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All-optical switching of magnetic materials is a potential method
for realizing high-efficiency and high-speed data writing in spin-
tronics devices. The current method, which utilizes two circular
helicities of light to manipulate magnetic domains, is based on
femtosecond pulsed lasers. In this study, we demonstrate a new all-
optical switching method using a continuous-wave Laguerre—
Gaussian beam (twisted light), which allows photons to carry orbital
angular momentum with discrete levels, /7, to modify the magnetic
anisotropy of an interlayer exchange coupling system. The easy axis
of the heterojunction Pt(5 nm)/Co(1.2 nm)/Ru(1.4 nm)/Co(0.4 nm)/
Pt(5 nm) on a SiO,/Si substrate dramatically changed after illuminating
it with a laser beam carrying a sufficient quantum number of orbital
angular momentum. Based on a simple numerical calculation, we
deduced that the interaction between the dynamical phase rotation of
the electric field and the metal surface could generate an in-plane
circular current loop that consequently induces a perpendicular stray
field to change the magnetic anisotropy. This finding paves the way
for developments in the field of magnetic-based spintronics using
light with orbital angular momentum.

Introduction

Non-external magnetic field manipulation of spin-related logical
bits is an attractive concept since faster and smaller devices
could be achieved through this approach.'™ Electric current-
induced spin-orbit torque transfer, which has already been
widely applied in spintronics,>” provides a promising way of
switching magnetization. Alternatively, all-optical switching
(AOS) - another potential approach for the development of
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New concepts

In this study, a new concept has been demonstrated, which is the
modification of the magnetic behavior of a spin-related system by
illuminating light carrying orbital angular momentum (twisted light).
Compared to the current research, which is to utilize two circular
helicities of light to manipulate magnetic domains, the orbital angular
momentum of light is another degree of freedom to control the magnetic
anisotropy. This is, for the first time, a directly experimental observation
that twisted light can tune magnetization. Beyond the spin angular
momentum of light, the resulting phenomenon induced by twisted
light could have potential for the development of next generation
magneto-optical based memory.

photonic integrated circuits® - also allows direct writing of magnetic
bits. Here, the magnetization is manipulated by light’s helicities, the
spin angular momentum (SAM) of a photon,®” namely right circular
polarization (RCP) and left circular polarization (LCP).**°
The polarization degrees of freedom of light have been used to
successfully demonstrate that the AOS method can flip the
magnetizations of rare earth-transition metal (RE-TM) alloy films,
which are presently employed in magnetic data storage.®

Besides the SAM of light, a helical phase front beam (herein
referred to as a Laguerre-Gaussian (LG) beam or twisted light)
carries orbital angular momentum (OAM) of multiples of /7
(¢ is an integer) per photon, a physical quantity which is
considered as a new set of degrees of freedom for controlling
the magnetic properties of materials.*”"*° The helical phase of
twisted light is determined by the factor exp(i/¢), where ¢ is the
azimuthal angle and integer / is the topological charge that
defines the handedness and the order of the phase
rotation.®'"'* According to the optical vortex of an LG beam,
many theoretical studies have proposed that twisted light’s
wavefront could drive an electrical current loop and induce a
magnetic field as it interacts with matter.'®'"***> This idea
has been experimentally proven recently by detection of a
photocurrent induced by OAM of light.'® Further, a novel way
of spin Hall current and spin accumulation by the OAM of light
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Fig. 1 (a) The schematic diagram of the twisted laser generating system.
The laser's phase is modified by the SLM generating specific phase patterns
to derive different OAM. The modified beam is reflected and illuminates the
sample’s surface. The numerical simulation of the twisted light's intensity
distribution is shown in (b), and the inset presents the experimental image of
the corresponding 7 = 5 twisted light. The twisted light induced current
density and the stray field are shown in (c) and (d), respectively.

has also been theoretically proposed.'”” While it has already
been experimentally shown that the SAM of light enabled the
application of AOS for magnetic materials, there is still no
experimental demonstration involving an OAM-controlled spin-
related system despite the availability of related theoretical
studies, e.g., a study on the magnetic skyrmion system."?

A magnetic interlayer exchange coupling (IEC) multilayer is a
suitable system for information recording since it exhibits stable
parallel and anti-parallel magnetization alignments between two
transition-metal layers sandwiching a proper spacer material.
Flipped magnetizations, a phenomenon that has been widely
applied in data storage solutions, are maintained in the system
through the mechanism of IEC."” In this study, we propose a
concept that uses the OAM of light as a magnetic device writer
and an IEC multilayer system to record such magnetic changes.
After illuminating the multilayer with twisted light, we observed
that the magnetic anisotropy (MA) of the IEC heterojunction has
an obvious modification. The threshold for sharp variations in
the coercivity of the sample depends on the topological charge /
and the laser’s power. Based on this phenomenon, we believe
that the OAM of light could be another practical option for
manipulating magneto-optical memory devices.

Results

The schematic diagram of the experimental setup is shown in
Fig. 1(a). A linearly polarized 532 nm laser was sent onto a
reflective spatial light modulator (SLM) while the computer-
generated hologram of the desired mode was applied to the
liquid crystal display of the SLM. The phase of the incident
plane waves was modulated, and the reflective beam was
transformed into an LG beam. The twisted light was guided
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Fig. 2 (a) The optical image of the geometry of the sample. The Hall bar's
length is about 200 pm and the width is about 20 um. Electrodes were
deposited composed of an alloy of Cu and Au. The red-dotted square
labels the area that is illuminated by the twisted light. (b) The sandwiched
structure is shown in the left part of (b).

onto a 50x objective lens, focusing it onto the sample. The
intensity of the twisted light can be represented as'®

—22

I(r,2)= n(pzfp'm)v (wf;é)) e (w2—(2)> (;22(122) ) 0 {LG[‘, . (w22r(2z ))} )
1)

In eqn (1), the beam size (z) = (1 +/lz/1tw(2))%, p is the
radial index, / is the topological charge, P, is the power of the
beam, 4 is the wavelength, and LGJ,,Z‘ is a generalized Laguerre
polynomial. Fig. 1(b) shows the numerical intensity result for
the LG beam (/ = 5, p = 0), while the inset depicts the
corresponding experimental intensity.

The gradient of the electric field of twisted light drives the
conducting electrons to form a circular current. The beam’s electric
field acting on the metal surface can further be represented by

P
200 P V2 . 2(2) 1 1 272
n(p+|e>!w<z><w<z>) Ol (55) @

E = ¢

The current loop driven by the helical phase gradient can
then be described by’
th
J(r,z) = —|E|

%
m,r

(3)

The effective mass m of the conducting electron in Pt is set
to be m* = 13m, = 1.18 x 10~ >° kg.*® Fig. 1(c) is the line profile
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Fig. 3 A series of Kerr signal comparisons between before and after laser illumination of the sample. The different parameters are shown as follows. (a)
The OAM laser (/ = 5) with a power of 2.5 mW could change the sample from ferromagnetic into paramagnetic. (b) Lasers of different OAM (£ = 2, / = 3)

with a fixed power of 2.5 mW. (c) Fixed OAM laser (/ = 5) with lower power.

of the simulated circular current density of eqn (3).
Consequently, the current loop drives the perpendicular
magnetic field by Ampere’s law:

Uo2mrJ (r, z)

B(r,z) = » = pynJ(r,z) (4)

The numerical result presented in Fig. 1(d) shows that the
field has a sufficient order (~4 kOe) to potentially flip the
magnetization of Co, in which the coercivity is around 0.2 kOe
in the in-plane direction and 0.1 kOe in the perpendicular
direction.” The numerical calculation presented here provides a
conceptual demonstration, and it implies that the OAM of
light has the capability to switch a magnetic domain in an
appropriate sample. The induced magnetic fields with other
values of / and the corresponding magnetic flux are shown in
Fig. S1 (ESIY).

The IEC device’s optical microscopy image is shown in
Fig. 2(a), and the stacked Pt/Co/Ru/Co/Pt heterostructure is
presented in Fig. 2(b). The top Pt layer protects the Co layer
from oxidation, while the bottom Pt layer separates the Co layer
from the SiO, surface. The middle Ru layer allows the coupling
of the two Co layers through an IEC effect. In order to have
strong perpendicular magnetic anisotropy (PMA) and in-plane
magnetic anisotropy (IMA) simultaneously in both Co layers,
the Ru layer was designed to have a thickness of 1.4 nm, as can
be seen in the previous study." The longitudinal and polar Kerr
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(d) A fundamental laser with linear polarization.

signals of this sample were measured by using Kerr microscopy
and are presented in the right portion of Fig. 2(b).

Twisted light was then introduced onto the above described
IEC sample surface using an objective lens (50x). The focused
spot size is around 5 pm in diameter. The laser was aimed at
the middle region of the sample’s long axis and scanned on a
15 pm by 40 um region (red-dotted area shown in Fig. 2(a)) with
a step size of 5 pm and a time duration of 30 sec. After the
the sample’s hysteresis loops were
recorded via a Kerr microscope. Fig. 3 displays the hysteresis
loops under different laser conditions. Fig. 3(a) displays the
case wherein the ferromagnetic-hysteresis loop successfully
changed into a paramagnetic-hysteresis loop. In this case,
the twisted light was set to hold / = 5 at P, = 2.5 mW.
This phenomenon, however, happened beyond a certain threshold
condition. For instance, the ferromagnetic-hysteresis loop of the
sample remained almost the same when the light carried lower
topological charge values and when the power of the beam
was insufficient as shown in Fig. 3(b) and (c), respectively.
The tendencies are recorded in Fig. S2 (ESIt). These experiments
revealed that there are thresholds for twisted light to write an IEC
device. Furthermore, Fig. 3(d) displays the result of an unchanged
hysteresis loop when the laser had sufficient beam power of
2.5 mW without OAM, implying that the laser power was not high
enough to raise the temperature to demagnetize the sample. Thus,
the thermal effect is not the primary origin of the observed
ferromagnetic-paramagnetic switching. In addition, in order to

illumination process,

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 The comparison between the polar coercivity analysis before and after OAM laser illumination. The laser's condition is: # = 5, 2.5 mW. (a) The left-
hand-side chart is the initial MA orientation, and the right-hand-side is the final MA orientation after twisted light illumination. (b) Four examples are
selected to represent the coercivity with dramatic reductions. The upper four Kerr loops are the initial states at 0° (yellow), 10° (green), 140° (blue), and
160° (orange) sample orientations, respectively. The lower four Kerr loops are the corresponding final states. The complete data sets are also shown in

Fig. S2 and S3 (ESI).

examine the requirements of an IEC device, a Co thin film
encapsulated by Pd layers on a SiO,/Si substrate, Pd(2 nm)/
Co(3 nm)/Pd(5 nm), was illuminated by twisted light. The results
show that the MA did not change as shown in Fig. S3 (ESIT),
indicating that the pinning effect provided by the interlayer
exchange coupling is necessary for the desired observation
to occur.

Fig. 4 shows the results of the polar magnetic analysis on the
IEC sample before and after twisted light illumination. The
angle for the polar magnetic analysis is defined by the sample’s
long axis with respect to the external in-plane magnetic field.
At each angle, the coercivity can be obtained by recording
which magnetic field led the Kerr signal to cross through the
zero point, i.e., the needed magnetic field to flip the sample’s
magnetization. Fig. 4(a) is the comparison of the polar
diagrams before and after twisted light illumination. The red
line is a guide-to-the-eye that indicates the sample’s magnetic
anisotropy (MA) in the in-plane direction. The MA is distorted
after illumination in contrast to its prior nearly uniform
pattern. Fig. 4(b) shows that the coercivity in the hysteresis
loop dramatically drops at 0° (yellow), 10° (green), 140° (blue)
and 160° (orange) after illumination. The colors used in each of

This journal is © The Royal Society of Chemistry 2021

these hysteresis loops are the same as their corresponding data
points in the polar diagrams in Fig. 4(a). The hysteresis
loops for other angles are provided in Fig. S4 and S5 of the
ESL.f This phenomenon of MA change happens for both
positive and negative topological charge of twisted light in
the other sample as shown in Fig. S6 (ESIt).

Discussion

From the above observation, the variations in the MA caused by
twisted light in the IEC device are clear. On the other hand, the
changed hysteresis loop is reversible as Fig. S7 (ESIt) shows. We
suggest that only the magnetizations of Co are involved during the
MA changing process. Here we provided a possible mechanism to
explain such changes in MA as shown in Fig. 5. The initial state of
the spin configuration in the Co/Ru/Co system is supposed to be
orthogonally aligned: the top 1.2 nm Co layer magnetization M, is
IMA and the bottom 0.4 nm Co layer M, is PMA. The easy axis of
the IMA is supposed to be parallel with the geometric long axis
(y-axis in Fig. 5) of the device. Further, the middle Ru layer plays
the role of coupling the whole spin configuration." From the

Nanoscale Horiz., 2021, 6, 462-467 | 465
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Fig. 5 The proposed schematic diagram summarizing the mechanism
involving the twisted light's modification to the MA of the IEC heterojunction.
(@) The 3D model of a twisted light beam illuminating the sample. The circular
current I, which is triggered by the twisted light, induces an effective field Beg.
(b) Step-by-step figures describing the evolution of the spin configuration
modified by the twisted light.
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numerical simulation of the twisted light interacting with Pt in
Fig. 1(b)-(d), we already know that the twisted light drives the loop
current, which then induces a perpendicular magnetic field
(see Beg in Fig. 5(a)) while illuminating. The calculated strength
of this magnetic field (~4 kOe) is one-order larger than what
we observed for the coercivities of the sample (~50 Oe in the
in-plane and ~ 350 Oe in the perpendicular direction, as shown in
Fig. 2(b)). Accordingly, the magnetizations of Co flipped by the
induced effective magnetic field from twisted light are highly
possible. So, after the twisted light illumination (Fig. 5(b)), we
speculate that the top in-plane magnetization M, is tilted into M,’
by the effective magnetic field Beg, and then the interlayer
exchange coupling provides another effective field Heg to tilt M,
into M,’. The final state M;’ and M,’ is supposed to be a
metastable state. Considering the two spin configurations in
Fig. 5(b), the responses in the MA measurement between the
initial and final states are supposed to be different as Fig. 4 shows.

In conclusion, the variations of the MA of an IEC system
driven by twisted light are successfully demonstrated in this
study. Compared to the current AOS method done using SAM
with a pulsed laser,® the vortex nature of the twisted light
combined with the IEC system makes it possible to employ a
lower power consuming AOS process. Although the detailed
mechanism remains unknown, the phenomena presented here
are clear and repeatable. We expect that this discovery could
further expand the potential applications of the OAM of light.

Methods

We used a 532 nm continuous laser to pass through the setup
shown in Fig. 1. The laser intensity was adjusted using an
attenuator, while the light’s orbital angular momentum (OAM)
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was modified via the spatial light modulator (SLM) using
appropriate parameters. The diameter of our laser dot on the
sample is about 5 pm. We irradiated the sample using the OAM
laser for 30 seconds and then immediately transported it to the
Kerr microscopy setup for magnetic property measurements.”*
The twisted light laser’s skin depth is estimated to be about
6.87 nm, which is deep enough to penetrate the protective Pt
layer (5 nm) and attend to the Co layer. The sample is prepared
via the magnetron sputtering technique.

Stacks with a structure of Pt(5)/Co(0.4)/Ru(1.4)/Co(1.2)/
Pt(5 nm) (Fig. 2(b)) were deposited on Si/SiO, substrates by
the magnetron sputtering technique (TMR R&D sputtering
system, ULVAC) with a base pressure of 1.0 x 10~ ° Pa at room
temperature. During the deposition process, an in-plane magnetic
field to induce the easy axis was provided. The thicknesses in
brackets are the nominal thicknesses based on the pre-calibrated
deposition rates and deposition time. TEM characterization of the
samples can be found in ref. 1. The stacks were then patterned via
ultraviolet lithography and argon ion etching into Hall bars with
widths of 10 pum as illustrated in Fig. 2(a). Cu/Au electrodes were
finally deposited to connect the terminals of the Hall bars.
Before the optical measurements, the magnetic properties were
measured using a vibrating sample magnetometer (VSM, Micro
Sense) while magnetotransport properties such as the Hall
resistance R, were measured by the 4-terminal method to check
the magnetic anisotropy. The transport properties can also be
found in ref. 1.
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