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Light-induced ferromagnetic resonance shift in magnetoelectric heterostructure
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The resonant control of the spin magnetic moment using ferromagnetic resonance (FMR) could enable
an energy-efficient route for low-power spintronic devices for neuromorphic and signal processing appli-
cations. However, resonant spin control by FMR usually requires a rf magnetic field or high-density
spin-polarized current resulting in high power consumption. Instigating FMR directly with an external
electric field using magnetoelectric (ME) materials can offer an energy-efficient alternative due to large
strain-mediated ME coupling. Yet, this method requires a high-saturation electric field that could cause
device malfunction due to dielectric breakdown. Also, the necessity to make electrical contacts in ME
materials leads to complexity. In this work, we demonstrate light-induced FMR tunability in Ni/PMN-PT
ME heterostructure at room temperature. We show that light generates piezostrain in PMN-PT without
any bias voltage and controls the spin dynamics of the ferromagnetic Ni thin film. Depending on the direc-
tion of the external applied magnetic field with respect to the PMN-PT crystalline directions, upward and
downward volatile FMR shift is demonstrated. We also show that FMR shift can be induced by increasing
the irradiation time at constant illumination power. This technique presents a remote means to control the
spin magnetic moment for next-generation light-controlled ME-based rf and microwave devices, allowing
easier integration of these devices into complex architectures by eliminating the need for direct electrical

contacts or bulky external components.
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I. INTRODUCTION

Recently, coherent resonant control of the spin mag-
netic moment in nanoscale spintronic oscillators through
magnetization precession has expedited the exploration of
next-generation neuromorphic-based spintronic and sig-
nal processing devices [1,2]. In particular, researchers
have explored the collective excitation of magnetic spins
in the ferromagnetic layer of nanoscale spintronic oscil-
lator using ferromagnetic resonance (FMR) for neuro-
morphic computing combined with tunable microwave
frequency and CMOS compatibility [3—5]. To realize dif-
ferent neuromorphic functions, direct control of FMR is
greatly desired. Indeed, nano-oscillator-based neuromor-
phic devices are lately implemented to recognize the signal
pattern by controlling the spin dynamics in FMR of an
individual oscillator [4].

Conventionally, the rf magnetic field is used to control
the spin dynamics in FMR [2,4-8]. A transverse rf mag-
netic field is applied to excite the stable spin precessional
dynamics under a static magnetic field so that the energy of
the rf magnetic field is effectively absorbed. It is achieved
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when the frequency of the rf magnetic field is tuned to
the spin precessional frequency [3,6]. Usually, the exter-
nal electric current that flows through the conductive coil
is used to generate the requisite magnetic field. However,
the fundamental problem of rf control is its disability to
develop a highly localized magnetic field, especially at the
nanometer-scale range [6]. Additionally, this arrangement
turns the device noisy, bulky, and energy inefficient. This
is a severe problem, especially when device size and power
consumption are primary concerns. Later, spin-transfer
torque (STT) is proposed to control the spin dynamics in
FMR to overcome these problems [9—11]. However, this
resulted in the incoherent control of the spin magnetic
moments as the STT effect emerged from the decoherence
spin angular moment [12]. Additionally, to observe the
spin transfer effect, a high current density (approximately
equal to 10'° A/m?) is required resulting in high power
consumption due to Joule heating [13,14]. Consequently,
the device operation, especially for larger tunability is
impractical.

Instigating FMR directly with an external electric field
using magnetoelectric (ME) materials can offer an energy-
efficient alternative due to large strain-mediated ME cou-
pling [15—19]. ME materials consist of a ferromagnet (FM)
and ferroelectric (FE) order parameter simultaneously
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[2023]. In these materials, an external electric field is
applied across the FE layer to generate the piezoelectric
strain that instigates the effective magnetic anisotropy in
the FM layer and subsequently controls the spin magnetic
moment and magnetization in FMR. Therefore, electric
field control is a faster, more energy efficient, and more
coherent control method of the spin magnetic moment than
its earlier counterparts. However, the primary obstruction
in this method is the requirement of the high-saturation
electric field (approximately equal to 1 MV /m) that could
cause device malfunction due to dielectric breakdown
[24,25]. Also, for practical applications, a high electric
field could generate parasitic capacitance, which could act
as a low-pass filter and hinder the device operation at high
frequencies. Additionally, from a device point of view, the
necessity to make electrical contacts in ME heterostruc-
ture leads to complexity as the dimension of ME-based
microwave devices continues to shrink [26].

One promising avenue to overcome these limitations in
ME heterostructure is the light-induced piezostrain gener-
ation in the FE layer to control the spin dynamics of the
FM layer. FEs generate piezostrain under light illumina-
tion due to photon-electron interaction, as FEs are insu-
lators with moderate band gap [27]. This approach holds
promise for device miniaturization through the substitu-
tion of conventional voltage sources in ME heterostructure
with optical alternatives. The miniaturization of rf and
microwave devices offers substantial potential for practical
applications, driving advancements in communication sys-
tems, sensing technologies, and wireless devices, as these
devices not only demand reduced power consumption
but are also imperative for device mass reduction [15—
18]. Additionally, higher computational density could be
achieved by incorporating such devices as nanoscale spin-
tronic oscillators in neuromorphic-based spintronic and
signal processing devices.

The light-induced piezostrain in FEs is attributed to the
photostriction or photocontraction effect [26—34]. When a
FE material is irradiated with light of a specific intensity
and wavelength, possessing energy greater than the band
gap of the FE material, the material absorbs photons from
the incident light [26—34]. This absorption process creates
electron-hole (e-#) pairs or charge carriers within the mate-
rial due to band-to-band transition. These charge carriers
are spatially separated within the material, leading to the
modification of the internal electric field (£;) due to the
bulk photovoltaic effect [28,29]. Since the polarization of
a FE material results from the arrangement of positive and
negative charges within its crystal lattice, the modified E;
changes the magnitude and orientation of the FE polariza-
tion. Consequently, this modified polarization gives rise to
the generation of piezostrain due to the inverse piezoelec-
tric effect. Additionally, the interaction of incident photons
with the FE material may result in localized heating, lead-
ing to a temperature rise attributed to the pyroelectric effect

[35-37]. The pyroelectric effect characterizes the intrinsic
behavior of FE materials, wherein fluctuations in tem-
perature induce alterations in the positions of constituent
atoms within the crystal lattice due to the lattice vibra-
tions. Consequently, these atomic displacements influence
charge distributions within the material, further modu-
lating its net polarization. This polarization adjustment
corresponds to variations in the dipole moment of the
FE material. Significant development of strain generation
under light illumination by FEs was first reported by Tat-
suzakiet et al. [28] in SbSI ferroelectric crystal. Kundys
et al. [29] showed a substantial dimensional change of
BiFeO3; (BFO) crystal under light irradiation at room
temperature. Hu et al. [30] successfully modulated ferro-
electric tunnel junction memory states under light illumi-
nation using Sm-doped BFO ferroelectric layer. Makhort
et al. [31] showed generation of saturation polarization
in Pb[(Mg, ;3Nby/3);Ti1—]O3 (PMN-32%PT) FE due to
the photovoltaic effect under light irradiation. This drew
researchers attention to light-induced magnetization exci-
tation in the ME heterostructure also. Iurchuk et al. [32]
showed light-controlled coercivity modulation of nickel
(Ni) thin film in Ni/BFO (FM/FE) heterostructure. Zhang
et al. [33] showed volatile 90° magnetization modulation
of Ni thin film using Ni/PMN-PT (FM/FE) heterostructure
under light irradiation to study magnetic memory and logic
devices. Dagur et al. [34] showed light-induced effects
in Ni/PMN-PT (FM/FE) heterostructure while confirming
the necessity for spectroscopic techniques to elucidate the
physical origin of interface behavior.

However, it is worthwhile to note that thus far, these
studies have primarily focused on static magnetization
control only, and light-induced dynamic magnetization
control using FMR, which has significant practical rele-
vance for realizing remote-tunable oscillators for neuro-
morphic and other spin-based applications, has been elu-
sive. FMR has crucial practical relevance for these devices
as it can detect small magnetic changes against exter-
nal stimuli, even when the ME coefficient is very weak
[38,39]. This makes FMR a highly sensitive technique than
other commercial facilities such as magneto-optic Kerr
effect (MOKE) magnetometry, superconducting quantum
interference device (SQUID), or vibrating sample magne-
tometer (VSM) [40]. Additionally, bidirectional magneti-
zation switching to realize remote FMR tuning upward as
well as downward is also not explored yet.

To address this problem, we studied the microwave
performance of Ni/PMN-PT (FM/FE) magnetoelectric
heterostructure during light-induced FMR tuning. Ni is
selected as an FM layer because of its low FMR linewidth
[41]. PMN-PT is chosen as a FE layer due to its supe-
rior photostrictive efficiency and high photoelastic cou-
pling compared to conventional FEs such as SbSI, BFO
Sm-BFO, etc. [26]. Additionally, PMN-PT exhibits the
remarkable capability to respond to an extensive spectrum
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of light frequencies, encompassing UV, IR, and extending
all the way to the THz range [35]. This broadband response
of PMN-PT is attributed to its unique band-to-band transi-
tion and crystal structure [42]. It is to be noted that PMN-
PT demonstrates its peak photocurrent response near the
ultraviolet (UV) range [33,34]. The much larger photocur-
rent observed near the UV region is associated with effi-
cient band-band transitions [29,31,32]. This also suggests
that there is faster momentum transfer near the UV range
as corresponding UV light energy is closer to the band
gap of the material. However, as the wavelength extends
beyond the UV range and ventures into the infrared (IR)
and terahertz (THz) ranges, the photocurrent reduces [35].
This is because the energy of the photons becomes lower
and does not have enough energy to excite electrons across
the band gap efficiently. Consequently, very few e-/ pairs

are generated through band-to-band transitions, and the
photocurrent generated in the IR range and beyond
in PMN-PT is primarily attributed to the pyroelectric
effect [35].

II. EXPERIMENTAL DETAILS AND
THEORETICAL INTERPRETATION

A. Fabrication of ME heterostructure and
measurement setup

The double-layer thin-film structure of Au(50 nm)/
Ni(30 nm) (top electrode/FM) is deposited on the top
side of Oll-oriented single-crystal PMN-PT substrate
(10 mm x 10 mm x 0.5 mm) using magnetron sputter-
ing with a base pressure <107% Torr. Also, on the
back side of PMN-PT, Au is deposited, which acts as a
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FIG. 1. (a) Schematic illustration of the Ni/PMN-PT magnetoelectric heterostructure with a coordinate system showing the crys-
talline direction of PMN-PT (not to scale). (b) Cross-section FESEM image of the heterostructure. (c) Schematics of the FMR
measurement (not to scale). The sample is laid face down on CPW in flip-chip orientation, and light is irradiated along the [011]
direction with the magnetic field applied along [01-1] or [100] directions. (d) TPC response of the PMN-PT under light irradiation and
(e) corresponding remanent polarization obtained. (f) When light is switched ON, TPC with a positive peak is observed that decays to
a nonzero steady-state value, i.e., Iss; 7 0 nA, as shown in region R1 of 1(d). (g) When light is switched OFF, TPC with a negative
peak is observed that finally decays to zero, i.e., Issy = 0 nA as shown in region R2 of 1(d). (h) FMR absorption spectra change in
the heterostructure without irradiating a light pulse under a magnetic field applied along different PMN-PT crystalline directions. The
inset curve shows half-power absorbed power spectra. FMR absorption spectra change in the heterostructure without irradiating a light
pulse under a magnetic field applied along different PMN-PT crystalline directions. The inset curve shows half-power absorbed power
spectra. A small anisotropic field of 10.52 Oe is observed at 4 GHz due to residual stress from different lattice parameters along [01-1]
and [100] crystalline directions.
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bottom electrode. Figure 1(a) shows the schematic illus-
tration of the fabricated ME heterostructure, with Fig. 1(b)
showing the cross-section morphology of the heterostruc-
ture obtained using field emission scanning electron
microscopy (FESEM). Figure 1(c) shows the schematics
of the FMR measurement. The sample is laid face down on
a co-planer waveguide (CPW) in flip-chip orientation, and
light is irradiated along the [011] direction with the mag-
netic field applied along [01-1] or [100] directions during
measurements. A continuous infrared (IR) light pulse of
power 100 W/m?, spot size diameter 10 mm, and wave-
length 780 nm is used to irradiate the heterostructure, and
no external bias voltage is used. Notably, the power con-
sumption required to drive this light source is 7.8 mW. As
a result, an internal electric field (E;) is created and the
heterostructure exhibits the transient photocurrent (TPC)
response, as shown in Fig. 1(d). TPC causes a change in the
internal polarization of PMN-PT and, consequently, gen-
erates the piezostrain [32]. It is worth noting that the IR
range is opted instead of the UV range to ensure accurate
and consistent measurements, given the limitations of the
experimental setup.

B. Light-induced magnetic field generation in
Ni/PMN-PT

To illustrate the light-induced FMR shift, we first
explore the underlying physics using mathematical
analysis. For this, TPC measurement is carried out using
the Keithley 4200A-SCS parameter analyzer. The nature
of TPC is given by [36,37]

Ap AT, —t
exp( — ], (M
To Ty

where I, is the steady-state photocurrent under light irra-
diation, 4 is the electrode area, p is the pyroelectric
coefficient of PMN-PT, AT, is the maximum temperature
variation of the PMN-PT under light irradiation, and ty is
the thermal time constant of PMN-PT. Initially, when the
IR light is OFF, all internal electric dipoles of the PMN-
PT substrate are oriented along (111) direction and do not
wiggle [36,37]. Once the IR light is ON, internal electric
dipoles of the PMN-PT substrate start wiggling at a higher
angle and lower the polarization of the PMN-PT substrate.
This causes a reduction in bound surface charge (Q;). To
balance (s, released surface charges (Q,) outflow, caus-
ing a TPC with a positive peak, as shown in region R1 of
Fig. 1(d). Once the thermal equilibrium is achieved due
to static charge balance, i.e., O; = O,, TPC decays to a
nonzero steady-state value, i.e., I7(f) =1, = I # OnA,
as shown in Fig. 1(f). Alternatively, when the IR light
is OFF, internal electric dipoles of the PMN-PT substrate
start wiggling at a lower angle and increase the polariza-
tion of the PMN-PT substrate. This causes an increase in

Ity =1, +

bound surface charge (Q;). To balance Qy, released sur-
face charges (Q,) outflow, causing a TPC with a negative
peak, as shown in region R2 of Fig. 1(d). Once the thermal
equilibrium is achieved due to static charge balance, TPC
finally decays to zero, i.e., I7(f) = I;5; = 0 nA, as shown
in Fig. 1(g).

Next, using the polarization relaxation equation [43]
change in internal polarization (AP(7)) of the PMN-PT is
calculated, as shown in Fig. 1(e)

1[4
AP(1) =P — P(0) = —/ Ir(0) dt, (2)
Ae 0
where P(f) and P(0) are the polarization at time fand t = 0
sec, respectively. € is the permittivity of PMN-PT and # is
the irradiation time. Using Eqgs. (1) and (2) modified as

AP(t) = i [Ip(ti) + Ap AT, (1 — exp <;—;)>i| . (3

It is evident from Eq. (3) that the steady-state photocurrent
(/,) results in an increase in polarization. When the light is
switched OFF, polarization persists slightly, resulting in a
remanent polarization state (P,) and different polarization
states can be obtained from different irradiation times (¢;),
as shown in Fig. 2(a). This polarization change of PMN-
PT under light irradiation is the primary order parameter
that generates the time-dependent piezostrain (s(7)). To
quantify s(¢) and its nature under light irradiation, the pho-
toinduced resistance measurement method is employed.
This relationship is mathematically described by

AR AL
R L
where, AR/R represents the fractional photoresistance
change, and AL/L = As(f) denotes the time-dependent
strain change. The parameter I" represents the photo-
strictive coefficient, characterizing the correlation between
strain and light-induced resistance changes. A Keithley
6221 current source and a Keithley 2182 nanovoltmeter
are used for the photoresistance measurement. Upon light
irradiation, an increase in photoresistance is observed with
respect to the time, as shown in the region R1 of Fig. 2(b).
Since the photostrictive coefficient remains constant for a
given material, the strain change can be calculated using
Eq. (4), as shown on the right ordinate of Fig. 2(b). How-
ever, after switching OFF the light source, the ferroelastic
domains gradually relaxed to another equilibrium config-
uration, leading to the appearance of remanent photoresis-
tance (R,). This remanent photoresistance (R,) is directly
related to the remanent photostriction in the material [32].
It is worthwhile to note that this remanent photostric-
tion exhibited volatile behavior, implying that it is not
a stable or long-lasting effect, as shown in region R2 of
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(a) Possible remanent polarization states at different irradiation time. (b) Light-induced photoresistance change of Ni/PMN-

PT ME heterostructure for different irradiation times. Light-induced tensile (01-1) and compressive strain (100) generation in Ni thin
film. (c) The generated piezostrain would have tensile and compressive strain components along [01-1] and [100] crystalline directions
of PMN-PT, respectively, if developed E; is positive in nature. (d) The generated piezostrain would have tensile and compressive strain
components along [100] and [01-1] crystalline directions of PMN-PT, if developed E; is negative in nature.

Fig. 2(b). This time-dependent piezostrain instigates the
effective magnetic anisotropy in the FM layer and subse-
quently controls the spin magnetic moment. Light-induced
effective magnetic field (Heg) can be expressed as

3AYs(2)
ff = ’
¢ /’LOMS

)

where A, Y, and M; are the magnetostrictive coefficient,
Young’s modulus, and saturation magnetization of the FM
layer, respectively. wo is the vacuum permeability. This
light-induced effective magnetic field described in Eq. (5)
lays the foundation for FMR manipulation as described in
the Kittel equation [3]

f = )/\/(Hr + Heff)(Hr + Heff+ 47TMS) (6)

where f, y, and H, are the in-plane FMR frequency,
gyromagnetic ratio, resonance magnetic field, respectively.

ITI. RESULTS AND DISCUSSION

A. Light-induced FMR modulation in Ni/PMN-PT

Next, light-induced FMR modulations in Ni/PMN-PT
heterostructure are illustrated using a CPW FMR mea-
surement unit, as shown in Fig. 1(c). The sample is laid
face down on a CPW, and measurements are performed
in LT (magnetized longitudinal and polarized transverse)
mode. It is to be noted that the obtained piezostrain [s(7)]
by 011-cut PMN-PT when irradiated along the transverse
([011]) direction is biaxial in nature, having longitudinal
tensile and compressive strain components. As Ni is a
negative magnetostrictive material, the direction of strain
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components will depend on the nature of E;. The gener-
ated piezostrain would have tensile and compressive strain
components along [01-1] and [100] crystalline directions
of PMN-PT, respectively, if developed E; is positive due
to photovoltaic effect under light irradiation [20,21], as
shown in Fig. 2(c). On the other hand, s(f) would have
tensile and compressive strain components along [100]
and [01-1], respectively, if generated E; is negative in
nature [20,21], as shown in Fig. 2(d). Interestingly, a
small anisotropic field is also observed without irradiat-
ing a light pulse when an external magnetic field is applied
along different PMN-PT crystalline directions, as shown in
Fig. 1(h). This is because of the generated residual stress
from different lattice parameters along [01-1] and [100]
crystalline directions of the PMN-PT substrate [17].
Figure 3 shows the light-induced dependence of the
FMR absorption spectra in field-sweeping mode when the
external magnetic field is applied along [01-1] and [100]
at different FMR frequencies. Upon irradiating the IR light
on a sample, an upward resonance field shifts (Hgpig > 0)
is observed when the external magnetic field (H) is applied
along the [01-1] direction, as shown in Fig. 3(a). This is
because, for negative magnetostrictive materials according
to Eq. (5), the generated light-induced piezostrain produces

the compressive strain along [01-1] directions and induces
a negative H.g. A negative Hg causes the magnetization
to align perpendicular to the anisotropic field, which leads
to the misalignment between the magnetization and the
anisotropy axis. Consequently, the generated demagnetiz-
ing field increases. Since the external magnetic field is
also applied along [01-1] direction and H.g in the Kittel
equation takes into account the generated demagnetizing
field also, an upward resonance field shift is observed
according to Eq. (6). On the other hand, a downward reso-
nance field shift (Hghir < 0) is observed when the external
magnetic field is applied along the [100] direction, as
shown in Fig. 3(b). The downward shift occurs as the light-
induced piezostrain generates the tensile strain along [100]
direction and induces a positive Heg. A positive Heg causes
the magnetization to align parallel to the anisotropic field,
which reduces the generated demagnetizing field. Since
the external magnetic field is also applied along [100]
direction, a downward resonance field shift is observed.
Comparing to the previously published work based on
electric field control of FMR for negative magnetostric-
tive materials, s(f) would have tensile and compressive
strain components along [100] and [01-1], respectively,
if generated E; is negative in nature [15-18,20,21]. This
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FMR absorption spectra change in the heterostructure under light pulse when the magnetic field is applied along (a) tensile

strain [01-1] and (b) compressive strain [100] direction of PMN-PT at different FMR frequencies. (c),(d) show corresponding upward
and downward, respectively. In both cases symbols show experimental points and solid curves are fitted using the Kittel equation.
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suggests that IR light acts as a negative E; in the light-
induced FMR absorption spectra in the Ni/PMN-PT het-
erostructure. Figures 3(c) and 3(d) show the corresponding
fitted curve using the Kittel equation [Eq. (6)], where theo-
retical and experimental calculations fit well. Figure 4(a)
summarizes the results obtained and suggests the bidi-
rectional magnetization switching due to the cooperation
between magnetic field orientation and applied light pulse.
Using the FMR absorption spectra, FWHM is also calcu-
lated to obtain the FMR linewidths (AH), as shown in
Fig. 4(b). It is observed that the Ni thin film perpetuates
FMR absorption spectra for small linewidths even after
applying a light pulse, with a change in linewidth <10 Oe.
This suggests uniform deformation in Ni thin film due to
the generated biaxial piezostrain [18]. (See Appendix A
for discussions on FMR spectra fitting, extraction of the
resonance field, and linewidth calculation.)

To explore the light-induced magnetic relaxation in
the sample, frequency-dependent linewidth (AH) is fitted
using the linewidth equation [44], as shown in Fig. 4(c).
When the magnetic field is applied along [01-1] direction
of PMN-PT, upon light irradiation, a slight increase in the
damping coefficient (¢ (£5x)) from 0.03247(10.0062) to
0.03487(£0.00252) is observed, where o represents the
error corresponding to the o measurement. This change
implies a shorter relaxation time, indicating that the sys-
tem returns to equilibrium more quickly following light-
induced perturbation. This also suggests a more efficient
energy exchange between magnetic moments and lattice
vibrations. On the other hand, when the magnetic field is
applied along the [100] direction of PMN-PT, and light is
irradiated, a slight reduction in « from 0.01313(£0.0013)
to 0.01271(30.00129) is observed. This decrease implies
a longer relaxation time, indicating that the system retains
its perturbed state energy for an extended period before
returning to equilibrium during FMR upon light irradiation
in this case. The reduced damping coefficient also suggests
a slightly less efficient energy exchange between mag-
netic moments and lattice vibrations, resulting in slower
energy dissipation in this case. (See Appendices B and
C for discussions on damping parameter calculation using
linewidth equation, and error calculation for Hgys, respec-
tively.)

It is worth noting that a downward resonance field shift
indicates that the driving mechanism for the observed
FMR shift is light-induced piezostrain rather than direct
thermal excitation of the FM layer. This is evident from the
fact that the thermal excitation causes a reduction in mag-
netization of FM due to increasing excitation of spin waves
given by Bloch 7%/ law [45,46] so that only an upward
FMR shift is possible, obtained using modified Bloch law
[47,48]
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FIG. 4. (a) The induced bidirectional magnetic field shift due

to the cooperation between magnetic field orientation and applied
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respectively. (¢) Light-induced damping parameter calculation.
In each case, symbols show experimental points and solid curves
are fitted using the linewidth equation.

where H (T)sni, Hres(0), H, and T are temperature-
dependent resonance field shift, resonance fieldat 7 = 0 K,
external applied magnetic field, and external temperature,
respectively.
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B. Effect of irradiation time

To further study how irradiation time can also manipu-
late the FMR, the effect of ; on FMR absorption spectra
is illustrated next. As it is evident from Eq. (3) that dif-
ferent polarization states can be obtained from different
t;, the TPC response of PMN-PT under constant illumi-
nation for two different illumination times is recorded. As
the total external field sweep time (fgweep) during FMR
measurements is approximately equal to 28 min; first, the
TPC response of PMN-PT is obtained for #;1 = foweep = 28
min [Fig. 5(a)]. Figure 5(b) shows the corresponding peak
value of the polarization change (AP ~ 0.31 wC/cm?)
calculated using Eq. (2). Next, the irradiating time is
reduced to half, i.e., tjp = foweep/2 = 14 min. TPC shows
the same peak current as the irradiation power is con-
stant [Fig. 5(c)]. However, the peak value of AP reduces
to approximately equal to 0.17 wC/cm?, as shown in
Fig. 5(d). This suggests that polarization change is related
approximately linearly to irradiation time, considering the
subcoercive region operation of PMN-PT. Based on this,
FMR modulations in Ni/PMN-PT heterostructure for ¢;; =
28 min and ¢; = 14 min are obtained at f =5 GHz
when the external magnetic field is applied along [01-
1], as shown in Fig. 5(e). As the increase in irradiation
time increases AP [Fig. 2(a)], generated piezostrain [s(f)]
in PMN-PT also increases, as shown in Fig. 2(b). For
instance, a fractional change in resistance AR, = 0.1692
is observed for t; = 14 min, while extending the illumi-
nation time to 28 min, resulted in a fractional change in
resistance of AR;; = 0.22 €2, as shown in Fig. 2(b). Conse-
quently, light-induced effective magnetic field (H.g) in the
Ni film increases with s(7) provided the subcoercive region
operation of PMN-PT. This is because, A, Y, and w( are
constant in Eq. (5), while remanence ratio (M, /M) exhib-
ited negligible change under light irradiation as reported by
Zhang et al. [33] and Dagur et al. [34]. This signifies that
Hes could exhibit almost a similar trend as s(#) consider-
ing negligible change in M;. Since the external magnetic
field is applied along [01-1] direction an upward reso-
nance field shift is observed with increasing ¢;, as shown
in Fig. 5(e). This suggests that higher Hr can also be
induced in the FM layer by increasing the irradiation time,
even though illumination power is constant. Also, almost
the same linewidth is observed at different ¢;, as shown in
half-power absorbed power spectra in the inset of Fig. 5(e).
This also confirms the linear deformation in the Ni thin
film with an increase in ;. It is to be noted that increas-
ing the irradiation power will also result in an increase in
the modulation of FMR. This is attributed to the height-
ened absorption of photons by the material with increased
irradiation power, which subsequently leads to generat-
ing more electron-hole pairs [26,31]. Additionally, this
augmented photon absorption contributes to more local-
ized heating of the ferroelectric material [35]. As a direct

consequence, a higher photocurrent is generated. The gen-
erated photocurrent leads to a corresponding increase in
the piezostrain induced by the photostriction. Considering
this the experiments are carried out utilizing the maximum
available irradiation power. However, it is important to
consider that there will be a limit where the strain in the
PMN-PT reaches a certain saturation point, beyond which
further exposure to higher irradiation power may not sig-
nificantly increase the generated piezostrain. This behavior
is akin to the electric field modulation in PMN-PT, as
demonstrated by Choi et al. [49], where the piezostrain
reaches a saturated point for an electric field of 0.5 MV /m,
attributed to a morphotropic phase transition in the
PMN-PT.

C. Volatile FMR nature

Since, in FE materials, the polarization-electric field
(P-E) loop provides a comprehensive depiction of the intri-
cate relationship between polarization and its directional
response to the electric field, P-E loop characterization
is conducted, as shown in Fig. 5(f). It is evident from
Fig. 2(a) different remanent polarization (P,) states could
be induced due to the generated internal electric field
for varying illumination times. This leads to slight dis-
placements of the ferroelastic domains in PMN-PT and
causes some deformation even after the light is switched
OFF [26,32]. For instance, in Fig. 5(b), P, = 0.25 uC/cm?
is observed after the light is switched OFF following the
maximum sweep time (fsweep = 28 min) light irradiation.
However, it is essential to note that the remanent polariza-
tion, which remains even after the light is switched OFF,
is significantly smaller when compared to the saturation
polarization (Pg, = 22 wC/cm?) of PMN-PT, as shown in
Fig. 5(d). The fact that P, << Pg, strongly suggests that
the internal electric field generated under light illumina-
tion is insufficient to fully saturate the polarization of the
FE material. From Fig. 5(f), it is also evident that the cor-
responding electric field required to achieve a polarization
change of 0.25 wC/cm? from its initial polarization state
[indicated as the transition from point 1 (P(0)) to point 2
(P(#))] is only 0.06 MV /m. The experimental findings sug-
gest that to achieve a polarization change of 0.25 uC/cm?
in PMN-PT, an internal electric field of 0.06 MV /m is
required under light illumination. This observation clar-
ifies that the light-induced internal electric field (E;) is
still smaller than the coercive electric field of PMN-PT
(E. = 0.5 MV/m), which is the minimum electric field
required to switch the polarization direction of FE material.
Consequently, the nonvolatile FMR nature is not observed.
Contradictory electric field control of FMR reported earlier
is nonvolatile if the applied electric field is greater than E,
of the PE substrate [15—18].
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IV. CONCLUSION

In conclusion, light-induced FMR tunability in Ni/PMN-
PT magnetoelectric heterostructure is demonstrated. It is
observed that light causes a change in the internal polariza-
tion of PMN-PT and, consequently, generates the piezos-
train, which is used to instigate the effective magnetic
anisotropy in Ni thin film. Depending on the direction
of the external applied magnetic field with respect to the
PMN-PT crystalline directions, upward and downward
volatile FMR shift is obtained. Finally, it is shown that
higher effective magnetic anisotropy in Ni thin film can
also be induced by increasing the irradiation time at con-
stant illumination power. This work can provide a frame-
work for next-generation light-controlled ME-based rf and
microwave devices. Such methods could also facilitate
better integration and scalability of ME-based microwave
devices by eliminating the need for direct electrical

contacts or bulky external components, thus allowing an
easier integration into complex device architectures. Addi-
tionally, such a method can lead to a reduction in the
dimensions of ME-based microwave devices that could be
beneficial for portable and energy-efficient device applica-
tions.
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APPENDIX A

The FMR spectra is recorded with an external magnetic
field applied along [01-1] and [100] crystalline directions
of PMN-PT at different FMR frequencies (46 GHz). The
obtained FMR signal (Vpyr) is fitted using Lorentzian
function derivative given by [50]

[(0.58)% (Hex — H,)]
[(058)2 + (Hext - }1)‘)2]2
(0.58)[(0.58)* — (Hext — H,)?]
[(058)2 + (Hext - Hr)2]2 ’

VeMr = —

(AD)

where 4 and B are symmetric and antisymmetric absorp-
tion coefficients. §, H,, and H,, are linewidth, resonance
field, and external applied magnetic field, respectively.
Using Eq. (Al), the resonance magnetic field and the
linewidth for each in-plane FMR frequency is obtained.
Linewidth is calculated as the FWHM of the spectra
response.

APPENDIX B

To explore the light-induced magnetic relaxation in
the sample, frequency-dependent linewidth (AH) is fitted
using linewidth equation [44] given by

o

AH = AH, + (B1)
y

where AH, is characterized by being frequency-
independent, typically emerging as a consequence of var-
ious factors, including magnetic inhomogeneity phenom-
ena, imperfections in the sample, and extrinsic contribu-
tions that are not related to the energy dissipation processes
during FMR [44]. The second term, «f /y represents a
frequency-dependent mechanism governing magnetization
relaxation and accounts for the energy dissipation due to
damping during FMR [44]. Here o represents a damping
parameter, y is gyromagnetic ratio, and f signifies the
microwave frequency.

APPENDIX C

To calculate the error in the magnetic field shift (6 Hghig)
error propagation formula is used. For this square root
of the sum of the squares of the individual errors in the
magnetic field measurements are used as follows:

$Hgniee = v/ (8H,)* + (8H:)?,

where §H, represents the error corresponding to the reso-
nance magnetic field of the virgin sample and §H,; error
corresponds to the resonance magnetic field of the sample
subjected to light illumination.
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