/R is restored to its initial value by irradiation with
green light (At = 120 s). This experimental sequence is repeated
four times, demonstrating the repeatability of the observed light-
induced modulation of resistance.

Conversely, when applying the electric current along the y di-
rection (i.e., the direction along which FeGa undergoes tensile
deformation due to UV irradiation), a significant increase in the
AR/R parameter from the initial value (att = 0 s) is recorded after
UV irradiation, as shown in Figure 3C. In particular, the inten-
sity of the AR/R modulation in this configuration is more than
double that of the case withIparallel to the x direction. However,
the AR/R value does not remain constant at the value reached
immediately after turning off the UV lamp, but slowly decreases
toward a lower value, which is still higher than the value att =0
s. To return the system to its initial state (AR/R = 0), irradiation
with green light is needed. The repeatability test of resistance be-
havior was again performed for the fixed sample, and the result
is fully satisfactory.

The long-term functionality of the FeGa/LCN device was eval-
uated by comparing measurements of the AR/R modulation per-
formed two months apart. The same samples are used for all
measurements and both I configurations are investigated. The
experimental curves, shown in Figure S13 (Supporting Informa-
tion), indicate that the ability to modulate the magnetoresistive
properties of the FeGa thin film by light irradiation is effectively
preserved over this time interval.

Interestingly, when the FeGa/LCN sample is free to bend,
the stress induced by the curvature of the substratel®®! due to
the UV light irradiation does not further affect the intensity of
AR/R variation in both current configurations. In fact, as shown
in Figure 3B,C, the curves (orange line for I parallel to the x-
direction and red line for I parallel to the y-direction) are perfectly
superimposed to the ones for the fixed samples, where only the
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shear stress at the materials interface occurs. It is important to
highlight that in the present case, the stress generated by sub-
strate bending acts in opposition to shear stress. Indeed, along
the x-direction, the first results in a tensile force on the FeGa thin
film whereas the second exerts a compressive one. Conversely,
along the y-direction. Therefore, this evidence suggests that the
opto-mechanical effect is preferentially guided by a high strain at
the interface between the two materials that overcome the lower
strain induced by the macroscopic deformation of the LCN.

As a matter of fact, the light-induced modulation of the AR/R
value in fixed and free samples is closely related to the control of
uniaxial stress anisotropy in the FeGa thin film, which is pro-
vided by the shear stress induced by the molecular rearrange-
ment into the LCN substrate under irradiation. The onset of the
stress anisotropy under UV light favors the reorganization of
the FeGa magnetic moments into an average magnetization that
is more oriented along its easy axis (i.e., along the tensile y di-
rection) and away from its magnetic anisotropy hard axis (i.e.,
the compressive x-direction)!®}! compared to the initial state (¢
= 0 s). This behavior has an opposite effect on the AR/R value
depending on the direction of the electric current used for the
magnetoresistance measurements. When measuring along the
y-direction, magnetization and current tend to align parallel, lead-
ing to an increase in the AR/R value (Figure 3C). Conversely,
when measuring along the x-direction, they misalign, resulting
in a decrease in the AR/R value (Figure 3B).

Figure 3D shows the response of the AR/R value to succes-
sive UV irradiations of At = 20 s; the electrical current is applied
along the x-direction. A reduction in the resistance value is ob-
served after each irradiation time, which is maintained until the
next irradiation. The decrease in the AR/R value is consistent,
resulting in a staircase-shaped curve with an overall decrease of
approximately 0.4%.

Figure 3E shows the response of the AR/R value at different
exposure times (At = 20-240 s) to UV light; the electric current
is applied along the y-direction. As expected, the longer the UV
irradiation time, the greater the increase in the AR/R value. Each
curve, after switching off the light, shows a slow decrease toward
an asymptotic value (similarly to the case reported in Figure 3C)
that is evaluated by a fitting with an exponential law (dashed line).
The asymptotic values, reported in the right framework of the
Figure 3E, are linearly related to the UV exposure time provid-
ing a simple and non-contact way to adjust and set the resistance
value of the FeGa thin film.

The intensity of the AR/R variation can therefore be modu-
lated not only by the irradiation time but also by applying a con-
stant magnetic field in the sample plane, as shown in Figure S14
(Supporting Information). This effect is similar to the previously
described M, /M, behavior. Increasing the magnitude of the con-
stant magnetic field reduces the light-induced A R/R modulation
effect.

This demonstrates once again that light irradiation and the
magnetic field can be used as co-operating tools to fine-tune the
magnetoresistance properties of the magnetostrictive thin film.

3. Conclusion

In summary, this research activity has successfully demonstrated
how the combination of a photoresponsive polymeric actuator
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with a magnetostrictive Fe,,Ga,, thin film leads to a smart com-
posite system, whose shape and magnetic properties can be finely
tuned with light. Specifically, the irradiation of the photorespon-
sive layer with UV or green light promotes molecular reconfig-
uration, generating mechanical energy at the interface with the
magnetostrictive FeGa thin film. This results in strain of the mag-
netic layer, affecting its magnetic behavior through the formation
of uniaxial stress magnetic anisotropy. The appropriate selection
of the light wavelength and irradiation time enabled the magnetic
properties of the smart composite material to be adjusted over a
wide range of values, reversibly and on demand without the need
for an external magnetic field.

These multifunctional properties pave the way for the develop-
ment of advanced devices based on the magnetostrictive effect,
in which the modulation of magnetic properties is triggered by a
non-contact activated mechanical stress.

Interestingly, the optical mechanism chosen for the actuator
also results in a magnetic memory effect, and the magnetic prop-
erties set by light are fixed even after the irradiation source is
switched off until a second wavelength is used to restore the ini-
tial state.

The unprecedented possibility to both tune the magnetic prop-
erties classically, by magnetic field, and remotely by light, com-
bined with the magnetic memory effect and the intrinsic versatil-
ity of LCN (in terms of polymeric composition and dye to be used,
resulting in the light source to be used for their activation) allows
for the development of a range of new smart materials to be easily
integrated into more complex and miniaturized systems.

As a result, these opto-mechanical responsive materials will
advance MEMS and NEMS technology based on controlling the
magnetic properties of thin films. In fact, the heavy and bulky
permanent magnets or coils currently used to control magnetic
properties can be replaced by light sources, leading to a reduc-
tion in manufacturing processes and, consequently, a reduction
in device complexity, cost, and energy consumption. These ad-
vanced magneto-electrical devices will find use in several cutting-
edge applications such as soft robotics, magnetic actuators and
sensors, reversible magnetic memories, and physical unclonable
functions.

4. Experimental Section

Materials: C6BP (4-Methoxybenzoic acid 4-(6-acryloyloxyhexyloxy)
phenyl ester), RM82 (1,4-Bis-[4-(6acryloyloxyhexyloxy) benzoyloxy]-2-
methylbenzene) were purchased from Synthon Chemicals. Irgacure 819
was purchased from Sigma-Aldrich. The azobenzene crossliker has been
synthesized as reported in Figure S15 (Supporting Information). Poly-
meric network preparation is described in detail in the Supporting Infor-
mation.

A 30 nm thick Fe;yGasg thin film was deposited on an LCN layer sub-
strate using the RF-sputtering deposition technique. The deposition pa-
rameters were kept constant for all samples, with a base pressure of 1 X
1077 mbar, a fixed target power density of 50 W, and an Ar gas pressure
of 1 x 1072 mbar. The deposition time was set to 250 s, based on the
deposition rate of FeGa (1.2 A s~), which was previously experimentally
evaluated by atomic force microscopy (AFM) measurement on a calibra-
tion sample.

The thin film composition was checked by Energy-Dispersive X-Ray
Spectroscopy (EDS) analysis.

Light Actuation:  LCN films were irradiated by UV (ThorLabs M385CP1-
C4, 4 =385 nm, |: 12.2 mW cm~2) and green (ThorLabs M505L2-C4, A =
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505 nm, I: 6.2 mW cm~2) LED lamps. Shape-changing behavior was an-
alyzed by optical images taken during and after the illumination stage.
Image analysis was performed using Image) software (Rasband, W.S.,
Image), U. S. National Institutes of Health, Bethesda, Maryland, USA,
https://imagej.net/ij/, 1997-2018).

Magnetic Measurements: Room-temperature hysteresis loops M(H)
were measured by a highly sensitive alternating field magnetometer
(AGFM, Princeton Measurements Corporation) operating in the magnetic
field range + 18 kOe. The magnetic field was applied along both the
in-plane directions (referred to as x and y) of the FeGa thin film. The
FeGa/LCN sample was affixed to the sample-holder with the LCN layer
facing the light source. Prior to measuring the hysteresis loop, the sample
was exposed to UV (or green) light for the specific duration. Bending of
the sample was prevented by fixing it on a glass layer, thus ensuring that
the magnetic field is always applied in the plane of the FeGa thin film.

The magnetic parameters such as normalized magnetization rema-
nence (M,/M;), coercive field (H,), and magnetic susceptibility (X,,) were
evaluated from the M(H) curves.

As a preliminary step, experimental tests were carried out to prove that
the magnetic field is not able to control the orientation of mesogen in the
LCN polymers and therefore provide shape-change of the substrate with
undesirable effects on magnetic modulation; see Figure S16 (Supporting
Information).

Magnetoresistance Measurements: Resistance (R) measurements at
room temperature on the FaGa/LCN samples were performed using a
standard four-contact technique: the two external contacts were used to
drive the DC drive current through the FeGa thin film, while the two in-
ner ones were used to measure the voltage signal. A signal generator
(Sourcemeter 2400 Keithley) was exploited to generate the DC current at
a constant intensity of 50 x 107% A, while a digital multimeter (Nanovolt-
meter 2182 Keithley) was used to measure the voltage signal.

The four contacts were made of copper by sputtering deposition tech-
nique (using the same deposition parameters as the FeGa layer), and are
oriented so that the magnetoresistance behavior is measured along both
directions (referred as x and y) in the plane of the FeGa thin film.

The experimental setup was equipped with a fan above the FaGa/LCN
sample to improve heat dissipation and reduce the heat-induced resis-
tance variation. During the measurement of R, UV (or green) illumination
of the LCN layer was performed. The relative variation AR/R = (R(t) — R(t
=0))/R(t = 0) x 100 was calculated and reported as a function of time.

Before each measurement, the FaGa/LCN sample is induced to rema-
nence magnetization by a saturating magnetic field of 1kOe applied along
the film plane.

The anisotropic magnetoresistance measurements result in a feasible
and reliable method to determine the orientation of magnetization in the
FeGa thin film. As a matter of fact, R varies as a function of the angle
between the direction of magnetization and the direction of the electric
current (I) flowing in the magnetic layer.% It decreases as the magneti-
zation turns away from the electrical current, reaching a minimum value
when they are in a perpendicular configuration and a maximum value when
they are in a parallel configuration.

This method succeeds where other ones fail and also does not require
expensive and cumbersome instruments, bridging the gap between fun-
damental research work and real applications.[%4]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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