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In-plane reorientation induced single laser
pulse magnetization reversal

Y. Peng1, D. Salomoni 2, G. Malinowski 1 , W. Zhang1,3,4, J. Hohlfeld1,
L. D. Buda-Prejbeanu 2, J. Gorchon 1, M. Vergès 1, J. X. Lin 1, D. Lacour 1,
R. C. Sousa 2, I. L. Prejbeanu2, S. Mangin 1 & M. Hehn 1

Single Pulse All Optical Switching represents the ability to reverse the mag-
netization of a nanostructure using a femtosecond single laser pulse without
any applied field. Since the first switching experiments carried out on GdFeCo
ferrimagnets, this phenomena has been only recently extended to a few other
materials, MnRuGa alloys and Tb/Co multilayers with a very specific range of
thickness and composition. Here, we demonstrate that single pulse switching
can be obtained for a large range of rare earth–transition metal multilayers,
making this phenomenon much more general. Surprisingly, the threshold
fluence for switching is observed to be independent of the laser pulse dura-
tion. Moreover, at high laser intensities, concentric ring domain structures are
induced. These striking features contrast to those observed in Gd based
materials pointing towards a different reversal mechanism. Concomitant with
the demonstration of an in-plane magnetization reorientation, a precessional
reversal mechanism explains all the observed features.

The development of new strategies to performmagnetization reversal
at ultra-short timescales fits with the ceaseless demand of future
magnetic storage for nonvolatile, energy-efficient, and ultrafast func-
tional memory or logic elements. Historically, the writing of informa-
tion on magnetic media was performed using a magnetic field.
However, this became limiting when reducing the bit size below the
hundred nanometers scale and increasing the writing speed above the
GHz. Alternative solutions have emerged using spin-polarized currents
in nanosized magnetic structures like the spin transfer torque
switching1 or more recently spin–orbit torque switching2. Never-
theless, these technologies are limited due to the large increase of the
required current density when decreasing the pulse duration, pre-
cluding their potential use below 100ps timescales3,4.

In 1996, a major discovery of Bigot et al. launched the new
research area of femtomagnetism after demonstrating that a femto-
second laser pulse excitation of a thinNifilm leads to a sub-picosecond
demagnetization5. Almost 10 years later, a complete deterministic all-
optical switching (AOS) of themagnetization of ferrimagnetic GdFeCo

alloys was demonstrated using circularly-polarized laser pulses6. Sub-
sequently, it was shown in similar GdFeCo layers that a single femto-
second laser pulse could induce a toggle switching independently of
the light helicity. The effect named All Optical-Helicity Independent
switching (AO-HIS) results from an ultrafast heating process related to
distinct dynamics of both the rare earth and transitions metals ele-
ments and related to thehigh transient electron temperature beingout
of equilibrium with the lattice7,8. Nevertheless, the possibility to
reverse the magnetization in such alloys using optical or electrical
excitations with pulses longer than the electron-phonon relaxation
time challenges a mechanism involving the necessity of a strong
nonequilibrium electronic state9–13. Davies et al. recently pointed out
the importance and the competition between the inter-sublattice
exchange coupling and the spin-lattice relaxation time12. This could
potentially explain why AO-HIS has for a long time only been observed
in GdFeCo alloys8, Gd/Co multilayers14, and GdTbCo15. Recently, AO-
HIS was reported in half-metallic ferrimagnetic Heusler alloys
Mn2RuxGa which possesses two inequivalent Mn sublattices16. The
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results suggested that themagnetization switching is exchange-driven
in agreement with what has been previously reported for the case of
GdFeCo12,17,18.

Surprisingly, Avilés-Felix et al. reported the possibility to reliably
toggle switch the magnetization of a Tb/Co multilayer, whose aniso-
tropy is large enough to preserve magnetically stable information bits
at small diameters in a magnetic tunnel junction and maintain its
perpendicular anisotropy even after a 250 °C annealing process19,20.
Using a crossed-wedge multilayer structure, they showed that the
switching occurs in a very narrow range of Tb and Co thicknesses, that
has to be precisely controlled at the Angstrom level, only when a
multilayer is used and for pulse durations depending on the Tb and Co
thickness ratio. These striking results potentially open theway for their
integration into scalablemagnetic tunnel junctions but themechanism
leading to single-pulse AO-HIS in these samples remains unclear.

In this paper, we present a detailed and extensive study regarding
single-pulse AOS ofmagnetization in a large variety of samples such as
magnetic multilayers and alloys containing different rare earth (RE)
(Tb, Dy) and transition metals (TM) (Co, Py, and Fe) elements. We
demonstrate that the toggle switching obtained in Co/Tb is robust for
laser pulses as long as 12 ps and with respect to layer thickness (up to
few tens of nanometers) or TM/RE chemical nature when Tb is
replaced by ferrimagnetic alloys. Furthermore, we show that the
magnetization reversal process is completely different from the one
observed in GdFeCo or Mn2RuxGa alloys and involves an in-plane
magnetization reorientation and potentially a precessional
mechanism.

Results
As a starting point in our study, we consider [Tb/Co]5 and [Tb/Fe]4
magneticmultilayers, similar to the one used by Avilés-Felix et al.19,20 (5
and 4 is the number of repetitions). These multilayers exhibit a strong
perpendicular magnetic anisotropy at room temperature and the
magnetization of the Tb and Fe or Co layers are antiferromagnetically
exchange-coupled at the interface. Typical results obtained for a
[Tb(1.31 nm)/Fe(1.89 nm)]4 multilayer are presented in Fig. 1 (the study
as a function of the thickness of Tb and Fe is reported in Supplemen-
tary Fig. 1). Tb/Comultilayers present the same behavior as reported in
Supplementary Fig. 2a (the study as a function of thickness is shown in
Supplementary Fig. 2b). As depicted in Fig. 1a, toggle switching of a
single magnetic domain is observed for excitation with a pulse dura-
tion of 50 fs and a low fluence of 1.9mJ/cm2. More interestingly, for
laser fluence larger than 2.6mJ/cm2, a bullseye structure starts

appearing with opposite magnetic directions in adjacent rings.
Increasing the laser fluence results in a higher number of rings. As
shown in Fig. 1b, the central domain is alternatively being reversed, and
this up to the higher fluence (7.0mJ/cm2) for which a multidomain
state is stabilized. This striking behavior has been studied system-
atically as a function of the laser pulse duration, which allows us to
establish a complete state diagram (pulse duration versus fluence)
reported in Fig. 1c. This state diagram resembles neither the state
diagram observed in the case of AO-HIS in GdFeCo13 nor the state
diagram observed in the case of multiple pulse All Optical Helicity
Dependent Switching (AO-HDS)21. Surprisingly, the fluences required
to reverse and stabilize a given number of rings depend very little or
not at all on the duration of the laser pulses. Single laser pulse-induced
magnetization switching is observed for pulse durations up to 12 ps,
the longest pulse duration reachable in our ultrafast laser equipment.
Both Tb/Co and Tb/Fe multilayers behave similarly, both having ring
structures and low dependence of the reversal fluences on the laser
pulse duration. Both features will be considered to determine the
conditions to obtain the reversal and to discuss the possible
mechanism at its origin.

The ring structure does not seem to have a dipolar origin i.e.,
linked to the magnetostatic coupling between adjacent magnetic
domains. As reported in Fig. 2, we performed two successive pulses by
slightly moving the spot: the local magnetic state is found to be
independent of the configuration of the neighboring first domains and
depends only on the distance to the spot center. For the fluence used
in the experiment shown in Fig. 2, region 2 experiences 2 reversals, one
for eachpulse, region 1 (respectively 1’) experiences reversal for pulse 1
(respectively 2) and the state of region 0 does not change. Previously,
similar ring structures have been observed in ferrites, and they have
been attributed to the reorientation of the magnetization from out of
plane to in-plane followed by its precession22,23. In metallic thin films24,
magnetization precession could be observed without magnetization
reversal. In both cases, for ferrites and metallic thin films, an in-plane
magnetic field was applied which is not the case in our study.

The fact that the critical fluences (TF1, TF2,…) are independent of
pulse duration, implies that the underlying mechanism cannot be
governed by the maximum electronic temperature which decreases
with increasing the pulse duration for a given fluence, but by the
energy transferred to the lattice. Ultimately, what matters in the
reversal mechanism is the total amount of energy pumped into the
system, independently of its rate. Therefore, the energy density after
equilibration of electrons-spins-phonons is likely to govern the
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Fig. 1 | Single-pulse switching and state diagram for [Tb(1.31 nm)/Fe(1.89 nm)]4
multilayer under zero applied field.M+ (respectively, M−) corresponds to mag-
netization pointing perpendicular to film plane, along +z (respectively −z) in red
(respectively in blue). a Background subtracted images after each single pulse with
1.9mJ/cm2 laser pulse at 50 fs, starting from M+ or M- state. b Background

subtracted images after first single with 50 fs laser pulse of different fluence. c State
diagram of reversal pulse duration versus fluence. TF1 is the border for switching;
TF2 is the border to two domains state (i.e., one ring); TF3 is the border to three
domains state (i.e., two rings); TF4 is the border to multidomain state at the center
(i.e., three rings). The dotted lines are guide for the eyes.
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reversal. To go deeper into this intuitive description, we performed
two-temperature (2T) model simulations25 (Supplementary Methods).
We did not include the spin bath which typically follows closely the
temperature of electrons, whereas the lattice is generallymuch slower.
As expected, increasing the fluence rises both electron, Te, and pho-
non, Tph, temperatures but, with constant fluence, the Te peak reduces
drastically upon increasing the pulse duration while Tph remains
constant. Increasing Tph above a threshold could lead to a modifica-
tion of the magnetic anisotropy and induce the magnetization pre-
cessional switching for which a full demagnetization of the TM is not
mandatory. The transfer of energy to the phonon is here justified by
the strong spin–orbit coupling characteristic for Tb or Dy, con-
trary to Gd.

In the following, wewill test the hypothesis of a spin reorientation
accompanied by a precession, highlighting the elements required to
obtain a reversal in a single pulse and optimize the material para-
meters. In the case of the Tb/Co and Tb/Fe multilayers, Tb is magnetic
at room temperature only because of its proximity or contact with the
Co or Fe layers26. Thus, modifying its thickness will also lead to a var-
iation of its anisotropy and its magnetic moment. In order to check if
thicknesses or the variation of the magnetic properties are key para-
meters in the process, as reported in refs. 19,20, the Tb layer was
replaced by a rare earth–transition metal (RE–TM) alloy with a high RE
concentration so the net magnetization of the alloy points into the
direction of the magnetization of the RE sublattice. Due to the high RE
content, the alloy has a Curie temperature higher but close to room
temperature27 and possess a perpendicular to film plane magnetic
anisotropy (PMA). We will compare themeasurement results obtained
on [Tb/Co], the multilayer in which this reversal has been
discovered19,20, and on [Tb/Fe] multilayer reported here to [TbCo/Co],
[TbCo/Ni80Fe20], [TbCo/Co40Fe40B20], [DyCo/Co], [TbFe/Co] multi-
layers. In the following, Ni80Fe20 (respectively Co40Fe40B20) is referred
as Py (respectively CoFeB). The complete study indicates that all these
combinations of multilayers are showing a similar all-optical switching
behavior, i.e., a single-pulse magnetization reversal with ring structure
and a magnetization reorientation in-plane compatible with a preces-
sional process for the reversal. The list of all the samples tested is given
in Table 1.

Finally, if the in-plane reorientation of the magnetization of the
ferromagnetic layer (Py, CoFeB, or Co) is a key ingredient to promote
the toggle reversal of the magnetization of the whole multilayer stack,
PMA anisotropy in the FM layer has to vanish during the process. This
is not the case when Co, CoFeB, or Py layers are in contact with a Pt
buffer or capping layer or with an insulating MgO layer in which case
anisotropy is high. Therefore a multilayer structure appears necessary
for the proposed switching mechanism. Since PMA in TbCo, DyCo or
TbFe alloys is expected to disappear as the lattice temperature rise
after the laser pulse, the simplest multilayers to characterize are then
TbCo/X/TbCo (X=Co, Py, CoFeB), Y/Co/Y (Y =DyCo, TbFe) trilayers in
which Co, Py, and CoFeB PMA is induced by its proximity with TbCo,
DyCo, or TbFe alloys.

The results obtained on the Tb32Co68/Co(1.52 nm)/Tb32Co68
trilayer are reported in Fig. 3. In addition, the results obtained
on the Tb32Co68/Co(wedge)/Tb32Co68, Dy35Co65/Co(wedge)/Dy35Co65,
Tb55Fe45/Co(wedge)/Tb55Fe45, Tb32Co68/Py(wedge)/Tb32Co68 and
Tb32Co68/CoFeB(wedge)/Tb32Co68 trilayers are given in Supplemen-
tary Fig. 4a–e, respectively. In all the trilayers studied, the thickness of
the ferrimagnetic alloy was fixed to 4 nm. In Tb32Co68/Co(wedge)/
Tb32Co68, single-pulse reversal can occur for Co thickness above
1.81 nm. The reversal is repeatable for up to 30,000 consecutive laser
pulses and the characteristic ring structure is always present. For a Co
thickness less than 1.5 nm, only a multidomain state has been
observed. The same trend is seen for TbCo, DyCo, and TbFe-based
trilayers, where a minimum FM thickness is required to obtain the
reversal (see Supplementary Fig. 4). Our findings agree with results
reported in the literature, for TbCo or DyCo single-layer alloy28, which
does not demonstrate single-pulse switching. However, the presence
of an additional exchange-coupled FM layermakes single-pulse optical
switching possible. Very importantly, our findings demonstrate
undoubtedly that we can largely extend the domain of thicknesses in
which the single laser pulse reversal exists. In Tb32Co68 (4 nm)/Co(t
nm)/Tb32Co68 (4nm), single-pulse reversal appears for t ranging from
1.5 to 2.3 nm. With the use of CoFeB (respectively, Py), this thickness
can be extended up to 2.87 nm (respectively, 5.6 nm). This is well
beyond the limited range of thicknesses for which the AOS switching
was observed for Tb/Co multilayers.

One common feature of all trilayers andmultilayers,which exhibit
the single laser pulse reversal, is the reorientation of themagnetization
in the plane. In Fig. 4, we report the magnetization dynamics for three
different systems, the historical Tb/Co multilayer as well as the TbCo/
Co/TbCo trilayers and [TbCo/Co] and [DyCo/Co] multilayers. This
dynamic behavior is obtained by measuring the Time-Resolved Mag-
neto Optic Kerr images (TR-MOKE). The polar geometry used in this
measurement allows mainly to probe the perpendicular to film plane
component of transition metal magnetization. The stroboscopic
measurement requires resetting themagnetic configuration after each
pulse. Therefore, a continuous (DC) magnetic field is applied during
the measurement and, therefore the precession occurs around the
direction of the effective magnetic field equal to the sum of the ani-
sotropy field and the external field. Themeasurements show that after
a fast demagnetization at a time scale of some 100 fs, there is first a
recovery of the magnetization, similar to the conventional demagne-
tization/re-magnetization shown in various ferromagnetic and ferri-
magnetic materials. At longer timescales, a few tens of picoseconds, a
magnetization decrease is observed. This decrease cannot be attrib-
uted to the creation of a domain structure because the Kerr micro-
scope images do not reveal any domain formation and the experiment
is done under an applied field which prevails over the possibility of a
non-uniform magnetic configuration (see Supplementary Fig. 5). This
decrease is attributed to the reorientation of the magnetization in the
plane of the layers. To further reinforce this statement, pump-probe
dynamical hysteresis loops are reported in Supplementary Fig. 12 for a
sample with the composition TbCo(4)/Co(2)/TbCo(4). It is clearly

1st Pulse 2nd Pulse

2
1

2

1’
02 2

Fig. 2 | Domain pattern obtained by sending two successive pulses: a first one
and then, after moving the laser at a distance smaller than the spot size, a
second one. The two spots are then overlapping. The experiments were done on a
[Tb(1.31 nm)]/Fe(1.89 nm)]4 multilayer. The color scale corresponds to magnetiza-
tion pointing out of plane:M+ (respectivelyM−) along the perpendicular to the film
plane, along +z (resp. −z) in red (resp. in blue). The sample is initially saturated
along the M+ direction. The laser pulse has a fluence of 5.2mJ/cm2 and a duration
of 50 fs.
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observed that the hysteresis loop measured in the polar geometry is
characteristic of an out-of-plane magnetization without any pump.
Instead the hysteresis loop measured at 10 or 30 ps are characteristic
of an in-plane magnetization. So, undoubtedly, the magnetization

reorients in the plane. This reorientation seems to be a common fea-
ture and supports the hypothesis of the possible precession of the
magnetization. The existence of the DC field, in combination to a
strongly damped reorientation of the anisotropy, makes the

Table 1 | Series of stacks that have been studied in this paper: 1–11 are multilayers, 12–14 are bilayers, and 15–19 are trilayers

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

Stacks

Thickness of the TM layer

Light pink color shows the TM layer (including Co, Fe, CoFeB, Permalloy) thickness range that have been studied in this paper, while blue color shows the region of TM thickness where single-shot
switching occurs in different stacks. Note that stack 1 is a double wedge sample in the same direction, while stack 2 is a cross-wedge sample. Numbers shown within the brackets are the layer
thicknesses in nanometers.

TF1
TF2
TF3
TF4
TF5
TF6
TF7

2.6 mJ/cm2 4.1 mJ/cm2 6.3 mJ/cm2 8.4 mJ/cm2

1st pulse

2nd pulse

M-

M+

��

a

b

Fig. 3 | Single-pulse reversal in Tb32Co68(4 nm)/Co(1.52 nm)/Tb32Co68(4nm)
trilayer. a Background subtracted images after first and second pulses with 50 fs
laser pulse with different fluences. b State diagram which is plotted by pulse
duration as a function of fluences. TF1 is the border for switching; TF2 is the border

to two domains state, one ring; TF3 is the border to three domains state, two rings;
etc….TF7 is the border to the demagnetized state at the center. The dotted lines are
guide for the eyes.
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precession difficult to be observed. However, in some cases, they
could be observed as show in Supplementary Fig. 10 supporting again
the precession mechanism.

Regarding a magnetization reorientation, suppressing the source
of anisotropy of the Co or weakening its contribution is a key ingre-
dient for robust AOS. This is achieved in the trilayer in which the Co
anisotropy is given by the 4 nm thick TM-RE alloy at both interfaces. In
a MTJ, the FM layer in contact with the tunnel barrier has a strong
anisotropy, so to get the reorientation either amultilayer is needed, or
the thickness of the TM-RE has to be increased. We tested these two
strategies and the results are reported in Supplementary Figs. 6–9. We
clearly show on the one hand that increasing the number of bilayers in
themultilayer, and thus the number of Co layer in contactwith an alloy
layer, increases the quality of the reversal. On the other hand in a single
TbCo/Co bilayer, the switching is favored when the thickness of TbCo
is large compared to the Co layer. This allows obtaining a reversal in a
multilayer with a record thickness of 40 nm.

While the in-plane reorientation appears as a key condition for
reversal, it is not sufficient to explain alone a precession-type reversal.
An effective field around which the precession takes place has to be
identified22,23. One source of symmetry breaking that we can see in the
system is the laser’s Gaussian profile. Although the laser profile has a
cylindrical symmetry, exposure is not homogeneous. Therefore, lat-
eral gradients of deposited energy are created in the film. In the static
domain structure, we analyze the position of the domain boundaries

that separate the rings. We can observe that the walls are always
located at the same local threshold energy and do not depend on their
distance to the Gaussian beam’s center (see Supplementary Fig. 11).
The energy gradients do not seem to dominate the switching
mechanism, the locally absorbed fluence does. We can therefore
neglect dipolar interactions or lateral-induced strain as a possible
source for this in-plane effective field. However, this observation is
again compatible with a precessional reversal mode and a similar
conclusion has been proposed in Co/Tb multilayers, in a very narrow
range of Tb and Co thicknesses, during the reviewing process of our
paper29.

A close analysis of a Magnetic Force Microscopy images of the
rings domain structure helps to get a view of the process (Fig. 5a). The
reversal process has to be considered at the scale of a grain or couple
of grains in the TM layer. First, we can clearly observe inside the rings
the presence of small domains, with sizes ranging from 100 to 300nm
(Fig. 5b, c, red circles). Their density increases upon increasing the
fluence i.e., toward the center of the spot (Fig. 5e). Second, the rings
are not separated by sharp and well-defined domain walls (Fig. 5b).
Instead, the separation ismade of a collection of small domains whose
density is the highest at the transition (Fig. 5e). In comparison, a
domain wall located at the center of Fig. 5 (and exiting in the sample
prior to laser irradiation) is much sharper (Fig. 5c).

Most of the samples studied (numbers 3–19 in Table 1) are made
of a (TM-RE alloys/FM)multilayer. From the literature, it is known that
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Fig. 4 | TR-MOKEmeasurements performedon thedifferentmultilayers showing single-pulse reversal. a 300ps time scale.bZoom-in of thefirst 20ps time scale. The
description of the stacks and conditions for TR-MOKE measurements have been shown in Supplementary Table 1.
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c Zoom on a domain wall. d Zoom on a region outside the laser spot that has been saturated before the experiment. e Annular analysis of the small domain density.

Article https://doi.org/10.1038/s41467-023-40721-z

Nature Communications |         (2023) 14:5000 5



TM-RE alloys are amorphous, while FM layers are polycrystalline or
textured when deposited at room temperature on amorphous layers,
with typical grain sizes of 20–30 nm.While the TM-RE alloys have PMA,
we expect a local distribution of the direction of anisotropy linked to
the polycrystalline nature of the FM layers. The consequences of this
distribution are visible in the MFM image recorded in the area of the
layer which has been saturated before the experiment (Fig. 5d). The
fast reduction and then recovery of the anisotropy with the tempera-
ture in the TM-RE alloy, related to the very lowTcof theRE, leads to the
orientation of the magnetization of the FM layer in-plane and to its
precession. The key ingredient for the reversal is the persistence of the
magnetization of the FM layer due to its high Tc (since it is made of a
pure Co, Fe, Py, CoFeB layer). In a scenario ofmagnetic grain or couple
of grains (identified as a “magnetic” grain) behaving independently,
the magnetization will precess around the local anisotropy axis which
is distributed from grain to grain.

Starting from close to the perpendicular axis, the precession
would occur around this local anisotropy and when the equatorial
plane of the film is crossed, reversal occurs. The time spent to precess
is directly linked to the energy brought by the laser beam-defining
regions, always located at the same energy (Supplementary Fig. 11), in
which the magnetization of grains can either stop its precession along
the starting or reversed orientation. This defines the position of the
rings limits and also the areas where the small domain density is the
highest (Fig. 5). Sometimes, inside the rings, small domains are not
reversed and are certainly at positions for which the magnetic grains
do not have the suitable anisotropy configuration. Going closer to the
center, the density of small domains in the ring increases. At higher
fluences, the reversal involves multiple switching which are more
sensitive to any distribution of properties as the effective
anisotropy axis.

In conclusion, single-pulse all-optical reversal has been extended
tomany different materials with laser pulse duration up to 10 ps. It is a
relatively ubiquitous phenomenon in multilayers with optimized
design. The picture of precessional reversal emerges due to the strong
evidence that magnetization has to reorient in-plane before magneti-
zation reverses. The resulting state diagram resembles neither the
state diagram observed in the case of AO-HIS in GdFeCo nor the state
diagram observed in the case of multiple pulse AO-HDS and demon-
strates the existence of a new type of AOS. In terms of reversal time,
this single-pulse precessional like AOS possesses typical timescales
between those of GdFeCo and multiple pulse AO-HDS. While the in-
plane reorientation of themagnetization is undoubtedly proven and is
one key ingredient, a precession at the scale of a grain or couple of
grains in theTM,whichkeeps a sizablemagnetization thanks to its high
Tc, leads to the reversal in a ring shape domain structure. This is the
second key ingredient needed, that is missing if only the RE–TM alloy
is used.

Methods
Deposition conditions and wedge fabrication
The multilayers were produced by sputtering in an AJA machine. The
alloys are made by co-deposition of different sources arranged in a
confocal geometry, the composition being adjusted by the powers
applied on the different cathodes. The homogeneity of the layer is
obtained by rotating the sample.

Thicknesswedges are obtainedby stopping the rotation, resulting
in a gradient of thickness. A calibration of the thicknesses as a function
of the position has been done beforehand, which allows to study the
magnetic properties as a function of the thickness in a controlled way
and on a single sample. The calibration has been done using a thick Cu
layer (see Fig. 6). The wedge-shaped Cu sample spanned of 50mm. At
position 25mm, the thickness was targeted to be 200nm. The thick-
ness of Cu has been measured using atomic force microscopy. The
variation of the thickness of Cu was fitted as tCu = 110:9+3:83x, where

x is the position in mm, as shown in figure below. Thus, the thickness t
in the wedge can be obtained by tðxÞ= 110:9

200 × t25mm + t25mm × 3:83
200 x,

where t25mm is the expected thickness at 25mm. Theuncertainty of the
thickness is thus ΔtðxÞ= t25mm × 3:83

200 Δx where Δx is the uncertainty in
the position in the sample. Δx was estimated to be 0.1mm. Therefore,
Δt xð Þ≈0:002 t25mm. Since wedges have typical t25mm < 5nm,
Δt xð Þ<0:01. That is the reasonwhy the layer thicknesses are quoted to
hundredths of nanometers.

Laser setup and fluence measurements
AOS measurement. Ti:sapphire femtosecond laser source and
regenerative amplifier were used for the pump laser beam in AOS
measurement. The wavelength and repetition rate of the femtose-
cond laser are 800 nm and 5 kHz, respectively. LED light probe
source with a wavelength of 628 nm was used for taking MOKE
images. The Gaussian beam size was determined in two ways: by
directly observing the beam at the focal plane of the microscope’s
lens (Used for imaging) and by using the domain size vs pulse energy
fit (see “Data analysis”). For samples grown on the glass substrate,
pump laser excitation was done on one side of the sample andMOKE
microspore observation was on the other side (transmission config-
uration). Both methods are possible to determine the beam size and
provide consistent results. For samples grown on the silicon sub-
strate, the pump and probe light are both on the sample side
(reflection configuration). In this case, the beam size was only
obtained by fitting the domain size vs pulse energy.

Data analysis. The measured laser incident fluence was calculated
using

�F =
P
f S

where P is the measured power, f is the repetition rate of the laser
(f = 5 kHz), and S is the beam spot area.

For transmission configuration, the beam spot area is

S=πR2

where R is the radius of the beam spot and equals to FWHM
2pðln2Þ, where

FWHM is half of the laser spatial full-width half-maximum. So, the
measured fluence �F is defined such that the power of the laser is

Fig. 6 | Calibration of the wedge deposition thickness. Variation of the thickness
of a thick Cu wedge as a function of position.
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divided by a factor e2 at a distance from the center of the beam:

�F =
P

fπR2

The fluence profile has then the form:

FðrÞ= 2�Fe� r
Rð Þ2

where r is the domain radius. The peak value is then twice itsmeasured
value. A magnetic domain starts to appear as soon as the fluence peak
value exceeds a certain threshold value Fth. When this happens, one
would measure a fluence �F = Fth

2 . The domain radius must verify the
following equation:

F rð Þ= Fth $ r =R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
2
ln

�F
�Fth

� �

s

The threshold powers, as well as beam spot radius, can be
extracted as a fitting parameter:

r =R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
2
ln

P
Pth

� �

s

For the reflection configuration, the domains as well as the beam
spot are elongated due to an angle of incidence of 45°. We used the
following equation to extract the thresholdpowers andbeamspot area
as a fitting parameter: Domain area = Slnð P

Pth
Þ

Modeling of electron and phonon temperature to explain the
specific state diagram
The specific features of the shape of the experimental state diagrams
can be understood in the frame of a two-temperature (2T) model25. If
we assume that all-optical switching is due to a rapid increase of
temperature above a certain threshold, we can draw some interesting
points.

The standard 2T model uses the electron and phonon bath to
describe the heat components in the system. Each bath has its own
heat capacity Ciði= e,phÞ and exchanges energy through the coupling
parameter G. P tð Þ describes the laser pulse excitation that heats the
electron bath and the two coupled equations read as:

Ce
dTeðtÞ
dt

= �G TphðtÞ � TeðtÞ
h i

+P tð Þ � Ce

τ0
TeðtÞ � T0

� �

Cp

dTphðtÞ
dt

= �G TeðtÞ � TphðtÞ
h i

� Cph

τ0
TphðtÞ � T0

h i

PðtÞ= F
tFMτL

� e
� ðt�t0 Þ2

τ2
L
=ð4ln2Þ

� �

Here, τL is the laser pulse duration, F is its fluence, t0 is the
moment of the laser pulse application, tFM is the thickness of the
magnetic film, τ0 is the cooling characteristic timepulse to recover the
initial temperature of the system T0 .

Supplementary Fig. S3 shows the time evolution of the electron
temperature Te and phonon temperature Tph, respectively, upon
varying the laser fluence and/or pulse duration. As expected, increas-
ing fluence rises both electron and phonon temperatures but, inter-
estingly, with constant fluence the electron temperature peak reduces
drastically upon increasing the pulse duration (e.g., from 100 fs to 1 ps
at F = 5.0mJ/cm2 the Te peak drops of ~500K).

The AO-HIS mechanism in GdFeCo alloy has been related to a
difference in the characteristic demagnetization time of the two sub-
lattices (Gd and Fe/Co) that have to demagnetize almost completely in
order to switch. Because the TM sublattice has the higher TC and its
magnetic properties come from the 3d electrons, it makes sense that,
to switch, the electron temperature Te needs to approach TC and thus
due to dependency on the pulse duration shown in Fig. 1, the resulting
state diagramhas a triangular shape13. In contrast, for a reorientationof
magnetization and precessional switching it is not required to com-
pletely demagnetize the TM, or at least it is not crucial, but what seems
to be necessary is that the phonon temperature Tph reaches a certain
limit value. Thedependency on the phonon temperature insteadof the
electron temperature Te is justified by the strong spin–orbit coupling
of the Tb, contrary from Gd. Supplementary Fig. S3c shows the
threshold fluence needed to reach a limit value either for the electron
temperature Te or the phonon temperature Tph. The difference
between the two trends is similarwith our experimental state diagrams
in [Tb/Co] and GdFeCo13.

Data availability
The data is available from the corresponding author on request.
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