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Meta-Magnetic All-Optical Helicity Dependent Switching of
Ferromagnetic Thin Films
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To address the ever-increasing need for higher speed and density of
information storage, recent developments in ultrafast optical switching have
focused on deterministic control of magnetic properties of materials using
femtosecond circularly polarized optical pulses. However, a monolithic
high-speed optical helicity-dependent switching at room temperature has
remained elusive. In recent years, ultra-thin flat optical structures, known as
metasurfaces, have been developed that offer a versatile way to manipulate
electromagnetic fields using subwavelength spatial resolution. Here, a
monolithic multilayer nanostructure capable of achieving optical
helicity-dependent switching in arbitrary geometries using femtosecond
meta-circularly polarized optical pulses is theoretically described and
experimentally demonstrated at room temperature. The proposed monolithic
meta-magnetic platform provides a practical route to reform the current data
memory, storage, and information processing technologies in integrated
opto-magnetic systems, holding great promise for cutting-edge applications
in information, spintronics, sensing, and memory storage devices.
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1. Introduction

Ultrafast optical manipulation of magne-
tization has experienced exciting develop-
ments over the last two decades, launched
by the first demonstration of the ultrafast
manipulation of magnetization using fem-
tosecond (fs) laser pulses[1] and then the
control of the magnetic order known as all-
optical switching (AOS).[2] The determinis-
tic magnetization switching using circularly
polarized laser pulses is commonly known
as all-optical helicity-dependent switching
(AO-HDS), in which the helicity of the
input polarization of the electromagnetic
wave determines the final state of the
magnetization.[3] Despite AO-HDS being
successfully demonstrated in both ferri- and
ferromagnetic thin films,[4–8] the mecha-
nism of this process is still a topic of de-
bate in the scientific community. Several
models have been presented to explain AO-
HDS. These include local effective fields
created by the circularly polarized light via
the inverse Faraday effect[9] as a source for

magnetic switching. In contrast, the transfer of spin angular mo-
mentum from light to the magnetic material[10,11] and magnetic
circular dichroism (MCD)[12] have also been modeled to explain
AO-HDS. However, recent experiments have pointed to the fact
that a contributing or even dominant mechanism of AO-HDS in
ferromagnetic material is MCD. In MCD, one magnetic domain
orientation favors the absorption of light with a particular helicity
over the other, and temperature gradient across domain walls[13]

or difference of temperature of individual grains,[14] induced by
the differential absorption, switches the magnetization.

Experimental studies showed that AO-HDS of Co/Pt multi-
layers is a cumulative process. Indeed, initial reports showed
that hundreds of ultrashort pulses[6] or several long pulses[7] are
needed to achieve full AO-HDS in Co/Pt system, while a more
recent study reported that the combination of one ultrashort
pulse with a second longer pulse enables a more efficient and
complete AO-HDS in similar Co/Pt system.[15] However, the
AO-HDS symmetry-breaking mechanism remains unclear, since
both the inverse Faraday effect (IFE)[16] and magnetic circular
dichroism (MCD)[8] remain plausible and were proposed to
explain the symmetry breaking in Co/Pt multilayers. AO-HDS
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Figure 1. Schematic illustrating the meta-magnetic all-optical helicity-
dependent switching (MOS). The red beams and the white arrows repre-
sent the linearly polarized incident beam. The dark and light grey domains
represent out-of-plane magnetization pointing “up” (M⊙) and “down”
(M⊗), respectively. The green and pink colors represent RCP and LCP laser
pulses generated by all-dielectric metasurfaces to induce optical switch-
ing. The orientation of the nanoparticles determines the direction of the
circular polarization.

opens the way to manipulating magnetization at ultrafast speeds
for applications in information processing and memory storage
devices using optics. However, the monolithic high-density
of optical helicity-dependent switching has remained inacces-
sible until now as its high density of elements necessitates
nanostructured optical components. Metasurfaces, emerging
from the broader field of metamaterials, have demonstrated
many conventional and novel functionalities while being only
sub-wavelength thick.[17–25] Compared with traditional optical
components, a metasurface’s unique planar configuration,
large-scale integration, and complementary metal-oxide semi-
conductor processing compatibility make them well-suited to
monolithic integration with optical switching structures. Here,
we report and experimentally demonstrate a monolithic optical
helicity-dependent magnetic switching enabled by metasurfaces.
To the best of our knowledge, this is the first monolithic inte-
gration of optical helicity-dependent magnetic switching. The
proposed monolithic meta-magnetic platform provides a prac-
tical route for integrating optical helicity-dependent switching
with complex systems, holding great promise for cutting-edge
applications in information, memory, and storage devices.

To integrate the two proliferating fields in modern sci-
ence, ultrafast magnetism with metasurfaces, we combine an
all-dielectric metasurface to generate circularly polarized (CP)
pulses capable of AO-HDS in the [Co/Pt] ferromagnetic thin film.
Our meta-magnetic platform (Figure 1) constitutes the metasur-
face quarter-wave plate generating circularly polarized light and a
multilayer ferromagnetic thin film [Co/Pt]N, where N represents
the number of bilayers in the magnetic multilayer structure. Due
to the perpendicular interfacial magnetic anisotropy in the mul-
tilayer ferromagnetic thin film, the film is perpendicularly mag-

netized. Therefore, the image contrast results from the two pos-
sible magnetization directions. The laser pulse helicity is deter-
mined by the resonator orientation of the metasurface quarter-
wave plate (m-QWP) to produce either right circular polarization
(RCP) or left circular polarization (LCP). This enables us to selec-
tively invert only one type of magnetization orientation while the
other magnetization orientation remains dormant.

2. Design, Fabrication, and Characterization

2.1. Metasurface Quarter-Wave Plate (m-QWP)

To design our m-QWP, we use an array of amorphous silicon
(𝛼-Si) elliptical resonators deposited on a fused-silica substrate
acting as a 2D birefringent material. Figure 2a presents a sketch
of the 𝛼-Si metasurface unit cell and its optimized geometry pa-
rameters: R1 = 60 nm, R2 = 110 nm, H = 385 nm, and Px = Py =
400 nm. These parameters satisfy the Kerker condition[26] to max-
imize the measured transmission, >97% of the incident electric
field. The angle of rotation of the resonator with respect to the
x-axis is 𝜃 = ±45° depending on the desired helicity of light. 𝜃 =
+45° gives RCP and the 𝜃 = −45o gives LCP at the output. Due to
the anisotropy of the resonator, the metasurface only works for
LP polarized along the ⃗x direction.

Figure 2b shows the broadband simulation of the all-dielectric
metasurface. Numerical simulations were performed using the
finite-element method (CST Microwave Studio) and the local
phase method. We design our m-QWP centered at 𝜆o = 800 nm
with 40 nm bandwidth, which converts the input LP (Ex) to output
RCP (ELCP) or LCP (ELCP) light depending on the rotation range of
the resonator w.r.t. to the input LP. The m-QWP covers the band-
width of the incident laser pulse needed for AO-HDS centered
at 𝜆o = 800 nm. The ratio |Ey|/|Ex| is ≈1 and the corresponding
phase difference (ϕy − ϕx) between Ey and Ex is ≈𝜋/2 over the
bandwidth of the optical pulse needed for AO-HDS. Figure 2c
shows the real part of Ex and Ey inside the metasurface; as the in-
cident field Ex passes through the resonator, half of the incident
electric field couples into the Ey with a phase difference ϕy − ϕx
= 𝜋/2. The m-QWP structure is fabricated by top-down nano-
manufacturing methods and a top view of the scanning electron
microscope (SEM) images for the RCP and LCP m-QWP respec-
tively, showing a successful fabrication of the metasurface is pre-
sented in Figure 2d,e, respectively. The m-QWP in Figure 2d gen-
erates RCP and the m-QWP in Figure 2e generates LCP for a lin-
early polarized input light.

We used Stokes parameters (I, M, C, S) to independently char-
acterize and evaluate the performance of the polarization state of
the light transmitted out of the m-QWP.[27]

S = ||ELCP
||2 − ||ERCP

||2 (1)

where S = 1 is for an ideal LCP and S =−1 is for an ideal RCP. To
enable a quantitative comparison between our fabricated devices
and the ideal cases. We plot them in the same figure; the com-
parison between the ideal, simulated, and fabricated RCP and
LCP m-QWP polarization ellipses are indicated in Figure 2f,g,
respectively. These polarization ellipses are extracted from the
Stokes parameters averaged over the entire wavelength range of
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Figure 2. Meta-QWP design fabrication and measurement a) Schematic of the proposed m-QWP unit cell and its corresponding geometric parameters.
b) The ratio |Ey|/|Ex| and phase difference ϕy − ϕx between Ey and Ex over input laser pulse bandwidth. c) Ex and Ey electric field components with LP
(Ex) excitation at 𝜆 = 800 nm. d,e) are top-view SEM images for RCP m-QWP (𝜃 = +45°) and LCP m-QWP (𝜃 = −45°). f,g) are polarization ellipses for
ideal (green), simulated (blue), and fabricated (red) m-QWP generating RCP and LCP.

the fs laser pulse. The conversion efficiency of input linear po-
larization to output circular polarization, for simulated and fab-
ricated m-QWP, is up to 91% and 97% respectively in compari-
son with commercial QWP, which has a conversion efficiency of
99%. The average transmission efficiency, for simulated and fab-
ricated m-QWP, is up to 96% and 97%, respectively, in compari-
son with commercial QWP, which has a transmission efficiency
of 99%. We successfully implemented a planar m-QWP, compa-
rable in its AO-HDS performance to a commercial QWP shown
in previous studies,[28] thus providing us with a compact alter-
native. These devices open a new realm of integrating metasur-
faces and ultrafast magnetism in ferromagnetic materials, which
we call meta-magnetic all-optical helicity-dependent switching
(MOS).

The fabrication flow chart is shown in Figure S6 (Supporting
Information). The m-QWPs are fabricated by a top-down etch-
ing method using a deep Silicon etching system (Oxford Plasma
Lab 100 RIE/ICP) and a resist pattern mask (ma-N series). First,
a thin 𝛼-Si film is deposited on a cleaned BK7 substrate us-
ing plasma enhanced chemical vapor deposition system. Then
the sub-wavelength size resist patterns are formed on it using
the electron beam lithography (Vistec EBPG5200) process (see
Figure S2, Supporting Information, for details). Figure 2d,e are a
top view of the scanning electron microscope (SEM) images for
the RCP and LCP m-QWP respectively, showing a successful fab-
rication of the metasurface. The m-QWP in Figure 2d generates
RCP and the m-QWP in Figure 2e generates LCP for a linearly
polarized input light.
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Figure 3. Room temperature VSM hysteresis loop measurement. a) Complete structure of the deposited ferromagnetic Pt/Co multilayer films, where
N = 1 or 2. The hysteresis loops were measured for the magnetic field applied perpendicular and parallel to the plane of the samples, as shown in (b,c).
Both studied ferromagnetic films exhibit strong perpendicular magnetic anisotropy and are perpendicularly magnetized.

To measure the degree of CP of the light coming out of the m-
QWP, we employ an experimental Stokes polarimetry setup (see
Figure S3, Supporting Information). Following this experimental
scheme, the transmitted light obeys the following relationship:

IT = 1
2

{I + (Mcos2𝛽 − Csin𝛽) cos2 (𝛼 − 𝛽)

+ (Ccos2𝛽 − Msin2𝛽) cos𝛿 + Ssin𝛿} sin2 (𝛼 − 𝛽) (2)

where 𝛿 is the retardance of the QWP, 𝛽 is the angle of the QWP
and 𝛼 is the angle of the polarizer P with reference to input po-
larization. The Stokes parameters can be extracted by measuring
the change in IT as a function of the linear polarizer angle,𝛼, or
the QWP angle, 𝛽. In our measurements, we keep 𝛼 fixed at 0°
with respect to the input polarization and only axially translated
the QWP (Thorlabs WPQSM05-808). We then use Equation (2)
to calculate the Stokes parameters from IT.

2.2. Ferromagnetic Thin Film

To demonstrate AO-HDS in ferromagnetic materials, we use
perpendicularly magnetized [Pt(0.7 nm)/Co(0.6 nm)]N multi-
layers, where N = 1 or 2 is the number of [Pt/Co] bilay-
ers in the thin film. The perpendicularly magnetized ferro-
magnetic thin films were grown on glass substrates by a
DC magnetron sputtering system with a base pressure of >3
× 10−8 Torr. These thin films are composed of glass sub-
strate/Ta(3 nm)/Pt(3 nm)/[Pt(0.7 nm)/Co(0.6 nm)]N /Pt(3.7 nm),
(see Figure 3) where the number of repeats N = 1 or 2. The film
deposition was performed at room temperature and in an Argon
(Ar) gas atmosphere. The Ar pressure during the deposition was
2.7 mTorr for all the layers.

The ferromagnetic thin films were independently character-
ized using the Vibrating Sample Magnetometer (VSM) option of
a VersLab system (Quantum Design, Inc., San Diego, CA). By
considering the spin polarization of the Pt atoms at the interfaces
by the adjacent Co layers, the saturation magnetization Ms = 816
emu cm−3 (resp. 782 emu cm−3) and the uniaxial anisotropy con-
stant Ku = 4.38 × 106 erg cm−3 (resp. 3.82 × 106 erg cm−3) were

measured for N = 1 (resp. N = 2). The hysteresis loops are mea-
sured for a magnetic field applied perpendicular and parallel to
the plane of the samples, as shown in Figure 4a,b, respectively.
Both studied ferromagnetic films exhibit a strong perpendicular
magnetic anisotropy. In our experiments, we select N= 1 and N=
2 as they satisfy the previously determined domain size criterion
for AO-HDS for these films.[5]

3. Experiment and Results

Figure 3a shows a simplified version of the three monolithic con-
figurations used in (b) and (c); LP incident on RCP m-QWP, LP
incident on LCP m-QWP, and LP incident on a glass substrate
(no m-QWP). Figure 3b,c shows the results of optical pulse line
scans on the ferromagnetic material, with RCP and LCP gener-
ated from the m-QWP. Figure 3b shows AO-HDS for N = 1, and
Figure 3c shows it for N = 2. For AO-HDS, the helicity of the fs
laser pulses is controlled by the m-QWP, which transforms the
LP light into the desired CP state. Using a motorized linear trans-
lation stage, the ferromagnetic sample is swept at 10 μm−1 s for
60 μm. The laser spot size incident on the ferromagnetic film is
fixed at ≈20 μm radius, while the radius of the optically switched
magnetic area is 5 μm. Therefore, to emulate a monolithic device
for switching in arbitrary geometries, we make sure that the laser
spot size and the corresponding fluence incident on the metasur-
face are the same as the laser spot size and the corresponding
fluence incident on the ferromagnetic film. The laser fluence for
N = 1 and N = 2 was optimized separately to achieve AO-HDS in
each sample. Since the threshold power for AO-HDS increases
with the repetition rate, we use fluence as the optimization pa-
rameter for the input laser pulse. Using a conventional quarter-
waveplate, due to its larger size and high damage threshold, gives
you the room to maneuver around the fluence needed for AO-
HDS. However, in metasurfaces, we have a smaller size and lower
damage threshold so we cannot maneuver too much around the
fluence to observe AO-HDS. In accordance with this, the design
and fabrication of this metasurface incorporate the fluence re-
quirements needed for AO-HDS to make sure we do not damage
the metasurface while operating on the fluence threshold needed
for AO-HDS. During our experiments, the damage threshold of
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Figure 4. Magneto-optical response in zero applied magnetic fields of [Pt/Co]N multilayer samples to various laser polarizations. a) simplified versions
of three configurations with incident LP on RCP m-QWP, LCP m-QWP, and glass (no m-QWP). (b,c) are results of Faraday imaging of [Pt/Co]N for
different numbers of bilayers b) N = 1 and c) N = 2. For each sample, RCP, LCP, and LP optical pulses were swept over the sample from left to right.
The initial magnetization saturation is shown at the top of each column in (b,c). The dark or white contrast corresponds to the reversal of the opposite
of the initial magnetization. The third row in (b,c) are the results with removed metasurface and illumination of the ferromagnetic material with LP fs
optical pulses.
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the fabricated m-QWP was not reached when optimizing the flu-
ence for AO-HDS, which was confirmed by imaging the metasur-
face after AO-HDS. To ensure this process is indeed AO-HDS,
which is reversible and then repeatable, we realign the magneti-
zation direction using a permanent magnet and then repeat the
experiments on the same area of the ferromagnetic sample. To
prevent temperature-dependent magnetic susceptibility changes,
all measurements in the experiments were conducted at room
temperature.

For a fair comparison, the fs pulses incident on the ferromag-
netic material had the same fluence for all three configurations
for a particular ferromagnetic multilayer repetition, N. The dark
or white contrast in the figures corresponds to a reversal of the
initial magnetization to the other direction. The first column in
Figure 3b,c corresponds to the type of m-QWP, which will de-
termine the incident polarization, RCP or LCP, on the ferromag-
netic material and the decision on the reversal of the magneti-
zation. The second and third columns in Figure 3b,c show the
results for m-QWP induced RCP, m-QWP induced LCP, and LP
incident on [Pt/Co]N ferromagnetic thin films, where N = 1 in (a)
and N = 2 in (b). In the second column, the initial magnetization
of the sample is into the plane, M⊙, while in the third column,
the initial magnetization of the sample is out of the plane, M⊗.
When the initial magnetization is M⊙, the m-QWP RCP optical
pulses reverse the magnetization, as shown by the white contrast.
Meanwhile, the m-QWP-induced LCP pulses do not switch the
initial magnetization, as shown by no difference in the contrast.

In circularly polarized eigen basis, LP is an equal superposi-
tion of RCP and LCP[27] and can be expressed as

⃖⃖⃖⃖⃖⃗ELP = 1√
2

(
⃖⃖⃖⃖⃖⃖⃖⃗ERCP ± i⃖⃖⃖⃖⃖⃖⃖⃗ELCP

)
(3)

So, when LP pulses are incident on the ferromagnetic mate-
rial, one can see an average of the phenomenon experienced by
the ferromagnetic material concerning optical pulses of LCP and
RCP. It is worth noting that when the initial magnetization is
M⊗, we observe the opposite; the m-QWP-induced LCP optical
pulses reverse the magnetization, as shown by the dark contrast,
but the m-QWP-induced RCP pulses do not switch the initial
magnetization. For M⊗ as well, the LP incident on ferromagnetic
material exhibits an average effect of LCP and RCP optical pulses.

The experimental setup (Figure S8, Supporting Information)
is composed of two main systems: illumination and imaging. Af-
ter the initial alignment of the magnetic domains using a perma-
nent magnet, we illuminate the sample with an optical pulse train
from Ti: Sapphire laser amplifier system (Solstice from Spectra-
Physics) with a central wavelength 𝜆o = 800 nm, 35 fs pulse dura-
tion at the source, and 1 kHz repetition rate. A spatially uniform,
linearly polarized, quasi-collimated white light source (Thorlabs
SLS201L), with a 650 ± 40 nm bandpass filter, is incident on the
sample and is collected by a 40× apochromatic objective lens for
observing AO-HDS in the ferromagnetic film. LED’s initial polar-
ization rotates due to the Faraday effect depending on the sam-
ple’s magnetization (M⊗ or M⊙). The clockwise or anti-clockwise
direction of light polarization rotation depends on the orientation
of the magnetization inside the sample and on the analyzer an-
gle. A monochromatic CMOS camera enables us to capture the
impact of these different magnetization orientations on the sam-

Figure 5. Arbitrary geometry meta-magnetic all-optical helicity dependent
switching OPTIC is written using m-QWP on N= 1 ferromagnetic material.
a) The initial magnetization is M⊙ and the incident fs laser pulses on the
sample are RCP b) The initial magnetization is M⊗ and the incident fs
laser pulses on the sample are LCP.

ple. A 50/50 beam-splitter is used to overlap the imaging source
and the laser beam, allowing for direct imaging of magnetization
after the laser excitation. In our experience, we have observed that
magnetization has maintained the switched up/down state for at
least 6 months. This number could also be longer if the environ-
mental conditions don’t perturb the systems. We have performed
more than 1500 cycles on a single sample, and there has been no
degradation or change in the process of AO-HDS.

To further demonstrate the m-QWP functionality, we use the
same custom setup (see Figure S8, Supporting Information) to
show that the m-QWP can switch the magnetization in arbitrary
geometries, as shown in Figure 5. To do so, we use a 2D motor-
ized translation stage and an external optical shutter, to block the
optical pulses when transitioning from one alphabet to the other,
all controlled using MATLAB. The line scans first optimized the
laser fluence and translation stage speed as in Figure 3. The op-
tical shutter and the translation stages were then appropriately
automated to block/unblock the optical pulse and translate it into
the desired geometry. The entire process of writing the word “OP-
TIC” takes about 5 min, and the laser stays on the m-QWP with-
out damaging it. The measured damage threshold of the meta-
surface is ≈16 mJ cm−2. The present result supports our fabri-
cated m-QWP’s ability to withstand long exposures to high-power
lasers. Since AO-HDS relies on the fluence of the fs laser pulses,
the m-QWP must tolerate the fluence needed for AO-HDS any
damage. Our work thus brings metasurfaces to a new platform
not demonstrated previously.

4. Conclusion

We propose and experimentally demonstrate a monolithic mul-
tilayer nanostructure capable of achieving high-speed optical
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helicity-dependent switching using femtosecond meta-circularly
polarized optical pulses at room temperature. The interaction
between heat effects and all-optical switching (AOS) offers
substantial research opportunities from a broader perspective.
Future research could go into greater depth to comprehend the
long-term heat effects on AOS, providing crucial information for
enhancing magnetic storage and computing systems. Our pro-
posed monolithic meta-magnetic platform provides a practical
route to reform the current data storage and information process-
ing technologies in complex systems, holding great promise for
cutting-edge applications in information, spintronics, quantum
computing, sensing, and memory storage devices.

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