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ABSTRACT

We experimentally demonstrate single pulse toggle switching of the magnetization of GdFeCo disks with perpendicular to film plane
anisotropy, which diameter ranges from 3 um to 400 nm using 35 fs linearly polarized laser pulses. Two different magnetic states can be
observed depending on the laser fluence: either a deterministic switching of the disk magnetization or a randomly oriented disk. We report
that the fluence required to observe both magnetic states show a non-monotonic behavior with disk diameter and that the smallest disks
require the lowest minimum fluence for achieving single pulse all-optical helicity-independent switching. Different evolution of the fluence
thresholds for both phenomenon as a function of the disk size is observed and discussed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0150250

Achieving control of magnetization at smaller length and faster
time scales is the horizon of research in nano-magnetism. This interest
stems from the ever-increasing need to decrease the reading and writ-
ing rate of magnetic memory devices, which are made of nanosized
magnetic bits. For the manipulation of magnetism at the 100 ps time-
scale, several efficient techniques (spin-polarized charge currents,"”
electric fields,” and THz pulses’) have been developed. One particular
method is to use femtosecond laser pulses to demagnetize’ but also to
deterministically switch® "' the magnetization of magnetic materials.
For magnetic recording application, single laser pulse turned out to be
a good candidate due to the demonstration of ultrafast single pulse all
optical helicity independent switching (AO-HIS) in particular materi-
als. In 2011, Radu et al. reported the first observation of AO-HIS in
GdFeCo ferrimagnetic amorphous alloys.'” Since then, experimental
observations of single pulse AO-HIS have been confirmed in this ferri-
magnetic material ”'* and have also been demonstrated in several
other magnetic materials, such as spin-valve structure,'” ' rare-earth-
free Heusler alloy Mn,RuxGa,'® Pt/Co/Pt tri-layer, and TbCo alloys
doped with small amount of Gd,"”*' Gd/Co,”* and Tb/Co synthetic
ferrimagnets.” >

The magnetization reversal in GdFeCo alloys, made of two
antiferromagnetically coupled sublattices of rare-earth and transi-
tion metal, can be understood as the excitation of electrons by
absorption of photons allowing demagnetization at different rates

of the two sublattices thanks to the Elliott-Yafet effect and
exchange scattering.” The difference in demagnetization rates leads
to a transient ferromagnetic-like-state that end by a complete
ultrafast reversal of the magnetization by conservation of angular
momentum.'>**?” Those models based on angular momentum
conservation describe the purely heat-driven toggle switching.
This phenomenon has been intensively studied in GdFeCo full
films with perpendicular anisotropy”'“”* " but studies on the
influence of reduced lateral size remain limited.”’ ** Particularly,
El-Ghazaly et al.”* demonstrated AO-HIS in amorphous submi-
crometric GdCo dots and showed that the reversing time is signifi-
cantly reduced for dots below 500 nm compared to 15 um squares.
They explained this faster rate by the electron-phonon and spin-
lattice interactions. In view of these previous works, question like
the behavior of the threshold fluence to observe switching in
GdFeCo magnetic out of plane nanostructures remains open.

In this Letter, we present a systematic study of the magnetization
reversal for GdFeCo disks whose diameter ranges from 3 um to
400nm illuminated by 35fs linearly polarized laser pulses. Toggle
switching was observed for all sizes, and switching/random threshold
fluencies were precisely determined. The dependence of both thresh-
olds on disk size revealed a non-monotonic behavior, which highlights
the importance of the specific light absorption in nanostructures.
Moreover, the influence of the period for 400 nm disks arrays was
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90 um
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FIG. 1. Design of the sample. (a) Sketch of 90 x 90 um? areas filled with patterned
disks of diameter D and fixed spacing d equal to 300 nm. The red circle represents
the laser spot of the incident beam centered on the disk array. (b) Scanning elec-
tron microscopy (SEM) image with 45° tilt showing good agreement of the pitch
and the diameter in a region of 400 nm disk array. The length of the scale bar is
400 nm.

investigated and numerical simulations could reproduce the non-
monotonic behavior.

The sample namely glass (substrate)//Ta (5nm)/Cu (5nm)/
Gd,4(FeCo)76(20 nm)/Pt (5nm) was grown by magnetron sputtering.
The full film exhibits both perpendicular magnetic anisotropy (PMA)
and single shot AO-HIS at room temperature. To study the size effect,
we fabricated arrays of magnetic disks with diameter ranging from
3 um down to 400 nm. The magnetic film has been processed by ion

400 nm 600nm 800nm  1pum
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beam etching through an aluminum mask defined by electron-beam
lithography and lift-off. The remaining Al mask is subsequently
removed by chemical etching. As illustrated in Fig. 1, for each disk
diameter D, 90 x 90 um? areas are filled with identical disks on a
square lattice. The distance between disks d is fixed to 300 nm (the lat-
tice period is, therefore, not constant and equal to D + d). The effect of
the excitation by 35 fs laser pulse generated by a Ti-sapphire laser on
the magnetic nanostructures is characterized in situ by magneto-optic
Kerr effect (MOKE) microscopy. This laser delivers 800 nm wave-
length laser pulses, linearly polarized after propagating through a
Glan-Taylor polarizer. The number of laser pulses and the repetition
rate can be modified by using a pulse picker. In this work, we have
only use single pulse exposition (two pulses results are obtained manu-
ally with more than 1s between the two pulses). Pulse power can be
changed by using the combination of the half-wave plate and the
Glan-Taylor polarizer. A convex lens focuses the beam with a
Gaussian intensity profile onto the sample surface down to a full-
width half-maximum (FWHM) of 69 * 0.5 um. This spot diameter is
chosen to ensure a switching region smaller than the 90 #m magnetic
array width to be able to measure the switching domain of a single
array of disks.

Figure 2 shows the AO-HIS results for arrays of Gdys(FeCo)6
disks initially saturated. A 1T out of plane applied field is first applied
such that initial magnetization in the disks is pointing down corre-
sponding to the light gray color [Fig. 2(a)]. After excitation with a first
pulse, one can see the formation of a dark-gray area independently of
the disk sizes. A second identical pulse subsequently, shined at the
same position with a delay of about one second, reverses the magneti-
zation back to the initial state forming a light gray area. By starting
from the opposite magnetic direction [Fig. 2(b)], we observed the
same behavior. Regardless of the initial disk magnetization direction,
after the second femtosecond laser pulse, a ring is formed. These rings
are obtained for all disks sizes and appear larger for smaller disks. This
ring highlights that in an intermediate range of fluence, the reversing
presents a stochastic aspect. This stochastic aspect appears more
important for smaller disks. Theses aspects are beyond the scope of
this Letter. These experimental results demonstrate AO-HIS for all the
GdFeCo disk diameters ranging from 3 um to 400 nm after a single
35 fs linearly polarized laser pulse. Moreover, Fig. 2 presents a non-

3 um

FIG. 2. Magneto-optical images of mag-
netic disks made of Gdyy(FeCo)zg
obtained after the action of one 35fs line-
arly polarized pulse and then a second
pulse separated by 1s. Initially, disk
arrays are saturated in the (a) downward
and (b) upward direction with a 1 T out of
plane applied field. The dark gray (light
gray) area represents magnetization of
disks pointing “up” (“down”). Each laser
pulse with a fluence of 17.7 mJ/cm? irradi-
ates the same circular region of the pat-
terned structure and reverses the
magnetization within it. The length of the
scale bar is 20 um.
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monotonic behavior of the switched area size with the disk diameter
for a given fluence.

In a second step, the impact of the laser fluence on the switched
area has been studied as function of disk size. Therefore, we systemati-
cally irradiated each array with eight different fluences and measured
the switching/random domain sizes by using a MOKE microscope.
Figure 3 presents the magnetic state of GdFeCo disk arrays after exci-
tation with a single femtosecond laser pulse. Initially, the arrays were
saturated perpendicular with a 1T field, as previously done in Fig. 2.
On the MOKE images, one can observe up to three different magnetic
states depending on the pulse energy: no switching, deterministic
switching, and randomly oriented disk. For example, in the case of
disks with 800 nm diameter, no effect of light on disks is observed
for fluence below 14.5 mJ/cm? (no switching state) [Fig. 3(a)], magne-
tization reversal is achieved for pulses energies between 14.5 and
19.2 mJ/cm? (deterministic switching) [Figs. 3(b)-3(e)] within a circu-
lar zone of diameter D,,. For larger fluence around 20.8 mJ/ cm?, at the
center, the array of disk is no longer uniformly magnetized [Fig. 3(f)].
This central zone of diameter D,, is marked by two possible magnetic
configurations of a disk depending on its size. Indeed, we only
observed disks with a single uniform randomly oriented domains for
disks up to 1 um of diameter. While for disks larger than 1 um, single
uniform randomly oriented domains and multidomain states are
observed. (Supplementary material shows the magnetic state of indi-
vidual GdFeCo disk for the data in Fig. 3). For each disk size, the

12pum 1.5um 2 um

23.4 mJ/cm?

1.8

145 161 177 19.2 208 2

13

FIG. 3. Magneto-optical images of Gd,4(FeCo);s magnetic disks obtained after a
single 35fs laser pulse, linearly polarized. Depending on the fluence and the disk
diameter, we observe three different magnetic states: (a) light gray area for no
switching at low pulse fluence, (b)-(e) homogenous dark gray area for AO-HIS at
medium energy, and (f) non-homogenous dark gray area for randomly oriented
disks at the center of the laser spot for high pulse fluence. The length of the scale
bar is 20 um.

ARTICLE pubs.aip.org/aip/apl

diameter of the switched/random region increases with laser pulse
energy but for a given fluence, Dy, and D,, depend on the disk size.
Qualitatively, at the same fluence, we observe a non-monotonic behav-
ior of the switching domain surface with the disk size. [For instance,
although 14.5 mJ/cm? is sufficient to induce AO-HIS in 400 nm,
600 nm, 800 nm, and 1.2 um disks, as shown in Figs. 3(g), 3(h), 3(b),
and 3(j), respectively, this fluence is too low to affect the magnetization
of 1 and 1.5 um disks, as shown in Figs. 3(i) and 3(k) respectively].

For a deeper analysis, we measured the switching/random diame-
ters and considered a Gaussian distribution of the laser intensity to
determine the threshold fluencies for AO-HIS and randomized state
(see more details in supplementary material). For each disk diameter,
F,, and F,, have been determined using a single value of D
= 68.4 £ 0.6 um, value which is consistent with the direct measure of
the beam diameter (690.5 um). We plot in Fig. 4(a) a state diagram
for GdFeCo disk arrays illuminated by 35fs linearly polarized laser
pulses where we indicate the dependence of threshold fluencies for
switched F,, and randomized F,, state on disk diameter.
Quantitatively, we observe three different magnetic states: no switch-
ing for low fluence, random oriented disk at high fluence and magneti-
zation reversal between these two. While F,, and F,, have a global
tendency to increase with disk diameter, the details of the state dia-
gram indicate a non-monotonic behavior.

(a) Random state {| R

E o eeee- =

20 o A * =
Ty . 8
g Switching PP
S 15 F " . o
E r’I—— \I’" i 0| E
\0..; X s .5
S10F g
S k No switching {015
L_L @)
I <

=
T §/§\
L 1

05 10 15 20 25 30
Disk diameter (um)

FIG. 4. AO-HIS state diagram of Gdy4(FeCo)z¢ disks. Evolution of (a) the threshold
fluence for switching (random) state Fs, (Fr2), the calculated inverse of the absor-
bance and (b) the fluence ratio F./Fs,, as function of disk diameter depicted in blue
squares (red dots), green stars, and black dots, respectively.
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Finally, we studied the influence of the period on the threshold
fluence for periodic GdFeCo nanostructures made of 400 nm disks
diameter. Therefore, we systematically excited with a single 35 fs laser
pulse and looked to the reversal in arrays with 100, 150, 200, 300, 400,
and 500 nm spacing between the disks. By measuring the diameter of
the switched area within an optical microscope for each periodic
arrays, we can extract the threshold fluence for each lattice period.
Figure 5 shows the variation of the threshold fluence extracted from
MOKE images as a function of the 400 nm disk arrays period. This fig-
ure shows that the switching threshold also depends on the spacing/
period varying non monotonically between 9.7 and 12.8 mJ/cm® for
spacings ranging from 100 to 500 nm. Since toggle switching can be
achieved for closer nano-disks, we conclude that magnetostatic cou-
pling between nanostructures does not play a huge role on ultrafast
optical switching in periodic GdFeCo nano-disks. Moreover, Fig. 5
shown that closer nano-disks need less energy to cause AOS and pre-
sent a non-monotonic behavior of the threshold fluence with the
period/spacing. The size range of the threshold fluence variations and
their non-monotonicity suggests a predominant influence of the wave
nature of light and its finite wavelength.

We performed simulations with COMSOL Multiphysics with the
module Wave Optics to calculate the absorbed energy for different
geometries of the periodic arrays of magnetic nano-disks for the same
light power fixed to 0.16 uW. This way we wanted to check out if the
non-monotonic evolution of threshold fluence with disk diameter is
consistent or not with the evolution of the energy absorption as a func-
tion of the disk diameter and the period of the array.”” We considered
periodic arrays of magnetic nano-disks with D =400, 600, 800, 1000,
1200, 1500, 2000, and 3000nm with corresponding lattice period
P =700, 900, 1100, 1300, 1500, 1800, 2300, and 3300 nm for keeping
the same edge-to-edge distance between two neighboring disks. The
thin film stack considered is namely glass (substrate)//Ta (5nm)/Cu
(51nm)/Gd,4(FeCo)76(20 nm)/Pt (5nm) as for the experimental mea-
surements. We considered a glass substrate and air superstrate with

Period (nm)
400 500 600 700 800 900

D=400 nm

O L L 1 1 1
0 100 200 300 400 500
spacing (nm)

Threshold fluence (mJ/cm?)

FIG. 5. Threshold switching fluence on 400 nm Gda4(FeCo)7¢ disks as a function of
the period/spacing.
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refractive indices of 1.5 and 1, respectively. Concerning the metals, we
used the refractive indices from Ref. 36 for Ta and Pt while we used
the data sets from Refs. 37 and 38 for Cu and GdFeCo. This specific
numerical method considers one unit cell that is why we applied peri-
odic boundary conditions (Floquet periodicity) on its edges to simulate
the electromagnetic field distribution in periodic arrangements of
GdFeCo nano-disks. The source comes in from the air superstrate at
normal incidence and comes out from the glass substrate. To avoid
unphysical reflections, perfect matched layer domains on top of air
domain and at the bottom of glass substrate were considered. The
source is a monochromatic linearly polarized plane wave with p polar-
ization. The wavelength is fixed at 800 nm. The mesh is made of free
triangular elements whose maximum size was 2 nm. This method pro-
vides the total absorption of the system {air + periodic arrays of nano-
disks + glass}, but since air and glass are assumed to absorb no energy,
this provides the absorption of the periodic array. To describe the local
absorption of light, we scaled any calculated total absorption by the
filling factor of the periodic array. We calculated the absorption of the
continuous films with the same approach. (Here, the filling factor is
100%.)

Figure 4 shows (for different scales) the experimental results and
the calculated inverse of the absorbance, which should be proportional
to the switching and random threshold fluence. The good qualitative
agreement is obtained since the simulations reproduce the decrease in
the switching and random fluences for small diameters. Furthermore,
the non-monotonic variation of the switching fluence is well described
while the agreement is not as good for the random threshold fluence.
If both phenomena differ by the physics involved and particularly
occurs at different timescales, they are believed to be due to the heat
assisted effect which are directly related to the absorbed energy.
Within this picture, if the disk size only influences only the proportion
of incident energy transferred to the nanostructure, the ratio between
the random and switching threshold fluences is expected to be con-
stant. This is not experimentally confirmed as shown in Fig. 4(b).

The limit of the previous analysis, considering an averaged
energy at the scale of the disk, is certainly the non-uniform energy
absorption within the magnetic nanostructure. The supplementary
material gives some examples of the spatial variation of the energy
absorption. Variations up to a factor of 3 are predicted. Similar absorp-
tion profiles have been predicted in GdFeCo microstructures when the
disk size is smaller than the beam diameter, due to the formation of a
standing wave pattern caused by scattering of the light from the edges
of the structure.”’ This non uniform energy repartition would lead to
non-uniform temperature and locally different magnetic processes. In
that case, it is possible at some fluence that part of the structure experi-
ences a magnetization reversal, whereas another part is multidomain.
The final configuration would result from a complex process involving
micromagnetism and the evolving temperature field.

In conclusion, we demonstrated that GdFeCo magnetic micro-
and nano-disk can be switched deterministically with a single ultrafast
laser pulse for a range of fluence. For larger laser fluence, the magnetic
disk is randomly oriented up or down. The threshold fluences for the
two types of switching evolve non-monotonically with disk size.
Numerical simulations that highlight the creation of standing waves
induced by light scattering giving a non-uniform distribution of
absorption within the disks could reproduce the non-monotonic
behavior of both fluence thresholds. These results will contribute to
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further developments of strategies for deterministic light control of
magnetization at the nanoscale.

See the supplementary material that shows a zoom of the mag-
netic state of individual GdFeCo disk after laser pulse irradiation, a
detailed methodology describing the extraction of the laser beam
diameter and the threshold fluences, and the illustration of the non-
homogenous light absorption.
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