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The tremendous interest in the technology and underlying physics of all-optical switching of magnetization
brings up the question of how fast the switching can occur and how high the frequency of writing the data with
ultrafast laser pulses can be. To answer this question, we excited a GdFe ferrimagnetic alloy, the magnetization
of which can be reversed by single laser pulses, a phenomenon known as toggle switching, by two pulses with
a certain time delay in between. Using photoemission electron microscopy and Kerr microscopy for magnetic
domain imaging, we explore the effects of varying fluences of the first and second pulse as well as the time
delay between the two pulses. Our results show that when the fluence of the first pulse is adjusted just above
the threshold of single-pulse switching, a second pulse with about 60 % of the fluence of the first pulse, arriving
only 3 ps later, switches the magnetization back. This reswitching persists up to about 40 ps pulse separation.
We interpret the latter as the time required for the sample to cool down and remagnetize after the first pulse.
For shorter time delays below about 2 ps, no reswitching occurs. However, the effect of the two pulses adds up,
enabling switching for fluences of both pulses below the threshold for single-pulse switching. Atomistic spin

dynamics simulations are used to model the experimental data, successfully confirming our results.

DOI: 10.1103/h8j7-412z

I. INTRODUCTION

Ultrafast all-optical switching (AOS) of magnetization has
garnered significant research because of its importance in
both fundamental understanding and potential technological
advancements [1,2]. It offers a promising solution for devel-
oping faster and more energy-efficient magnetic data storage
devices. AOS was first observed as helicity-dependent switch-
ing in the GdFeCo ferrimagnetic alloy [3], where right and left
circularly polarized laser pulses changed the direction of the
magnetization in opposite directions without the need for an
external magnetic field. Some years later, it was observed that
magnetization switching can also be achieved with linearly
polarized or unpolarized laser pulses, a process referred to
as helicity-independent switching or thermal switching [4,5]
and has been termed “toggle switching”. Toggle switching
is not limited to GdFeCo alloys but occurs also in synthetic
ferrimagnets such as rare-earth/transition metal multilayers
[6,7] and in Mn;Rug ¢Ga Heusler alloy, a rare-earth-free fer-
rimagnet [8]. In the course of improving the understanding of
AOS, the question was raised as to the maximum frequency
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at which the magnetization can be optically reswitched. To
investigate this, experiments using two single pulses with an
adjusted time delay (tq) between them were conducted. In
2021, Wang and colleagues observed that the Gd,;FegsCog al-
loy with magnetic compensation temperature of Ty; = 470 K
requires a minimum delay of 300 ps of the second pulse to
switch back [9]. They pointed out that this is the minimum
time needed for the alloy to cool down to 470 K, the highest
temperature at which the sample can switch. The time delay
between two pulses should be long enough for the sample
to reach this temperature, after which the second pulse can
induce the switch back. The researchers suggested that alter-
ing the composition of the sample and improving the heat
diffusion could potentially increase the switching frequency
[9]. In 2022, Steinbach et al. examined the idea of optimizing
heat diffusion using different substrates, such as amorphous
glass, diamond, and silicon, which possess different heat con-
ductivities [10]. Although they emphasized different fluence
thresholds for single-pulse toggle switching on each sub-
strate, the GdFe alloy did not reswitch for time delays below
300 ps. They reported a time window between 300—500 ps for
reswitching on diamond and silicon substrates. However, they
demonstrated that reliable reswitching is achievable in a GdCo
alloy with a pulse-to-pulse separation of 7 ps, approaching
THz frequency rates for writing and reading data. In this case,
the fluence of the second pulse had to be at least 20% higher
than that of the first pulse. Double-pulse switching has also

Published by the American Physical Society
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been studied in Mn,Rug 9Ga Heusler alloys, where reswitch-
ing occurs at 12 ps, faster than in GdFe and GdFeCo. Banerjee
et al. highlighted that the reswitching frequency is related
to the spin-lattice relaxation time and the time needed for
magnetic damping [8]. Here, we study double-pulse switching
in a GdFe thin-film alloy on a Si substrate using the mag-
netic imaging techniques photoemission electron microscopy
(PEEM) and Kerr microscopy. After determining the thresh-
old for single-pulse switching for an individual laser pulse,
we systematically study the sample’s response to double-pulse
excitation, varying the fluences of both pulses and the time
delay between them. The study is divided into two parts: First,
we apply double pulses with short time delays of less than
or equal to 2 ps and image the magnetic state of the sample
using PEEM. Depending on the initial temperature of the
sample and the fluences of the two pulses, different response
regimes are observed, including switching, no switching, or
multidomain formation. In this time-delay range, the sample
does not reswitch. Second, for longer time delays, we use
Kerr microscopy and observe that if the fluence of the first
pulse is just above the threshold for single-pulse switching,
a weaker second pulse in a certain fluence window of about
40-60% of the first pulse can reswitch the sample at a time
delay as short as 3 ps at room temperature (RT). We com-
pare our experimental results to atomistic spin simulations
based on the stochastic Landau-Lifshitz-Gilbert equation and
a two-temperature model. The simulations reproduce the ex-
perimental observations of suppression of toggle switching of
the magnetization by a weaker second pulse with a few ps
delay in a certain fluence window and confirm the reswitching
of the sublattice magnetizations by the second pulse.

II. EXPERIMENT

The sample has the structure Al (3)/GdysFer4 (10)/Pt (5)/
substrate (nominal layer thicknesses are given in nm). The Al
serves as a capping layer to prevent oxidation. The film was
prepared at RT on a 100 nm thick thermally oxidized Si(001)
substrate using DC magnetron sputter deposition (chamber
base pressure <1078 mbar) from elemental targets utilizing
Ar gas at a sputter working pressure of 3.5 ubar. The com-
position and thickness of the GdFe alloy were determined
by Rutherford backscattering spectrometry. The ferrimagnetic
GdFe layer has an out-of-plane easy axis of magnetization
with 7mT coercivity at RT. To study the AOS of the sam-
ple, we use two microscopic methods, Kerr magneto-optical
microscopy and PEEM for acquiring static domain images of
the sample after excitation with single or double laser pulses.
For PEEM, the setup at the UE49-PGM SPEEM beamline
of the BESSY II synchrotron radiation source was used [11],
with the photon energy of the circularly polarized x rays set
at 707.1eV at the Fe L3 edge. A small electromagnet inside
the sample holder allows for applying a magnetic field to the
sample to saturate the magnetization before applying laser
pulses. The images represent pixel-by-pixel differences from
the initial saturated state of the sample. The PEEM measure-
ments were performed both at RT and, cooling the sample,
at 70 K. The Kerr microscope as described in Ref. [12] was
used at RT with an external electromagnet enabling sample
saturation.

For exciting the sample, we used linearly p-polarized laser
pulses with a wavelength of 800nm and a pulse length of
100 fs for the optical setup at PEEM, and a wavelength of
1030 nm with a pulse length of 250 fs for the Kerr microscope.
Both optical setups include a beam splitter and an optical de-
lay line, allowing us to control the time delay between the two
pulses. The two pulses are spatially overlapped on the sample.
Since we are using two different setups for imaging, the shape
of the laser footprint on the sample and, consequently, the
switching area in the sample is different. Both laser profiles
follow Gaussian shapes. At the PEEM setup, the laser is
focused on the sample at a grazing angle of 16 ° with respect
to the surface and a spot size of about 11 x 30 um? (FWHM).
In the Kerr microscope setup, the two pump pulses reach the
sample at £76 ° relative to the surface, with a spot size of 63 x
66 um> (FWHM). As a result of the different incidence angles,
the incident fluence for the switching threshold also varies
between the two setups. To avoid any confusion, all fluence
values are given as absorbed peak fluence of the GdFe layer, at
the center of the laser spot. The absorption of the light in each
layer of the sample is calculated and can be found in Fig. S1
within the Supplemental Material [13]. Experimentally, the
threshold values of the absorbed fluence determined in that
way differ significantly in the two setups, being (at room
temperature) 3.4 mJ/cm? in the PEEM setup and 0.9 mJ/cm?
in the Kerr microscope setup. A number of possible reasons
can be cited for that: Different actual thresholds for the dif-
ferent pump wavelengths and different temporal pulsewidths,
inaccuracies in the determination of the spot sizes, and neglect
of interface roughnesses in the calculation of the differential
absorption profile.

III. THEORY

We performed atomistic spin dynamics (ASD) computer
simulations to model the AOS in the sample. We consider a
classical Heisenberg spin Hamiltonian,

H=— Y Jysis;— D di(si)’. (1)

i) i

Here, |s;| = 1 represents the normalized classical spin vec-
tor at site i. The two sublattices have different and antiparallel
atomic magnetic moments g, and pgg. We consider both
intra- (Jge_re, Jad-ga > 0) and inter-sublattice (Jge.gq < 0) ex-
change coupling parameters. It is assumed that the atomic
species of the GdysFe74 alloy are randomly distributed within
the lattice structure. The dynamics of each atomic spin follows
the stochastic Landau-Lifshitz-Gilbert (LLG) equation, which
can be found in detail with all the parameters used in Sec. VI
of the Supplemental Material [13]. In our simulations, the
electron and lattice energy dynamics are modeled using the
following two-temperature model:

0T,
Ce(E)E = Gep(Tpn — To) + P (1) + P (1), @

oT, o — T,
cphw”h = Gep(T, — To) + % )
d
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FIG. 1. Static XMCD-PEEM images acquired at the Fe L; edge after double-pulse excitation. Each image presents a specific time delay
between the two pulses, as written on the bottom right of each image. Dark and light gray contrast corresponds to opposite directions of
magnetization. (a) Images measured at room temperature, while the absorbed fluence in the GdFe layer is F; = 2mJ/cm?, F, = 2.9mJ/cm?.
(b) The same experiment performed at 70 K, with absorbed fluence in the GdFe layer F; = 2mJ/cm?, F, = 2.9mJ/cm?. In both cases,
both fluences are below the threshold for magnetic toggle switching, which is Fy,, = Fy, = 3.4m] /em?. (c) The same experiment, done
at 70K with absorbed fluence F; = 4.7mJ/cm?, F, = 0.7mJ/cm?, where the fluence of the first pulse is above the threshold of single-
pulse toggle switching, which is F};, = F5,;, = 3.8 mJ/cm? at 70K. (d), (e) Sketches of the Gaussian distribution of laser intensity on top of
the final magnetic state of the sample after double-pulse excitation show the different regimes of switching at room temperature and 70K,
respectively. (f) The area of the switching after double-pulse excitation for the cases in panels (a) and (b). The field of view in all images is

20 x 20 um?.

where T, T,;,, and Ty represent electron, phonon, and equilib-
rium ambient temperatures, respectively. Here, C.(T,) = y.T.,
with ¥, = 6 x 10> Jm—3 K2,

To align the electron and lattice temperature dynamics with
those calculated by a two-temperature model considering all
layers and the substrate of the sample as well as vertical heat
transport across the layers as described in the Supplemental
Material of Ref. [14] (see also Sec. VII of the Supplemental
Material [13]), we slightly increased the phonon heat capac-
ity to Cpp =2.5x 10 Jm2K~! and the electron—phonon
coupling to G,, = 7.0 x 107 Wm—3 K~!. The last term in
Eq. (3) corresponds to the phenomenological cooling term
that we included in our model. The relaxation time (z;) was

adjusted to achieve good agreement with the two-temperature
model of the full layered stack including vertical heat flow
across the sample layers. For the laser power functions, P ()
and P, () in Eq. (2), we assumed Gaussian shapes following
Ref. [14], both in Eq. (2) and in the full two-temperature
model.

IV. RESULTS

Figure 1 shows the switching behavior recorded by PEEM
at two different sample temperatures, RT and 70 K. The two
different contrasts in the images indicate opposite directions
of the magnetization; dark contrast represents domains of

174406-3
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switched magnetization. The straight bright and dark stripes
seen in all images of Fig. 1(a) are artifacts caused by the
distribution of x-ray intensity across the field of view. In
Fig. 1(a), the sample is at room temperature, and the fluence of
both pulses is below the threshold of single-pulse switching,
meaning that each pulse alone is insufficient to switch the
sample. However, when both laser pulses excite the sample,
switched areas are observed for time delays between them of
less than 1 ps. These switched regions appear as irregular dark
domains in the center of the laser spot, as well as elliptical
patterns following the footprint of the laser spot on the sample.
We can thus distinguish three regions in the sample based
on the local fluence of the laser. The first region, located
at the center of the laser spot where the fluence is highest,
presents a random multidomain (MD) pattern, probably as a
consequence of a complete demagnetization [15]. The second
region, consisting of dark ellipses, corresponds to intermedi-
ate fluences located in the gradient of the spatial laser profile
and closely follows the shape of the laser spot. In this area,
the sample undergoes deterministic toggle switching (SW).
The third region, located at the lowest fluence, outside the
ellipses, shows no switching (NS). The corresponding bound-
ary fluences between these regions vary depending on the
time delay between the pulses. For example, the inner line
of constant fluence between MD and SW areas at 7; = 0.2 ps
is approximately at F; = 0.85F] max, F2 = 0.83F; pax, Where
Fyax represents the peak fluence, while at t; = 0.8 ps, these
fluences decrease to approximately F; = 0.70F] max and F> =
0.64F; Max- Small deviations from a perfect spatial overlap of
the two pulses could be the reason why in some of the panels
of Fig. 1(a) the dark areas of the SW regions are wider on one
side of the ellipses than on the other.

Figure 1(b) depicts the switching behavior of the sample
at short time delays at 70K, which is below the magnetic
compensation temperature 7y, and the angular momentum
compensation temperature 7T4. As with the RT case, the flu-
ences of both pulses are below the threshold for single-pulse
switching. Similar to the behavior at RT, a switched area
appears for time delays shorter than 2 ps. However, at 70K,
the sample only shows two distinct regions, the SW region at
higher fluences and the NS region at lower fluences. No mul-
tidomain formation is observed at this temperature. Compared
to Fig. 1(a), the presence of a SW region at delays of 2, 1,
and —0.8 ps, together with a larger size of the switched area
at some delays, could be an indication for a lower threshold
for double-pulse switching at the lower base temperature.
The absence of the MD regime in Fig. 1(b) suggests that
the mobility of domain walls is likely higher at RT than at
70K, lowering the threshold for domain formation and facil-
itating the appearance of multidomain patterns after transient
demagnetization of the sample at RT. Figure 1(c) shows the
results for the case where the fluence of the first pulse is above
the threshold for single-pulse toggle switching while the sec-
ond pulse remains below this threshold. The temperature is
maintained at 70 K, as in Fig. 1(b). Now a switched area is
observed for all time delays caused by the first pulse alone.
The switched area expands to lower local fluences for delays
shorter than 2 ps, to regions of the sample that are not switched
at larger temporal separations between the two pulses. This
behavior is thus consistent with that observed in Fig. 1(b).

The effect of the second pulse obviously enhances the effect
of the first pulse at these very short time delays, regardless of
whether both pulses are below the threshold or one is above
the threshold. Figures 1(d) and 1(e) illustrate the laser profile
at the two temperatures to help visualize it. The area of the
switching at RT and 70K for the cases in which both pulses
are below threshold of the single-pulse switching is plotted in
Fig. 1(f), where it is shown that the switched area decreases
rapidly at higher time delays.

In none of these cases does the sample reswitch. To in-
vestigate this further, we study the double-pulse switching
behavior of the sample using Kerr microscopy at RT, examin-
ing different fluences for longer time delays. Figure 2 depicts
the static state of the sample following double-pulse excitation
of the saturated state that appears as a light-gray contrast
for various fluence combinations and time delays. The three
panels correspond to three different fluences of the first pulse
Fi, as indicated on the left. The three images on the left show
the result of only the first pulse. F; = 0.78 mJ/cm? is below
the threshold for single-pulse toggle switching, while 0.91 and
1.04 mJ/cm? are just above and well above this threshold,
respectively. The bottom axis indicates the time delay between
the two pulses, while the fluence of the second pulse is given
on the right axes. The behavior of single-pulse excitation at
different fluences can be found in Fig. S2 within the Supple-
mental Material [13]. Both laser pulses are p-polarized and
spatially overlap on the sample; therefore, at time zero, where
both pulses temporally overlap, an interference pattern ap-
pears [16]. In the first panel, with F; = 0.78 mJ /cm2 andt; =
1 ps, we observe only SW region for F> = 0.13 mJ/cm?, indi-
cating that, although the sample does not switch with the first
pulse alone, adding a second pulse with F> = 0.13 mJ/cm?
is enough to switch the sample as long as the time delay
between the two pulses is 1ps or less, similar to the find-
ings presented before. Increasing F> to 0.26 mJ/cm? allows
switching to be observed up to a delay time of 3 ps, albeit with
a decreasing size of the switched area as the delay increases.
From F, = 0.39 mJ/cm?, a small region of light-gray contrast
appears in the center of the switched area, where the fluence
is highest, and this region increases further with higher F;
values. This trend is also observed for the other F; fluences
in Fig. 2 at 1 and 2 ps when the sum of F; and F> exceeds ap-
proximately 1.17 mJ/cm?. Increasing the time delay between
the two pulses at F; = 0.78 mJ/cm? brings the sample to the
NS state, which means that for this relatively low F, the effect
of the first pulse has already relaxed too much to allow the
sample being switched by the second pulse. The probability
of finding the sample in the nonswitched state after the second
pulse follows a nonmonotonic trend. At F, = 0.52mJ/cm?,
already at 3 ps the sample is found predominantly in the
NS state (see also Fig. S10 of the Supplemental Material
[13] for repeated switching experiments at F; = 0.78 mJ /cm?
[13]), while at both, lower and higher F,, switched areas are
observed at longer time delays.

A nonmonotonic behavior is also observed in the cen-
ter panel, for F; = 0.91mJ/cm2, where F; is high enough
to switch the sample with the first pulse alone. Here, for
F>, = 0.39 mJ/cm?, the switched area is largely suppressed
for delays from 4 to 20 ps, and at F> = 0.52mJ/cm?, this
extends over an even broader delay range. In the bottom
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F{ = 0.91 mJ/cm?

1 1 1 1 1 1 1 1

A
H 065
052
=
Ho030 =
e
[N
- 0.26
Ho13
_________________________________ A
H0.65
Ho0s2
ki
q0% 2
o
(s
026
4013
A
H0.65
Hos2
=
2
=
Hox =
[N
- 0.26
Ho13

1 1 1 1 1 1 1

1 2 3 4 5 6 7

8 9 10 20 30 40 50

Time delay (ps)

FIG. 2. Kerr microscopy images after excitation with two pulses at room temperature. Dark and light gray contrasts correspond to opposite
directions of magnetization. The bottom axis shows the time delay between the two pulses. The left column shows the absorbed fluence of the
first pulse. It also includes an image of single-pulse switching at these fluences. The right axes show the absorbed fluence of the second pulse.

The field of view is 50 x 50 um?.

panel, for F; = 1.04mJ /cmz, a shrinking of the switched
area is evident for time delays between 3 and about 10 ps at
F> = 0.39 and 0.52 mJ/cm?. This shrinking indicates that, at
fluences slightly below the maximum fluence, corresponding
to the center in the Gaussian footprint of the laser pulses,
no switching occurs. This suggests that reswitching of the
sample by the second pulse occurs within a specific fluence
range of the second pulse, depending on the fluence of the
first pulse. However, when the fluence of the second pulse is
increased excessively, for example to 0.65 mJ/cm?, the sam-
ple probably overheats, resulting in the formation of an MD
pattern.

To study the occurrence of the reswitching more precisely,
we focus on F; = 0.91 mJ/cm? while changing F> in smaller
steps. The results are shown in Fig. 3, where the left axis
displays the fluence of the second pulse, ranging from 0.13
to 0.52mJ/cm?, and the bottom axis shows the time delay
between the two pulses. As the fluence of the second pulse
is increased at #; = 4 ps, an MD region first develops at the
center of the pulse spots, and then, at F, = 0.36 mJ /cm2,
reswitching begins as indicated by a yellow frame. At
tqg = 8 ps, reswitching occurs at a lower fluence of F, =
0.31mJ /cmz, which is the minimum fluence of the second
pulse required to completely reswitch the sample at this Fj.
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FIG. 3. The magnetic state of the sample after double-pulse ex-
citation when the absorbed fluence of the first pulse is 0.91 mJ/cm?,
just above the threshold for all-optical toggle switching. The left axis
shows the absorbed fluence of the second pulse increasing in small
steps below the threshold for single-pulse switching. The bottom axis
shows the time delay. The images are recorded at room temperature
and the field of view is 50 x 50 um?.

V. DISCUSSION

To better understand the mechanism behind double-pulse
switching and reswitching, we carried out atomistic spin
dynamic (ASD) simulations [17-20]. The reswitching prob-
ability from these simulations is shown in Fig. 4 for a fixed
fluence F) of the first pulse. Bright to dark colors indicate
the probability of reswitching the magnetization by the sec-
ond pulse, obtained from 15 individual simulations, each

(a) Fy =192 mJ/cm? 0
1.92- '
1881 0.8 =
1.85- g

181 06 =

817 tE

— o

E173- 04 E
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s .y
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FIG. 4. (a) The calculated probability of reswitching the mag-
netization after double-pulse excitation. The fluence of the first
pulse is constant and corresponds to the threshold for single-pulse
switching, which is 1.92mJ/cm?. Bright and dark colors in panel
(a) corrrespond to no reswitching and reswitching, respectively,
while intermediate shades represent the probability of reswitching,
as shown in the legend. (b) The magnetization of each sublattice,
normalized to one for T = 0, as a function of time for two selected
fluences of the second pulse, F, = 1.81 and 1.65 mJ/cm?, as shown
on the left axis. The Fe magnetization is shown in blue colors and the
one of Gd in red. The time delay between the two pulses is indicated
by different symbols in the legend.

corresponding to the outcome of an individual simulation
using the LLG equation with the Hamiltonian given in Eq. (1).
The fluence of the first pulse Fj is set just above the single-
pulse switching threshold. In the simulations, this threshold is
1.92 mJ/cm?, which is roughly twice the experimental value.
While simulations of single pulses with 1.92 mJ/cm? always
result in switching, the outcome of individual simulations with
combinations of Fj, F;, and ¢, close to the switching threshold
exhibits significant variability because of the nature of the
stochastic Landau-Lifshitz-Gilbert (LLG) equation. The color
gradient between dark and bright in the plot indicates the
reswitching probability from 15 individual simulations. In the
figure, the fluence of the second pulse increases along the ver-
tical axis while the delay time progresses along the horizontal
axis. This allows for comparison with Figs. 2 or 3 from the ex-
periment, where one has to keep in mind that the simulations
do not include dipolar interactions and thus will not reproduce
multidomain formation. The simulations qualitatively repro-
duce the same behavior observed experimentally. Atz; = 1 ps,
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the sample switches, but beginning at r; = 2 or 4 ps, reswitch-
ing occurs for F, values exceeding a certain threshold, around
1.77 mJ/cm?. This consistency between simulations and ex-
periments helps confirm the key role of the time delay and
fluence in controlling the switching dynamics, with stochastic
effects playing a significant role in determining the exact
behavior at specific parameter combinations. The reswitching
dynamics become increasingly complex as the time delay
increases. The maximum delay time after which the presence
of the second pulse can hinder the sample from being switched
increases with increasing F3, as in the experiment. Figure 4(b)
shows the simulated time traces of the Gd and Fe sublattice
magnetizations for ten distinct combinations of F, and 2,
from panel Fig. 4(a). After the first laser pulse excites the
sample, its energy raises the electron temperature 7,, which
then dissipates to the phonon system via electron-phonon cou-
pling, establishing an equilibrium between the electron and
phonon temperatures within 2 ps. Previous theoretical work
has shown that a certain amount of reversed magnetization of
both sublattices, about 20%, at the time of the second pulse
is necessary to induce reswitching [21]. From the experiment
conducted by Radu et al. [4] it is known that for single-pulse
switching the Fe sublattice in GdFeCo demagnetizes within
300 fs, while the Gd sublattice takes longer, approximately
1.5 ps. Another work checked the XMCD as well as the cal-
culation for GdFeCo alloy and reported that Fe demagnetizes
in 0.4 ps and Gd in 1.2 ps [22].

Therefore, if the second pulse is applied at#; = 1 ps before
the electron and phonon systems reach equilibrium, the sub-
lattices are still in the course of demagnetization [as shown in
Fig. 4(b)]. At this stage, the magnetization of both sublattices
is close to zero, still demagnetizing and not yet reversed. The
second laser pulse adds additional energy into the system,
pushing the sublattice magnetization further toward zero and
thereby contributing to the demagnetization process, which
ultimately results in a single switching event. In contrast, for
t; = 4 ps, both sublattice magnetizations have already crossed
zero, making it possible for the second pulse to reverse the
magnetization and induce reswitching, as shown in Fig. 4(b).
The simulated time trace for 4 ps time delay clearly shows
that the reswitching trajectory after the second pulse differs
from that of a single switching event, which is plausible,
since it starts from a higher temperature. The longer the de-
lay between the two pulses, the more the magnetization of
the sublattices stabilizes in opposite directions as the sample
cools further. The more the sample has cooled, the higher
fluences F; are necessary to initiate the reswitching. This is
in agreement with the experimental observation that when
the first pulse is set at the switching threshold, increasing
the fluence of the second pulse results in reswitching being
observed over a larger time-delay window. In the examples se-
lected for Fig. 4(b), both at7; = 8 ps and #; = 14 ps, a second
pulse of 1.81 mJ/cm? is able to reswitch the sample, while
1.65 mJ /cm? is insufficient for reswitching. According to the
experimental result of Ref. [4], at 3 ps the sublattice magneti-
zations have already crossed zero and begun to re-magnetize
in the opposite direction. Therefore, for time delays longer
than 3 ps, the magnetization of both sublattices has sufficient
time to recover after the first switching, and if the second
pulse carries enough energy, it can switch both sublattices

again. This has also been recently found in calculations of
double-pulse switching in GdFe [23].

The effect of the second pulse also depends on the amount
of sublattice magnetization reversed by the first pulse. Shortly
after crossing zero, when only a small amount of reversed
sublattice magnetization is present, a stronger second pulse
is needed to pull the magnetizations back across zero (see, for
example, Fig. S11 within the Supplemental Material [13] at
4 ps time delay). This is observed in Fig. 3, where the mini-
mum time required for reswitching increases when decreasing
the fluence of the second pulse down to 0.31 mJ/cm?, leading
to a narrower delay-time window for reswitching at lower
F,. The threshold fluence for the second pulse for reswitch-
ing consequently decreases with increasing time delay from
4 to about 10 ps, as seen in both the experiment and the
simulations. The reason for this could be that at the higher
temperatures present at shorter delays, the demagnetization
dynamics of the Gd and Fe sublattices become more similar
[24], making it harder for the second pulse to toggle the
magnetization.

At even longer time delays, the sample only toggle-
switches, and the second pulse does not have any effect on
reswitching or demagnetizing the sample as long as its fluence
is below the single-pulse switching threshold. This leads to
an increase of the threshold fluence of the second pulse for
reswitching with increasing time delay at delays greater than
about 10 ps. This is observed in both the experimental data and
the simulation results. It is also discussed in the theory work
of Ref. [25] as a possible scenario for double-pulse switching.
In this case, the first pulse switches the sample, and by the
time the second pulse adds energy, the sample has already
cooled down, making it insufficient for either reswitching or
demagnetizing.

A study of Fe/Gd bilayers highlights the ultrafast
demagnetization dynamics of both sublattices, with Fe
demagnetizing in 0.7 ps and Gd in 3.4 ps at room temperature
(RT) [26]. The authors of that study attribute the demagnetiza-
tion to magnons and argue that the thickness of the individual
layers plays a crucial role, as magnons must traverse the
layers to transfer magnetic moments to layers farther from the
interface [26], wherein in GdFeCo alloys, Fe and Gd atoms are
separated by just a few A; the transfer of magnetic moments
is faster, leading to even shorter demagnetization times.
Steinbach et al. reported reswitching in Gdy4Fesq (20 nm)
on a Si substrate, with a calculated 7. of 515K occurring
approximately at 500 ps [10], while for GdCo alloys, with
a calculated 7. of 570K, reswitching was observed at 7 ps
for fluences of the second pulse >1.2 times the one of the
first pulse. The different times were discussed as a result of
the higher exchange interactions within the transition metal
sublattice when replacing Fe with Co in the alloy, leading
to faster recovery times and reswitching of GdCo [10,17].
In the present study, in contrast, for 10nm Gd,cFe;4 on
a Si substrate with a calculated T, of 540K, we observe
reswitching at 4 ps if the fluence of the first pulse is tuned
to just above the threshold of single-pulse switching and the
fluence of the second pulse is on the one hand sufficiently high
to reverse the sublattice magnetizations, but on the other hand
also sufficiently low to not lead to full demagnetization and
MD formation. This fast reswitching regime may have been
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overlooked in previous investigations, or may not be present
in different samples with different film thicknesses and alloy
compositions. The 7. of our sample is similar to that of GdCo
of Ref. [10], which may explain the fast recovery towards the
reversed magnetization after the first pulse in our experiments.
Additionally, Tj, is likely different between the different
samples. It has been shown theoretically that the minimum
pulse separation for reswitching depends strongly on the slope
of the net magnetization with temperature at the measurement
temperature and thus on the compensation temperature, at
which this slope becomes zero [21]. A higher compensation
temperature relative to the measurement temperature allows
for faster double switching. Since Tj, varies strongly with
the alloy composition, this may also explain the different
behavior observed in the different studies.

Figure 5(a) displays the simulated switching probability
when the first pulse is set below the threshold of single-pulse
switching. The vertical axis represents the fluence of the sec-
ond pulse and the horizontal axis the delay between the two
pulses. This can be compared to the experimental results in
the first row of Fig. 2, for F; = 0.78 mJ/cm?. The simulations
show that, for a time delay of 1 ps, the energy from both pulses
adds up to switch the sample magnetization, as seen in the ex-
periment. This is also partly the case at7; = 2 ps, with a higher
probability for larger second-pulse fluences. The dynamics of
the sublattice magnetizations are presented in Fig. 5(b) for
four selected values of F, and five representative delay times.
For t; = 1 ps, the second pulse arrives while the sample is still
demagnetizing from the first pulse, adding energy and pushing
the sublattice magnetizations across zero, like one stronger
pulse. For longer time delays, whether switching occurs or
not depends on the fluence of the second pulse. Generally,
the higher F;, the greater the switching probability at longer
ty. This depends on how much the sublattice magnetizations
have recovered after the first pulse. More recovery requires a
higher fluence of the second pulse to induce switching. In the
simulation, at F; = 1.78 mJ/cm?, the sample switches more
reliably at longer time delays (10 or 14 ps) than at shorter
ones (2 or 4 ps). Inspecting Fig. 5(b), this can be understood
as follows: The demagnetizing effect of the second pulse at a
fixed F, depends on the transient temperature of the sample,
and therefore the sublattice magnetizations when the second
pulse arrives. For example, in the simulation shown in the
top panel of Fig. 5(b), both pulses have the same fluence.
At 14 ps after the first pulse, the simulated sublattice mag-
netizations have nearly fully recovered, meaning the second
pulse affects the sublattice magnetization in a manner similar
to the first, potentially leading to switching. However, if the
second pulse arrives while the sublattice magnetizations are
still reduced, for example, at 4 ps, the second pulse’s effect on
the sublattice magnetizations is diminished, which may result
in a situation where switching is less likely at shorter delay
times than at longer ones, as observed in the simulations for
F, = 1.74mJ/cm? at 2 and 4 ps or at F, = 1.78 mJ/cm? and

= 2,4, and 6 ps. In the experiment, there is only one image
that shows this effect, namely in Fig. 2 for F; = 0.78 mJ/cm?,
F>, = 0.65mJ/cm?, and t; = 3 ps. Since this happens only in
one image, it is, however, not clear whether this effect is really
observed or simply caused by statistical variation. However,
the experiment was repeated several times, and the same effect
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FIG. 5. (a) The probability for switching as a function of the
fluence of the second pulse for different time delays. The fluence
of the first pulse is constant at F; = 1.78 mJ/cm?, which is be-
low the threshold of single-pulse switching. Dark and bright colors
correspond to switching and no switching, respectively. (b) The
magnetization of each sublattice, normalized to one for 7' = 0, as
a function of time for four selected fluences of the second pulse,
F, =1.78,1.74,1.71 and 1.67 mJ/cm?. The Fe magnetization is
shown in blue and the one of Gd in red. The time delay between
the two pulses is indicated by different symbols in the legend.

was observed in some of the cases, as shown in Fig. S10
within the Supplemental Material [13].

The absence of switching observed experimentally in the
top panel of Fig. 2 for F, = 0.39 mJ /cm? and 0.52 mJ/cm? as
the absence of switched area for z; > 4 or 3 ps, respectively,
could correspond to the reduced switching probability seen
in the simulation at /> = 1.74 mJ/cm? and 1.78 mJ/cm? with
time delays of 2 and 4 ps. However, in the experiment, at these
time delays and fluences, significant multidomain formation
already occurs. Since magnetostatic effects and domain for-
mation are not included in our simulations, the suppression of
switching seen at F» = 0.39mJ/cm? and 0.52 mJ/cm? in the
experiment may not be fully captured by the simulations.
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VI. SUMMARY AND CONCLUSIONS

In conclusion, we have studied the double-pulse switching
of the GdFe alloy using PEEM and Kerr microscopy to un-
derstand the effect of the different fluences on the reswitching
of the magnetization. By comparing the results to atomistic
spin dynamics simulations, we were able to pin down the
mechanisms and requirements for all-optical switching by two
pulses and for reswitching by a second pulse. We found that
the shortest time between the two pulses at which reswitching
of the sample is observed is 4 ps, corresponding to 250 GHz.
This is achieved when the fluence of the first pulse is just
above the threshold for single-pulse switching and the sec-
ond pulse has a fluence of about 0.4-0.7 times that of the
first pulse. Reswitching is observed within a certain range of
time delays, typically between 4 and 40 ps, which depends
on the fluence of the second pulse and increases with higher
second-pulse fluences. At these times after the first pulse, the
electron and lattice temperature have already equilibrated and
the magnetization of each sublattice has moved sufficiently
away from zero. However, at shorter temporal distances be-
tween the two pulses, when the electron temperature has not
yet equilibrated with the lattice temperature, the effect of the
two pulses adds up, leading to switching or multi-domain
formation, and thus no back-switching occurs. Therefore, to
achieve reswitching shortly after a switching event, a fast
equilibration of electron and lattice temperatures and efficient
heat dissipation to the substrate are required. An essential
ingredient for fast reswitching is to carefully select the flu-
ences of the two pulses, with the fluence of the first pulse

slightly above the threshold for all-optical toggle switching
and the fluence of the second pulse high enough to trigger
another toggle switching event from the not-yet recovered
reversed magnetization, but not too high to fully demagnetize
the sample. It remains to be seen whether further enhancing
the latter by the choice of the substrate material [15] and
by fine-tuning the compensation temperature via the GdFe
composition could lead to even faster reswitching.
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