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Role of photonic angular momentum in all-optical magnetic switching
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We report on the role of light’s angular momentum in magnetic all-optical switching (AOS), which entails
magnetization reversal resulting from ultrafast laser pulses applied to a magnetic structure. The magnetic system
is comprised of a ferromagnetic thin film of Co/Pt, excited by femtosecond vortex beams of light carrying spin,
orbital angular momentum, or a superposition of both. We find that AOS is predominantly driven by the spin
angular momentum of light. The experimental findings suggest that the magnitude of topological charge and
handedness of the orbital angular momentum of light do not play a significant role. These results improve our
understanding of the basic interactions between magnetism and light, paving the way for further investigation
and the creation of all-optical magnetic switching technologies.
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I. INTRODUCTION

The field of ultrafast laser manipulation of magnetization
has witnessed significant advancements in the past 20 years
across different engineered materials [1,2]. In the context of
magnetic materials, it can be observed that a laser pulse serves
as the most rapid stimulus to the system because it interacts
with a magnet at a significantly higher speed compared to
the fundamental interactions occurring between the electrons,
magnetic lattices, and spins. Laser pulses exhibit the charac-
teristic of serving as carriers of magnetic fields, resulting in
the instantaneous magnetization of materials in a predictable
orientation. For some systems utilizing of femtosecond (fs)
laser pulses can further deterministically control the final state
of magnetization commonly referred to as all-optical switch-
ing (AOS) [3].

Past studies of the interaction between light and mag-
netic materials have primarily focused on the polarization of
light, specifically, how circularly polarized light carrying spin
angular momentum (SAM) S [4] interacts differently with
magnetic substances [5–9]. The deterministic magnetization
switching using circularly polarized laser pulses is known as
helicity-dependent AOS in which the helicity of the input cir-
cular polarization of the electromagnetic wave determines the
final state of the magnetization [5,10]. Despite AOS being suc-
cessfully demonstrated in both ferri- and ferromagnetic thin
films [2,7,11,12], the mechanism of this process is still a topic
of debate in the scientific community. Several models have
been presented to explain AOS. These include local effective
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fields created by the circularly polarized light via the inverse
Faraday effect (IFE) [13] as a source for magnetic switching.
In contrast, the transfer of SAM from light to the magnetic
material [14,15] and magnetic circular dichroism (MCD) [11]
have also been modeled to explain AOS. However, recent
experiments have pointed to the fact that MCD is a contribut-
ing or even dominant mechanism of AOS in ferromagnetic
materials. In MCD, one magnetic domain orientation favors
the absorption of light with a particular helicity over the
other, and temperature gradient across domain walls [8] or
difference of temperature of individual grains [16], induced
by the differential absorption, switches the magnetization.
It was experimentally shown that switching is possible only
with multiple-pulse excitation described as a two-step process
[5,17,18]. The first step is independent of the SAM of the
input pulses as these pulses demagnetize the sample, bringing
it to a multidomain state. The second step is dependent on the
SAM as these pulses grow magnetic domain in a preferred
orientation, which is determined by the helicity of light.

However, the effect of optical beams with orbital angu-
lar momentum (OAM) L on AOS is unknown. This makes
our understanding incomplete and raises important questions:
Can the OAM of light trigger electronic transitions to change
the net magnetization of the system? These transitions may
establish photon absorption and emission patterns based on
photonic OAM handedness and magnitude. The coupling be-
tween optical vortex beams, which carry OAM, and magnetic
media has been demonstrated through spectroscopic analy-
sis of the ferrimagnetic material dysprosium iron garnet at
THz frequency [19]. The study found that magnetism can
be probed with a vortex beam through channels of vortex
dichroism, i.e., the differential rate of absorption for different
handedness of the vortex beam. The study also suggested that
magnetic excitations of garnet depend on both the handedness
of the vortex beam and the direction of the beam propagation
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FIG. 1. (a) Beam carrying SAM and OAM. (b) All-optical mag-
netic switching using beams carrying SAM and OAM.

with respect to the sample magnetization. Recently, it has been
shown that the IFE in metals, in addition to SAM of light, can
be induced by the OAM of light as well [20]. Notably, the
relative contributions of SAM and OAM to the IFE have been
quantified in a thin gold film irradiated by beams carrying
SAM and/or OAM. This understanding of OAM’s function in
regulating the IFE and the ensuing optomagnetics field adds
a new dimension to the study of all-optical magnetization.
Nonetheless, in Pt/Co thin films, simulations show that it
can only be switched magnetically with an optically induced
magnetic field of tens of Tesla [21]. This revelation eliminates
the IFE connection to the light’s OAM as the main mechanism
for magnetic switching. Thus, we predict vortex dichroism
as the mechanism for this phenomenon. Our research builds
on the novel work in Ref. [17], which investigates all-optical

control of ferromagnetic thin films and nanostructures. Recent
research on helicity-dependent all-optical switching in Co/Pt
ferromagnetic multilayers has shown complicated magnetiza-
tion dynamics and the possibility of material-specific AOS
processes [5].

II. EXPERIMENTAL SETUP FOR AOS

To examine the impact of photonic angular momentum
on the process of all-optical magnetization switching in fer-
romagnetic thin films, our study employs VBs that possess
solely OAM L as well as those that possess both SAM and
OAM S+L (Fig. 1). We experimentally explore the effect
of OAM on the AOS using the experimental setup shown in
Fig. 2. It is composed of two main systems: illumination and
imaging. For illumination, we illuminate the sample with an
optical pulse train. The laser, with a Gaussian spatial profile,
passes through the polarizer P1, oriented parallel to the optical
table, and then passes through the 50/50 nonpolarizing beam
splitter (NPBS1). The transmitted output from the NPBS1 hits
the beam dump and the reflected output goes to the spatial
light modulator (SLM). Depending on the encoded hologram,
the SLM modulates the phase of the incident beam. Ideally,
the generation of OAM beam is performed by the following
phase hologram encoded on the SLM:

�SLM = mod[Lφ, 2π ], (1)

where mod is the modulus function and L is the topological
charge of the desired beam and can, theoretically, take values
from 1 to infinity [22].

The order of L is often limited by the experimental factors
but most importantly by the resolution of the SLM. Due to
the discrete nature of the SLM screen, consisting of liquid
crystal cells, it is not 100% efficient in modulating the phase.

FIG. 2. Experimental setup for observing the effect of OAM and SAM on AOS. P1–P3: polarizers; NPBS1–NPBS2: nonpolarizing beam
spiltter; SLM: spatial light modulator; L1–L2: lenses; BD: beam dump; C1–C2: camera; QWP: quarter-waveplate; FM: ferromagnetic thin
film. F1 and F2: 635 nm and 800 nm notch filters, respectively.
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FIG. 3. First row: SLM holographic fork phase pattern for generating OAM beams, with the topological charge, L, written on the top.
Second and third row: Theoretical and experimental intensity profiles for the corresponding OAM beams.

Any unconverted beam accompanies the modulated beam and
interferes with it when incident on a screen. Often, producing
an OAM beam with a spiral phase pattern results in the super-
position of an unconverted Gaussian and a modulated OAM
beam. To resolve this issue, we introduce a spatial carrier
frequency: a blazed grating. For experimental generation of
the vortex beams, we encode the SLM phase by

�SLM = mod[L + 2π (Gxx + Gyy), 2π ], (2)

where φ is the azimuthal coordinate, Gx and Gy are the grating
frequencies for the blazed grating along the x and y directions,
respectively. The blazed grating in conjunction with a spiral
phase pattern results in a forklike pattern, as shown in the first
row of Fig. 3. The magnitude of topological charge, L, can
be determined by counting the difference between fork tines
on top and bottom. Conventionally, if L is positive, the fork
points up and if L is negative, the fork points downwards. We
then use an iris to let the first diffraction order, VB carrying
OAM, pass into the system and block the unconverted Gaus-
sian beam. The horizontally polarized beam passes through
the QWP to convert it into circularly polarized light, which
is then incident on the NPBS2. One arm of this beam splitter
goes to camera C1, and the other arm is incident on ferro-
magnetic film through a lens L1 with a small NA = 0.30. A
lens with a small NA is necessary for our study as it keeps us
in paraxial regime to observe the effects of OAM and SAM
separately (see Supplemental Material II [4]).

We then use a 800 nm notch filter F2 to block this beam
from hitting the camera C2. By using an SLM, we then start
generating the OAM-carrying VB to use them for AOS. The
first row of Fig. 3 shows the holographic phase pattern of the
SLM with a phase profile given by Eq. (1). In the simulation,
we choose the Laguerre-Gaussian (LG) mode as the OAM-
carrying VB, which is shown in the second row of Fig. 3.
Third row only shows the first order of the diffracted VB from
the SLM. The intensity of LG beam can be obtained from their
complex amplitude, which increases with the magnitude of L
and not its sign. We can observe good agreement between the

simulations and the experimentally generated OAM-carrying
VB, with similar intensity distributions for a value of L. For
imaging, the response of the magnetic film to the circularly
polarized OAM beams is then observed through a Faraday
microscope. 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 lens for observing AOS in the ferromagnetic
film. LED’s initial polarization rotates due to the Faraday
effect depending on the sample’s magnetization (M� or M⊗).
The clockwise or anticlockwise rotation of LED polarization
and the analyzer gives the contrast to identify the two dis-
tinct magnetic orientations. A monochromatic CMOS camera
enables us to capture the impact of these different magnetiza-
tion orientations on the sample. A 50/50 nonpolarizing beam
splitter (NPBS2) is used to overlap the imaging source and
the laser beam, allowing for direct imaging of magnetization
after the laser excitation. The reflective arm of the LED is
blocked from reaching the camera C1 using a notch filter,
F1.

III. RESULTS

To experimentally explore AOS in ferromagnetic materials,
we use perpendicularly magnetized [Pt(0.7 nm)/Co(0.6 nm)]N

multilayers where N is the number of [Pt/Co] bilayers
in the thin film, which is N = 1 in our experiments.
The perpendicularly magnetized ferromagnetic 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 substrate/
Ta(3 nm)/Pt(3 nm)/[Pt(0.7 nm)Co(0.6 nm)]1/Pt(3.7 nm).
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.

Before we investigate the effect of OAM on AOS, we start
the experiment with L = 0, to show the role of SAM in AOS
in ferromagnetic thin films as part of a control experiment.
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FIG. 4. The initial magnetization of the ferromagnetic sample is
either M� or M⊗. For each initial magnetization state, we sweep
S = +1, −1, and 0 for |L| = 0.

After the initial alignment of the magnetic domains using a
permanent 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
with a 35 fs pulse duration at the source, and 1 kHz repetition
rate. For a fair comparison, in both the initial magnetizations
M� or M⊗, the fs pulses incident on the ferromagnetic ma-
terial had the same fluence for all three values of S. The
dark or white contrast in Fig. 4 corresponds to a reversal
of the initial magnetization to the other direction. Using a
motorized linear translation stage, the ferromagnetic sample
is swept at a speed 10 µm/s for 50–60 µm while the thin
film is exposed to fs pulses. The response of the magnetic
film to the optical pulses, with different initial magnetization
states and values of S, is then observed through a Faraday
microscope.

The first row in Fig. 4 corresponds to the initial magnetiza-
tion of M�. The value of S will determine the orientation of
the magnetization reversal. When the initial magnetization is
M�, the S = +1 optical pulses reverse the magnetization, as
shown by the white contrast. Meanwhile, the S = −1 pulses
do not switch the initial magnetization. When pulses with
S = 0 are incident on the ferromagnetic material, the observed
phenomenon is the average of the responses to optical pulses
with S = +1 and S = −1. It is worth noting that when the
initial magnetization is M⊗, we observe the opposite, i.e.,
S = −1 optical pulses reverse the magnetization, as shown by
the dark contrast, but S = +1 pulses are unable to switch the
initial magnetization. For M⊗, the S = 0 incident on ferro-
magnetic material exhibits an average effect of S = +1 and
S = −1 optical pulses.

Similarly to its counterpart, SAM, the initial guess was to
drive AOS with OAM, which might depend on the handedness
of OAM, i.e., vortex dichroism or the magnitude of topologi-
cal charge, L. To investigate our hypothesis, we observe AOS
using topological charges L ±1, ±2, ±3, and ±4. For each
topological charge, L, we set the value of S to be +1, −1, or
0. Like L = 0, we start with the alignment of the magnetic
domain to point either into the plane or out of the plane of the
magnetic thin film. For a single value of |L|, we illuminate the
sample with S = +1,−1 or 0 and M� or M⊗, which makes
a total of 12 sweeps for each. What we observe here is similar
to the |L| = 0 case. We see the magnetization reversal only
depends on the handedness of SAM and circular dichroism,
while it is indifferent to the OAM handedness and vortex
dichroism. Even increasing the magnitude of the L from 1–4
does not have any impact on the symmetry breaking. The
only notable difference was the variance in the magnetization

FIG. 5. The initial magnetization of the ferromagnetic sample is
either M⊗ or M�. For each initial magnetization state, we switch
between either +L and L and sweep S = +1, −1, and 0. (a)–(d) L
takes the values ±1, ±2, ±3, and ±4, respectively, for each value
of L.

reversal areas. This can be explained by the larger beam size
of the VBs, which is attributed to a larger L; as the value of
L increases, the size of the VB increases, as seen in Fig. 5.
To compensate for this reducing intensity, we increase the
average power of the input pulses. This ensures that our op-
erations are above the AOS-required threshold fluence and
below the potential damage level. Due to the varying size
of intensity profiles, we use average power as the parame-
ter to optimize AOS for each |L|. For a fair comparison,
the average power of the input laser and its corresponding
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laser spot size incident on the ferromagnetic film is fixed for
each |L|. The average power needed for topological charge
|L| = 1, 2, 3, and 4 are 40 µW, 50 µW, 62 µW, and 72 µW,
respectively.

To ensure this process is indeed AOS, which is reversible
and then repeatable, we realign the magnetization direction
using a permanent magnet and then repeat the experiments on
the same area of the ferromagnetic sample. According to our
findings, the symmetry breaking in the AOS process depends
only on the handedness of the SAM and circular dichroism,
with the handedness of the OAM and vortex dichroism being
unimportant. This is comparable to the case of L = 0. Inter-
estingly, the symmetry breaking was unaffected by increasing
the magnitude of L from 1–4. The variance in the areas of
magnetization reversal, which can be related to the increased
beam size of the VBs with increasing L. The experimental
results are similar to a previous study that demonstrates the
optical activity by vortex beams for chiral molecules [23,24].
The study found that there was no influence of the handedness
of OAM of light on the optical activity of chiral molecules
and exhibit no differential rate of absorption. In paraxial ap-
proximation, it is understood in terms that the whole sample
is subjected to the vortex beam, hence the corresponding
vortex component of absorption rate averages to zero [25]. In
contrast to previous studies showing AOS, we have investi-
gated the interplay between OAM and SAM, and its effect on
AOS.

IV. CONCLUSION

We have explored the interaction between OAM beams,
ferromagnetic materials, and vortex dichroism in the AOS
process. Even while research into OAM-induced AOS is still

in its early stages, our original proposition suggested that the
OAM handedness and the order of the topological charge,
L, might play a deterministic role. We conclude that there is
no measurable effect of either the sign or the magnitude of
OAM L, and hence the total angular momentum J, of light
on the AOS of the ferromagnetic thin films. In ferromagnetic
films, this effect is only dependent on the SAM of the light
consistent with models based on magnetic circular dichroism.
Within the sensitivity of the detection method, we observe that
the SAM contribution in all-optical switching is predominant
compared to the OAM one. Thus, the transient change of
magnetization caused is not observed. It is worth mentioning
here that further studies with nonparaxial light presents an
exciting avenue to be explored. We conclude, however, that
while there is no dependence of OAM on the AOS, light
with OAM can be used for AOS for user-defined patterning
in ferromagnetic materials. Previous demonstrations of AOS
have been performed using Gaussian beams and have not ex-
amined the effects of light with OAM. The interplay between
magnetic structures and light with OAM can help develop
spectroscopy and provide a deeper understanding of AOS’s
basic mechanisms.
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