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Flexible spintronics has recently sparked an upsurge due to the growing demand for miniaturization, high-
speed, integration and energy-saving in portable and wearable devices. However, the stress/strain during
the substrate deformation process is inevitable for flexible spintronic devices and may be available to assist
the switching of the magnetization, accordingly. Therefore, combined with the previously discovered high
energy efficient sunlight controlled magnetization switching, we propose a bending-insensitive photo-
voltaic flexible spintronic device constructed by PET/Ta/Permalloy/(PC7;BM: PTB7-Th)/Pt heterostructure.
The bent device achieved a 281 Oe of maximal ferromagnetic resonance (FMR) field shift by photoelectrons
in a reversible manner under the sunlight soaking at room temperature. And the magnetic change as a
function of the external light radiation was precisely determined. These findings provide a feasible way to
combine the flexible substrate and photoelectrons for energy-saving and precise manipulation of mag-
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netism in bendable spintronic devices.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

In the emerging mobile internet era, the microelectronics and
information technology industry depend on flexible spintronics that
exploits the spin and charge of electrons based on flexible substrates,
materials, or microstructures [1-6]. Just like the evolution from
electricity to electronics, the transitions from solid spintronics to
flexible spintronics make a great scientific and commercial impact
[4,7-9]. To date, researchers have a growing motivation to fabricate
flexible nano-films, a rapidly developing emerging high-tech in-
dustry. Permalloy (Py: NiggFeyo) thin films are proved to be a good
candidate for flexible devices, which benefits from the excellent
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high-frequency microwave characteristics such as high saturation
magnetization (Ms), low coercivity field (H.) and high Curie tem-
perature (T.), especially near zero magnetostriction coefficient per-
mitting the magnetic properties insensitive to the bending [10,11]. It
has been reported that Py based flexible devices have little strain-
induced magnetic change and outstanding ductility under appro-
priate bending radius, which helps to promote the controllability,
steady the whole structure conformal and increase tolerance of de-
formation [2,12]. These features make Py become an appropriate
candidate for wearable/flexible electronics thereby.

It is well known that the regulation of magnetism plays an es-
sential role in spintronics [13-17]. Researchers have sought several
core ways that have been optimized to modulate the magnetism in
spintronic devices for industrial application, including mechanical
strain, electric field, thermal cycling and electric current.[18-37]
However, the above methods still have some drawbacks with flexible
the substrate for practical applications. The purely strain-tunable
method will raise the issues of reduced durability and magnetic
tuning under constant mechanical deformation. For the charge-
mediated manipulation via ionic liquid, long response time and in-
terfacial corrosion shrink the scope of applications. Moreover, the
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Fig. 1. Schematics of the flexible spintronics. (a) The PET/Ta/Permalloy/(PC;;BM: PTB7-Th)/Pt flexible heterostructure. (b) The molecular structure of the donor (PTB7-Th) and
acceptor (PC7;BM). The magnetism is unchanged with the substrate deformation from the initial flat state (blue line) to the bending state (red line) along the in-plane direction,

observed via in situ (c) ESR and (d) VSM measurements.

conformality problems caused by thermal cycling-induced de-
formation and electric current-induced Joule heat limit the further
improvement. On the other hand, the most widely used optical
manipulation method is the femtosecond laser. Still, it is difficult to
integrate for miniaturization, with high thermal effects and high-
cost issues [38]. Therefore, the emergent methods for magnetic
controlling based on flexible spintronics are still necessary to pro-
mote the utilization in the future.

In this work, we reported on the fabrication and characterization
of a sunlight-controlled magnetic anisotropy within a polyethylene
terephthalate (PET) substrate-based Ta/Py/(PC;;BM: PTB7-Th)/Pt
bendable heterostructure, as illustrated in Fig. 1a and b, respectively.
Sunlight is considered to be a free energy source because it is ubi-
quitous. The chemical formulae of two organic photovoltaic mate-
rials are poly[4,8-bis(5-(2-ethylhexyl) thiophen-2-yl) benzo [1,2-
b:4,5-b’] dithiophene-co-3-fluorothieno [3,4-b] thiophene-2-car-
boxylate] (PTB7-Th) and [6,6]-phenyl C7; butyric acid methyl ester
(PC7:BM), respectively, which have been proved to be one of the
most successful photovoltaic systems [39] (Fig. 1b). The in situ
electron spin resonance spectroscopy (ESR) was conducted to
quantitatively record magnetic anisotropy changes in the sunlight
soaking at room temperature (RT). About 228 Oe and 281 Oe re-
versible FMR field shifts have been achieved under AM 1.5G illu-
mination at 100 mW/cm? (1 standard sun) with bending curvature
1/r=0 and 0.02 mm!, respectively. At the same time in situ vi-
brating sample magnetometry (VSM) measurements were utilized
to further evidence the photon-induced magnetic anisotropy and
magnetization changes (AM; = —13.14% with light irradiation). In

addition, the heat resulting from sunlight induced FMR field varia-
tion has been excluded, proving that the PET/Ta/Py/(PC;;BM: PTB7-
Th)/Pt heterojunction is a desirable platform for wearable/flexible
spintronic devices because the univariate regulation of magnetism
has been realized. Meanwhile, the relationships between the light
intensity and the magnetic anisotropy variations were also ex-
pounded. Finally, the first-principles calculation revealed that the
photo-induced electrons doping in the Py film shifted the Fermi level
of this ferromagnetic film and weakened the magnetization ac-
cordingly. Our findings may provide a solution for efficient, energy-
saving, easily-integrated and precisely controllable flexible spin-
tronic devices.

2. Results and discussion

The in situ ESR measurement is utilized to evaluate the bending
induced magnetic anisotropy change of Py films, and the char-
acterization method is according to our previous work [38]. In
general, in-plane (IP) is defined such that the angle between the
external magnetic field and the laminates films is 0°. Similarly, out-
of-plane (OP) is defined such that the external magnetic field is
perpendicular to the membrane surface. As shown in Fig. 1c, with
curvature radius r = 50 mm (1/r = 0.02 mm-1), corresponding to
a strain e = —t/2r = 0.1%, where t is the thickness of the flexible PET,
the value of FMR field (H;) in the in-plane direction remains nearly
constant, implying excellent deformation stability between the as-
grown heterostructure and the flexible substrate. The in situ VSM
measurement is conducted to further investigate the effect of
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Fig. 2. Photovoltaic control of the magnetic anisotropy in the PET/Ta/Permalloy/(PC;;BM: PTB7-Th)/Pt sandwich heterostructure. (a, b, d, ) Angular dependence of the sunlight
tuning FMR phase diagram in the flat and bent state, respectively. The color scale shows the amplitude of the FMR absorption spectra. The purple line represents the positions of
H. (c, f) The angular dependence of the FMR field observed by in situ ESR. The blue, red and green lines stand for the dark state, 1 sun state, and the FMR field change induced by
the photovoltaic effect, which is measured with (c) flat condition and (f) bending state, respectively. The inset shows the schematic diagram of the photovoltaic device under a flat

state or bending state.

bending conditions on the magnetic property change of magneti-
zation. Fig. 1d shows that as the curvature increases from 1/r = 0 to
0.02 mm!, the saturation magnetization (Ms) keeps almost in-
variant. Here, M g5 = 555 emu/cm? represents the M without any
bending, and M 1/r=002 = 548 emu/cm? is the M, with the curva-
ture1/r = 0.02 mm™1. Besides, the variations of the H; and M along
the out-of-plane direction are also characterized with the same
tendency, as shown in Fig. S1. Therefore, all the following char-
acterization in this work will adopt the bending conditions of
1/r=0, 0.02mm"' in order to eliminate stress effects for the
precise regulation of magnetism in flexible spintronic devices. Fur-
thermore, the curvature (1/r = 0.02mm™1) is more in line with the
radian of the human body surface, which is more conducive to
meeting the practical requirements of wearable devices.

The sunlight-induced magnetic anisotropy variation is in situ
characterized with the ESR, as illustrated in Fig. 2. The microwave
response frequency can be tuned, proving the great potential in
tunable RF/microwave device. Fig. 2a, b, d, e present the contour
plots of angular-dependent sunlight tuning FMR spectra under flat
and bent states at room temperature. The x-axis represents the
magnetic field, while the y-axis shows the angle (8) between the
external magnetic field and the film plane. And the color map dis-
plays the FMR signal amplitude. Fig. 2¢c, f show the angular depen-
dence of the photo-tuning FMR field. It can be seen that the in-plane
direction is parallel to the easy axis because the minimum H; is along
with the magnetic layer. Correspondingly, the out-of-plane direction
means the hard axis due to the maximum H;. The standard sunlight
intensity is AM 1.5 G at 100 mW/cm? (1 sun), which may have the
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Fig. 3. (a, b) 1 sun visible light induced FMR field change from the initial dark state (blue line) to the excited state (red line) and then returned (green line) when the light source is

removed, which are measured at 80° with (a) flat condition and (b) bending state, respectively. (c) FMR field and magnetic anisotropy Ha

as a function of the light intensity at the

bending state along with IP and OP, respectively. (d) The photovoltaic effect induced magnetic hysteresis loops variation along the in-plane direction at the bending state.

most common application scenarios. When applying 1 sun intensity
of sunlight illumination, as shown in Fig. 2a-c, upward shifts of H;
are detected at 6 = 0°~60°, while downward variations are observed
at 6 = 70°~90° in a flat condition. In other words, the sunlight de-
creases the out-of-plane FMR field (H; op) and increases the in-plane
FMR field (H;p), indicating that the magnetic anisotropy of Py films
is weakening. Meanwhile, a similar tendency of the FMR field with
curvature radius 1/r = 0.02 mm-~!is also confirmed in Fig. 2d-f. The
change of H; under bending is more remarkable compared with the
flat condition, demonstrating a better optical-electro-magnetic
coupling effect in the bent state. The corresponding AH; max is
—-2810e and -2280e at 6 = 80°, respectively. As a function of
magnetic anisotropy, the change of H; can be described by the well-
known Kittel equation:

f= 7\/(Hr + Hegr)(H; + Hefr + 47Ms)  (in — plane) (1)

f=y(H; + Hefr — 47M;)(out — of — plane) (2)
where f is the frequency of the microwave in the cavity, y is the
gyromagnetic ratio, 4zMs is the saturation magnetization of Py, and
Heg is the effective magnetic field which can be influenced by sun-
light illumination and strain/stress force [40-43]. From Fig. 1c and d
above, strain-induced H.g can be ignored at flat state without sun-
light. Similarly, small Heg is realized by sunlight illumination at flat
state, as shown in Fig. 2a-c. However, enhanced Heg with both
sunlight and strain/stress conditions can be observed in Fig. 2d-f.
This phenomenon deduces that optical-electro-magnetic coupling
can be amplified at bending state, leading to a larger shift in H;,
which is consistent with our experiment results. It is beneficial to
the application in the field of flexible photovoltaic spintronics. Ac-
tually, the underlying mechanism that the photo-magnetic effect can
be larger under bent state is complex, and the discussion of this part

is available in Supplementary Material for a preliminary under-
standing.

In addition, the good reversibility of magnetism has been in-
vestigated. The reversible switching of H; can correspond to a two
logic state switching, which may achieve future tunable flexible
memories (more details are available in Supplementary Material).
Fig. 3a shows the maximal AH; shifting from 6736 to 6508 Oe under
visible light (1 sun) with 1/r =0 mm™! (flat condition), when the
angle between the H-field and the Py membrane is 80°. After light
illumination, H; returns to 6735 Oe, implying good reversibility. Si-
milarly, H; locates from 6733 to 6452 Oe when applying 1 sun irra-
diation, then back to 67300e when turning off the light with
1/r=0.02 mm! (bent condition), as shown in Fig. 3b. The H;op
and the H; p with bending radius 1/r = 0.02 mm~! as a function of
the light intensity (from 0 to 1.4 sun) is depicted in Fig. 3c. It can be
seen that the H;op and H;jp are changing inversely as the excitation
light intensity ranges from 0 to 1.4 sun, which confirms that higher
sunlight power triggers a weaker magnetic anisotropy. It means that
more photo-induced electrons are doped into the Py layer to depress
magnetism. To more accurately explain the sunlight illumination
dependence of FMR field anisotropy, here, the magnetic anisotropy
(Hy) could be quantitatively calculated and expressed as
H, = Hrop — Hypp. Fig. 3c illustrates the H, with bending radius
1/r =0.02 mm~! varies with the sunlight intensity. As the light
intensity increases from 0 to 1.4 sun, H, decreases from 5568 to
5025 Oe.

In summary, growing sunlight illumination shrinks the magnetic an-
isotropy of Py layer, evidenced by space magnetic anisotropy information.
Furthermore, a in situ VSM is utilized to investigate the magnetic property
change of magnetization of Py under bending, as shown in Fig. 3d. The
AM; is defined as AMs = Mg 1.4sun — Ms dark = =72 emu/cm?, where
M;,dark = 548 emu/cm?  represents M before illumination, and
Ms,1.450n = 476 emu/cm? is M under visible light illumination. The
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Fig. 4. Mechanisms of the photovoltaic control of magnetism. (a) The sketch of the calculated model. (b) The magnetizations versus photoelectrons of three independent random
configurations. The spin resolved density of states for (c) n=0 and (d) n = 1.4, respectively. “Int up” and “Int down” mean the integral of the density of the spin-up state and density

of the spin-down state.

AM; is approximately - 13.14% with light irradiation compared with the
initial state without light, consistent with the ESR measurement.

To clarify this issue in Py films, we carried out the first-principles
calculations using the Vienna ab initio simulation package (VASP).
And for better performance on magnetism, the generalized-gra-
dient-approximation (GGA) with an interpolation formula, according
to Vosko, Wilk, and Nusair, are employed [44]. Furthermore, as the
Py is an alloy, we set up a2 x 2 x 2 supercell (32 atoms), as shown in
Fig. 4a, and randomly put Ni and Fe atoms inside every position with
equal possibilities to simulate an alloy of NiggFe,o. Moreover, we
choose the cutoff energy for the basis as 500eV, and the con-
vergence criterion for the electron density self-consistency cycles as
10-5 eV to converge the output. In the Brillouin zone, (5 x 5 x 5) k-
point grids are sampled using the Monkhorst-Pack scheme [45].

The calculated magnetization of Py versus photoelectrons is
plotted in Fig. 4b. We use 3 configurations of the Py to confirm our
approximation on the construction of the calculated structures. All 3
configurations follow a similar tendency and closed values, and the
magnetizations of Py decrease with increasing the injected electrons
(n) and become nonmagnetic until n = 1.4. For a better view of the
changing when injecting electrons, we show the state density with
n=0 and n = 1.4 in Fig. 4c and d, respectively. We can see that,
without photoelectrons, the unpaired electrons inside the 3d band of
Ni (3d®4 s?) and Fe (3d%4 s?) lead to the unbalanced spin density, as
shown in Fig. 4c. However, when n = 1.4, the extra photoelectrons
fill in the empty d bands in Py and pull the spin up and spin down to
equivalent energy levels. This is why it does not need to fill all the d
bands in Py to vanish the magnetization, which would happen with
n = 2.38 (n = 2 for Ni and n = 4 for Fe).

The possible interface coupling effect between the organic layer
and the Py film as well as the thermal effect under the sunlight il-
lumination needs to be excluded [46,47]. Fig. S3 shows a comparison
between the Py film and Py/(PC;1BM: PTB7-Th) film. The spin in-
terface effect can be excluded because of no significant difference in
H;. Furthermore, the control experiment is conducted for the eva-
luation of the thermal effect. The magnetic anisotropy of PET/Ta/Py/
Pt is in situ tested with 1/r = 0.02 mm~! under 1 sun illumination.
As shown in Fig. S4, an apparent distinct tendency of the H; shifts
induced by the thermal effect and photovoltaic effect is observed
respectively, suggesting that the light irradiation dominates the
magnetic anisotropy manipulation process.

We can understand the whole optical gating process in the fol-
lowing steps. Step 1: The light response layer is excited by visible
light to produce excitons. The excitons move around because of the
diffusion effect. Step 2: When excitons spread to the interface of the
donor and the acceptor, electrons and holes are separated and
transferred to the photovoltaic layer——adjacent metal layer inter-
face, which is driven by a built-in electrical field established by light
induced charge carriers’ concentration gradient. Step 3: Electrons
move toward the magnetic layer and holes accumulate in the non-
magnetic layer due to an external electric field resulting from the
difference of the work function among the electrodes (Pt= —5.65eV
[48], Py= —5.25eV calculated in the Supplementary Material) where
electrons are collected by lower work function metal while holes are
collected by higher work function metal [49]. The Fermi Level of the
Py is altered with the injected electrons filling the orbital, thus the
magnetic anisotropy is weakened. Step 4: After the light source is
switched off, the recombination process of electron-hole pairs is
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dominated, and then the magnetic anisotropy change is swit-
ched back.

3. Conclusions

Consequently, a precisely controllable photovoltaic flexible
spintronics device has been demonstrated with the structure of PET/
Ta/Py/organic active layer/Pt. About 281 Oe of maximal FMR shift
was achieved reversibly for the deformed device with a bending
radius of 50 mm at RT. Besides, the increasing sunlight decreased the
H,. Meanwhile, the first-principles calculation was also conducted
further to reveal the mechanism of photovoltaic control of ferro-
magnetism. With high tunability, excellent controllability, flexibility,
conformity and deformation stability, the photovoltaic flexible
spintronics device provides a platform capable of magnetic sensors,
and a tunable electronic device based on which wearable electrics
for navigation, and medical diagnosis, high-frequency microwave
device, and health monitoring can be realized.

4. Experimental section
4.1. Device fabrication

We chose 100 um thick PET foils (DuPont, US) as the flexible
substrate for its low price, good mechanical properties, excellent
chemical resistance, high transparency, avirulence and compatible
with roll-to-roll processing. And then 4 nm Ta films (seed layers) and
1.7 nm Py were deposited onto the PET substrates in turn via DC
magnetron sputtering. The film thickness was controlled with a
quartz crystal microbalance integrated into a magnetron sputtering
system, and no further in situ annealing was performed. The organic
semiconductor layer (PC71BM: PTB7-Th) was spin-coated onto Py
film without any surface treatment to form a bulk heterojunction
structure as a photovoltaic layer, where PTB7-Th was used as the
donor and PC7;BM as the acceptor. PTB7-Th and PC;;BM were pur-
chased from 1-Material Chemscitech Inc. (Canada). In detail, PTB7-
Th and PC;;BM (ratio 1:1.5) were dissolved in the halogen-free sol-
vent (oxylene) with 3% (volume fraction) of 1,8-diiodooctane (DIO)
and stirred overnight, with a polymer concentration of 8 mg/mL. The
solutions were coated onto the as-grown ferromagnetic film at
2000rpm in an ambient atmosphere to obtain approximately
50-60 nm thickness. A 3 nm semitransparent Pt film was then de-
posited on the PC;;BM/PTB7-Th light respond layer as a top elec-
trode by DC magnetron sputtering.

4.2. In situ magnetic measurement

The in situ ESR measurement was conducted with a JEOL FA200
ESR system. The device was characterized in a TE 011 mode micro-
wave cavity. The in situ VSM measurement was carried out in a
LakeShore 7404 VSM system. The simulated sunlight was supplied
with a Xenon Lamp House (HSX-F300, NBeT Co. Beijing, China) with
an Ultraviolet filter, and the light intensity on the sample was cor-
rected with an irradiance meter before the in situ measurement.
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