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Developing functional materials for optical remote control of magnetism can lead to faster, more
efficient wireless data storage and sensing devices. In terms of desired material properties, this
development requires the combined optimization of elastic interactions, low magnetic coercivity,
and a narrow linewidth of ferromagnetic resonance to establish low-loss dynamic functionalities. A
general pathway to achieve these requirements is still lacking. Here, we demonstrate that rare-earth
trace element doping of an extrinsic multiferroic promotes strain mediated energy efficient remote
control of static and dynamic magnetic properties induced by non-pulsed visible light. The strain
under illumination arises from the photostrictive property of the ferroelectric substrate whereas the
magnetism control originates from the enhanced magnetostrictive property of a rare-earth trace
element doped ferromagnetic thin film. Combining the light-strain-magnetic interaction in the rare-
earth doped extrinsic multiferroic provides a general approach for enhanced photo-magnetic elastic
control extendable to optically tunable magnetic devices.

Combining strain and non-pulsed light for the remote control of magnetism would be of great interest for
energy efficient technologies of the digital world. Firstly, strain induced changes of magnetism are recognized
to be of great potential for energy efficient issues in the field of materials sciences for digital information
technologies such as information storage devices or sensors'~%. Secondly, the remote control of magnetism
with non-pulsed sources of light such as the Sun, a continuous laser or a light emitting diode (LED), would
present an energy saving alternative to the non energy efficient use of a current generated magnetic field>-.
Consequently, combining strain and non-pulsed light for the remote control of magnetic properties is of interest
for energy savings. The strain and non-pulsed visible light combination for a control of static and dynamic
magnetic properties was recently achieved for a family of materials named ferromagnetic/ferroelectric extrinsic
multiferoics. Optimizing this energy efficient visible light control of magnetization is now required to develop its
full potential, and that relies on materials science. Here, it is demonstrated that rare-earth trace element doping
of an extrinsic multiferroic provides a pathway for a combined optimization of static and dynamic magnetic
properties and their remote control through strain with continuous light, i.e. a solution to a complex material
research paradigm.

Results and discussions

The extrinsic multiferroic considered here consists of a 5 nm magnetostrictive Fego.oGaig.oLao.2 (FeGaLa)
thin film grown by RF magnetron sputtering on a (011)-Pb(Mg, ;3Nb2/3)Os-Pb(Z1,Ti)O3 (PMN-PZT)
piezoelectric substrate. Feg1 Gaig (FeGa) is actually considered as an archetype of a modern magnetostrictive
material exhibiting large magnetostriction and good tensile strength®~!2. Furthermore, previous theoretical
and experimental research works have shown that rare-earth trace element doping of Galfenol (Fei_,Ga,)
alloys may result in anisotropic modifications and magnetostrictive properties’ enhancement'*1°. Among these
different studies, an 0.2% La trace element doping of Fegz Gai7 millimeter sized ribbons was shown to result in
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modifications of the magnetocrystalline anisotropy and an enhancement of the magnetostriction!®!”. The PMN-
PZT ferroelectric substrate was chosen as FeGa/PMN-PZT exhibits significant converse magneto-photostrictive
static and dynamic coupling effects due to the PMN-PZT photostrictive properties under visible light®. This
converse magneto-photostrictive effect (CMPE) is defined by the change of magnetic properties under the
photostrictive effect, which can be schematically written as (light/mechanical) x (mechanical/magnetic). CMPE
was previously shown to occur in ferromagnetic/ferroelectric extrinsic multiferroics (ExMF) when light induces
strain in the piezoelectric phase through the photostrictive effect®?0-22, Then, the dimensional changes were
transferred to the magnetostrictive phase and, in turn, induced inverse magnetostriction, which translated into
a change in magnetic properties.

FeGala static magnetization reversals (MRev) properties were first characterized. A scheme of the
experimental set-up can be found in the Supplementary Note 1. Figure 1a shows MRev loops in the dark state
(i.e. light “OFF”) and under the illumination with the 410 nm laser diode, at two different angles . ¢ is the
angle between the applied magnetic field H and the [100] direction of the PMN-PZT substrate. Under CMPE,
a decrease in the MRev loop area is observed along ¢ = 0° but an increase in the MRev loop area is observed
along ¢ = 77.5°. In fact, a 25% decrease of the coercivity and no significant changes of remanence are observed
under illumination along ¢ = 0°, whereas a 46% increase of the coercivity and a 135% increase of the remanence
are observed under illumination along ¢ = 77.5°. Thus, the observed CMPE is angular-dependent, not only
in magnitude but also “in sign” (in the sense of a decrease or increase in MRev characteristic properties). A
magnitude and sign angular dependent CMPE obtained under the same experimental conditions was previously
reported in the absence of La, i.e. for a 5 nm FeGa thin film grown under the same experimental conditions on
PMN-PZT®. It was shown to arise from the non-thermal dimension change of the PMN-PZT substrate under
the laser illumination®.

In order to further understand the FeGaLa/PMN-PZT angular-dependent CMPE and how it may differ from
that of FeGa/PMN-PZT, MRev angular dependencies were systematically probed. In the dark state, and under
CMPE, H. and Mg, values have been obtained from each M-H loop as shown in Fig. 1b,c. In the dark state, both
angular dependencies are typical of an uniaxial system as they exhibit two symmetrical lobes. The H. and Mg
minima define the hard axis position along ¢ = 77.5°. Remarkably, previously reported results showed that a
5 nm FeGa thin film grown under the same experimental conditions on different substrates including the PMN-
PZT substrate does not exhibit a dark state uniaxial anisotropy character but a cubic one®!?3. The presence of
a local maxima at ¢ = 90° in the FeGa H. and MR angular dependencies revealed the cubic anisotropy. For
sake of comparison, these FeGa angular dependencies are also shown in Fig. 1b,c. Clearly, the La trace element
doping of FeGa provides an uniaxial dark state anisotropy. It should be noted here that the FeGaLa uniaxial
character is not driven by an epitaxial relationship with the PMN-PZT substrate. This was shown studying a 5
nm FeGalLa thin film grown on Glass (see the Supplementary Note 5 for more details).

The FeGaLa/PMN-PZT anisotropy is modified under CMPE as H. and Mg minima along the hard axis at
(= 77.5° vanish under illumination. In a general manner, H. and My angular dependencies as a whole are
re-shaped revealing photostriction induced anisotropy changes.

To perform a quantitative analysis of the rare-earth trace element doping inclusion effect on the ExMF
physical properties, a gain is now defined as:

XFeGaLa _ XFeGa

Gain = W’ (1)

with X¥¢@2L2 being the value of a given physical qbyantity for FeGaLa/PMN-PZT and X °“? being the value of
the same physical quantity for FeGa/PMN-PZT, X eGala, x¥FeGa 34 the gain for different X physical quantities
of interest are reported in Table 1.

It is of interest to analyse the coercivity gain along the easy axis as reducing H. along an easy axis relates to an
energy reduction needed to reverse a magnetization in its most stable state. The FeGaLa maximum value of the
coercive field (H**) in the dark state is 0.90 = 0.01 kA m™" and it is found along the uniaxial easy axis. The
Gain when comparing the FeGa and FeGaLa coercivity maxima is —45% as reported in Table 1. Furthermore,
the La doping results in a significant decrease of the FeGa/PMN-PZT coercivity over the whole angular range
as shown in Fig. 1b.

In order to quantify the relative magnetization change under CMPE, a converse magneto-photostrictive
coupling coefficient was recently proposed®. This coefficient allows an evaluation of the CMPE efficiency, provides
a convenient approach for comparing different materials. Here, it can be used to assess the effect of rare-earth
trace element doping on the CMPE efficiency for magnetization changes. This converse magneto-photostrictive
coupling coefficient adyp is defined in a similar way as the converse magneto-electric coefficient'>24-32 as
below:

AM(H Mi—p, (H) — My—,(H
acup(H) = pio A(I = 11(13—101 ul 2

with AM (H), the change in magnetization at a field H under a change of light intensity AT at a wavelength . In
our experimental work, o/élﬁlgm (H) can be determined with I; = 0.6 W.em ™2 and Iy = 0. The relative change
in magnetization is directly computed from the measured MRev loops in the dark state and under CMPE.
Figure 2 shows aggm™(H) at 0° and 77.5°, which were determined using the M-H loops shown in Fig. 1a.

For both angles, aghjB™ (H) exhibits two extrema of opposite signs. The first (second) extremum, o, (a]

Scientific Reports |

(2025) 15:5788 | https://doi.org/10.1038/s41598-025-90205-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

i
P

@  410nm
~-O- OFF

1.0

0.5

0.5

1.04

Figure 1. Magnetization reversals under the converse magneto-photostrictive effect. (a) FeGaLa/PMN-PZT
zoomed hysteresis loops of the magnetization M, normalized to the saturated magnetization M, measured
in-plane with the magnetic field H, respectively along ¢ = 0° (filled-in symbols) and ¢ = 77.5° (not filled-
in symbols), under the converse magneto-photostrictive effect CMPE, i.e., under the 410 nm illumination
(blue circles), and in the dark state, OFF (black squares). Please note that the whole M-H loops can be found
in the Supplementary Note 2. (b) FeGaLa/PMN-PZT coercive fields (H.) polar plots under CMPE (blue
filled-in circles) and in the dark state (black circles). The gray shaded area is an eye guide to indicate the H.
values previously reported for a 5 nm FeGa sample (from°). (c) FeGaLa/PMN-PZT normalized remanent
magnetizations (Mg ) polar plots under CMPE (blue filled-in circles) and in the dark state (black circles).
The gray shaded area is an eye guide to indicate the My values previously reported for a 5 nm FeGa sample
(from®). Dashed lines at 77.5° indicate the hard axis angular positions in the dark state. Continuous lines are
guidelines to the eyes.

), occurs when H decreases (increases) as shown in Fig. 2. Over the full angular range, ol (¢) and o], (¢)

ext
are of the same magnitude within experimental uncertainty but of opposite sign as shown in Fig. 3a. This is a

consequence of the M-H loops symmetry.
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Anisotropy | H®* a‘cl:%v(ljpx: Tax | AHes/H fefg Linewidth
Units kKAm™! [107°sA™! | % kAm~?!
Feg1 Gaig Cubic 1.65 14.4 5.7 238
Feso 9Gats oLag o | Uniaxial | 0.90 213 9.0 9.2
Gain (%) —45 48 58 -61

Table 1. Physical quantities for the Feg; Ga19/PMN-PZT and Fego.9Gais.9Lag.2/PMN-PZT samples,

and the gain obtained via the La trace element doping. Physical quantities for Feg; Gaio (5 nm) and
Fego.9Gais.9Lag.2 (5 nm) thin films grown on PMN/PZT(0.3mm) substrates. The reported physical quantities
are the anisotropy character (Anisotropy), the maximum value of the coercive field (H:"**), the converse
magneto-photostrictive coupling coefficient maxima (a¢yB mayx), the relative change of the resonance

field under the converse magneto-photostrictive effect (A Hres/ H, ﬁfg), the linewidth of the resonance line

(Linewidth). The gain (Gain) is equal to w with X FeGala being the value of a given physical

quantity for Fegg.9Gais.9Lag.2 and X 7°C® being the value of the same physical quantity for Feg; Gaig. PMN-
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Figure 2. Magnetic field dependencies of converse magnetophotostrictive coupling coefficients. The FeGaLa/
PMN-PZT converse magneto-photostrictive coupling coefficient, aghip™, along ¢ = 0° (filled-in blue
squares) and ¢ = 77.5° (red squares), as estimated from the magnetization M versus magnetic field H

data presented in Fig. 1. For a given angle, o, is the converse magneto-photostrictive coupling coefficient
extremum value when H decreases. For a given angle, o, is the converse magneto-photostrictive coupling
coefficient extremum value when H increases. ¢ is the angle between the applied magnetic field H and the
[100] direction of the substrate.

For a given angle ¢, the maximum obtainable CMPE on magnetization is rendered by the maximum value of
the aghgn™ (H ), defined as:

aéll\(/)llr:)’j?nax = (|aixt| + |a1xt|)/2' (3)
The magnitude of the a&%ﬁfﬁmx angular dependence is then proportional to the angular-dependent maximum
change in magnetization inferred by the illumination as stated by Eq. (2). Over the whole angular range, FeGaLa
a‘éﬁ&{;‘f&ax values are larger than previously reported FeGa a‘éll\(/}{é,';ax ones as shown in Fig. 3b. It reveals that
the gain via the rare-earth trace element doping is significant for any angle. In the vicinity of the easy axis, the
FeGaLa maximum value of aélﬁ{;ﬁ‘nax is (21.3 # 0.1)107° s A™'. This maximum value can be com})ared to
that of FeGa which is found in the vicinity of its major easy axis as reported in Table 1. The gain for AlcIP max
maximum reaches +48%.

The rare-earth trace element doping of the ExMF significantly modifies the static properties in the dark state
and under CMPE. Upon this doping, the anisotropy character is modified towards uniaxiality, the easy axis
coercivity is reduced and magnetization changes due to CMPE are enhanced. Static modifications are related to
changes of the anisotropy energy landscape, among which the magnetostrictive part plays a keyrole in extrinsic
multiferroic MRev. Here, the magnetophotostrictive coefficient gain resulting from the La trace element doping
is +33% (cf. Supplementary Note 3 for magnetostrictive measurements). In a general manner, previous studies
have revealed that rare-earth trace element dopings result in significant modifications of the anisotropy constant
and magnetostriction. However, these studies did not address the consequence of that on MRev properties or
on their control with CMPE. The reasons reported for the large increase in the magnetostriction of Fe-Ga alloy
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Figure 3. Angular dependencies of converse magnetophotostrictive coupling coeflicients and their maxima
values. (a) Angular dependencies of the FeGaLa/PMN-PZT converse magneto-photostrictive coupling
coefficient extremum value when H decreases, o, (red squares), and when H increases, ., (filled-in blue
squares). (b) Angular dependencies of the converse magneto-photostrictive coupling coefficient maximum
value, aélﬁﬁ’fnax, for the FeGaLa/PMN-PZT sample (blue filled-in circles) and for the FeGa/PMN-PZT sample
(black circles delimiting the gray shaded area). The FeGa/PMN-PZT sample data were previously reported in®.
Dashed lines at 77.5° indicate the hard axis angular positions in the dark state. Continuous lines are guidelines
to the eyes. ¢ is the angle between the applied magnetic field H and the [100] direction of the PMN-PZT.
PMN-PZT is the (01 1)-Pb(Mg1/3Nb2/3)Og-Pb(Zr,Ti)Og substrate.

caused by the doping of a small amount of rare-earth elements rely on an induced (001) orientation texture, and
on the lattice distortion resulting in localized magnetocrystalline anisotropy fields. Demonstrating the general
nature of the phenomena, a combination of these two origins leading to magnetostriction enhancement was
previously shown in different experimental studies addressing rare-earths trace element doping of Galfenol,
including doping by Dy'>, Tb!31419, Pr!8 Lal¢-18, Sm!8, Y18, Gd!°, Lu'®, Ce** and Er*’. Beyond Galfenol, rare-
earth trace element doping was recently shown to also enhance the of Alfenol (Fe1 —, Al,) magnetostriction®~7,
and the static magnetic properties of an Alfenol based ExXMF can be controled under CMPE?. The trace element
doping with various rare-earths provides a general pathway to enhance the magnetostriction in different ExXMFs.
Beyond magnetostrictive enhancements, static magnetic properties and their remote control under visible
continuous light are here shown to be optimized by the EXMF rare-earth trace element doping, encouraging the
development of novel heterostructures based on this approach for energy-efficient remote controlled magnetic
materials.

To analyse rare-earth trace element doping effects not only on static magnetic properties but also on dynamic
magnetic properties, Ferromagnetic Resonance (FMR) spectra were acquired in the dark state and under CMPE.
The ExMF was illuminated with an intensity of 7 W cm™? from a 405 nm LED or with the laser used for
static measurements. It should be noted here that the LED could not be used for static measurements due to
space restrictions within the MOKE apparatus. The PMN-PZT strain under the LED illumination was measured
using a strain gauge. It is found to be equal to (0.245 £ 0.003)%. For comparison, the magnitude of previously
reported values of the PMN-PZT piezoelectric coefficient is ~ 1500 pm/V. Thus, for the 0.3 mm PMN-PZT
used in our study, the resulting strain is determined as 0.1% under 200 V (or 0.2% under 400 V). Thus, strains
obtained under illuminations and strains obtained under a few hundred volts are of similar magnitudes for
PMN-PZT substrates. Figure 4 shows FeGaLa/PMN-PZT FMR spectra measured with the dc external magnetic
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Figure 4. Ferromagnetic resonance spectra under the converse magneto-photostrictive effect. In-plane field-
sweep FMR spectra for the FeGaLa sample and the FeGa sample measured at 9.3 GHz under the converse
magneto-photostrictive effect (CMPE) induced by the light emitting diode illumination (blue non-filled circles
for the FeGaLa sample, blue non-filled triangles for the FeGa sample) and in the dark state (black filled circles
for the FeGaLa sample, black filled triangles for the FeGa sample), along ¢ = 0°. ¢ is the angle between the
applied magnetic field H and the [100] direction of the substrate.

field applied along ¢ = 0° (while the magnetic component of the microwave field was perpendicular to the dc
field). For the sake of comparison, previously reported FeGa/PMN-PZT FMR spectra® are also shown in Fig. 4.
The FeGaLa dark state FMR measurement reveals a lineshape with a resonance field, H..s (the external magnetic
field at which the power absorption spectrum dI/dH crosses zero, i.e. maximum power absorption), at 69.6 kA
m~'. When illuminated with the laser, no significant modifications of the FMR spectra were observed. However,
significant modifications were obtained under the LED illumination as shown in Fig. 4. Under CMPE, Hics
shifts to 75.9 kA m ™", i.e. 2 9.0% relative shift of Hyes from the dark state value.

FeGaLa/PMN-PZT absolute and relative H;es shifts under CMPE are greater than FeGa/PMN-PZT ones
as reported in Table 1. Thus, the trace element doping results in an optimized control of the resonant field by
CMPE. The gain for the relative resonant field shift under CMPE is +58%. The FMR linewidth (LW) is a critical
parameter which has to be as small as possible to reduce microwave losses in magnetic materials®®. Here, a 9.2
+0.3 kA m~' FeGaLa LW is measured. It is smaller than the 23.8 + 0.3 kA m~' FeGa LW. Thus, the LW gain is
—61% showing a significant improvement in the reduction of the relaxation as reported in Table 1. Furthermore,
this gain is conserved under CMPE as the LW is not modified under illumination. The rare-earth trace element
doping enhances the optical control of the resonant field and reduces microwave losses.

Conclusion

Our study reveals that rare-earth trace element doping in an extrinsic multiferroic provides a pathway to
solve the paradigm of static and dynamic magnetic properties optimization, and their remote control with the
converse magneto-photostrictive effect under non continuous visible light. Therefore, a combined optimization
of materials properties is achieved, including the search for ultrathin ferromagnetic materials to achieve
interfacial and size effects, the search for high magnetostrictive coeflicient to improve the magnetization change
under strain, the search for low coercivity to promote an energy efficient static control, the search for a small
linewidth ferromagnetic resonance at GHz frequencies to reduce microwave losses. The findings presented in
our manuscript provide a general path to be applied in a variety of rare earth doped extrinsic multiferroics,
when the magnetostrictive layer is significantly modified through rare-earth trace element doping via lattice
distortions. In the paradigm of finding a general pathway for tuning and optimizing materials as an essential
brick for a combined strain and non pulsed light driven energy efficient remote control of magnetism, the
potential here given can be used in wireless and energy efficient systems to control magnetic properties and
tunable RF/microwave devices.

Supplementary Information

Scheme of the experimental set-up for static measurements; entire magnetization reversals loop and
magnetostriction measurements of a 5 nm Fegp.9Gaig.gLag.2 thin film; angular dependence of the coercive
field for a 5 nm FeGalLa thin film deposited under different growth conditions; angular dependence of the
coercive field for a 5 nm FeGaLa thin film deposited on Glass can be found in the Supplementary Information.

Methods

Sample preparation

The samples were prepared by depositing the magnetostrictive Feg; GaigLag.2 thin films onto the PMN-PZT
substrates, using radio-frequency magnetron sputtering. PMN-PZT rhombohedral single crystals grown by
solid-state crystal growth are commercially available as “CPSC160-95” from Ceracomp Co. Ltd., Korea®. The
PMN-PZT substrates used in this study had physical dimensions of 0.3 mm thick, 3 mm wide and 5 mm long.
Initially, the PMN-PZT substrates are cleaned with ethanol and acetone. A Feg; GaigLag.2 polycrystalline target
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with a diameter of 3 inches is used in an Oerlikon Leybold Univex 350 sputtering system. The base pressure
prior to the film deposition is typically 10~" mbar. Feg;GaigLag.2 thin films are deposited onto the PMN-
PZT beams at room temperature using 100 W of deposition power and about 10 sccm argon flow rate. The
stack was capped in situ with a 10 nm-thick Ta layer to protect the Fes; GaigLao.2 layer against oxidation. The
growth was carried out under an in-plane magnetic field Hycp = 2.4 kA m™" along the [100] direction of the
PMN-PZT substrate. Information on the poling procedure, growth conditions, growth preparations can also be
found in previous publications®!1:?3. For information, the coercive field angular dependence for another growth
condition is reported in the Supplementary Note 4.

Static magnetic measurements

Magnetic measurements at room temperature were determined using the magneto-optic Kerr effect in a wide-
field Kerr microscope from Evico Magnetics?’. In order to improve the signal-to-noise ratio, any MRev loop
presented in this manuscript results from the average of 5 MRev loops acquired during 150 s. The CMPE control
of static magnetic properties was studied by illuminating the samples with an intensity I1 of 0.6 W.cm™? from
a 410 nm laser diode. The laser spot size is (570x1776) pum? (FWHM) and the incident angle of the laser
beam on the sample surface is 20°. The samples were illuminated on the backside (i.e. the substrate side). For
further information, a scheme of the experimental setup can be found in the supplementary information (see
Supplementary Note 1). When the substrate was illuminated, the magnetic measurements were offset by a delay
time of 60 s. Increasing the delay time did not change the results of the static magnetic measurements presented
in this manuscript. Information on the static magnetic measurements method can also be found in®.

Dynamic magnetic measurements

An Elesxys 500 Bruker electron paramagnetic resonance spectrometer operating at X-band (9.3 GHz) was used
to characterize the microwave performance of FeGa /PMN-PZT heterostructures. For dynamic measurements,
the CMPE was studied by illuminating the samples with the laser diode (the one previously described in the
Static magnetic measurements) and it was also studied by illuminating the samples with a LED. The LED
wavelength is 405 nm and the intensity of the LED illumination is 7 W cm 2. The incident angle of the beam on
the sample surface is 0° (i.e. along the surface normal). The samples were illuminated on the backside (i.e. the
substrate side). When the substrate was illuminated, the magnetic measurements were offset by a delay time of
360 s. Increasing the delay time did not change significantly the results of the dynamic magnetic measurements
presented in this manuscript. Information on the Dynamic magnetic measurements method can also be found
in®,

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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