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The switching of a magnetic tunnel junction (MTJ) using femtosecond laser pulses enables a possi-
ble path for nonvolatile, ultrafast, and low-dissipative memories. In this work, we demonstrate successful
field-free 50-fs single-laser-pulse-driven magnetization reversal of a [Tb/Co]-based storage layer in a per-
pendicular MTJ with a estimated absorbed energy of 68.6 fJ/bit. The nanofabricated MTJ devices have
an optimized bottom reference electrode and show tunnel-magnetoresistance-ratio (TMR) values up to
74% after patterning down to sub-100-nm lateral dimensions. Experiments on continuous films reveal
peculiar reversal patterns of concentric rings with opposite magnetic directions, above a certain threshold
fluence. These rings have been correlated with the patterned-device switching probability as a function
of the applied laser fluence. Moreover, the magnetization reversal is independent of the duration of the
laser pulse. According to our macrospin model, the underlying magnetization-reversal mechanism can be
attributed to an in-plane reorientation of the magnetization due to a fast reduction of the out-of-plane uni-
axial anisotropy and a magnetization precession around the local effective-anisotropy axis. These aspects
are of great interest both for the physical understanding of the switching phenomenon and their conse-
quences for all-optical-switching memory devices, since they allow for a large fluence operation window

with high resilience to pulse-length variability.

DOI: 10.1103/PhysRevApplied.20.034070

L. INTRODUCTION

Conventional computer memories have evolved into
a many-level hierarchy where the operation speed, stor-
age density, and cost define a trade-off leading to the
implementation of different memory technologies. As the
physical limits of complementary metal oxide semicon-
ductor (CMOS) memories are reached, the possibility of
replacing volatile memory with fast nonvolatile alterna-
tives has been a compelling argument for magnetoresis-
tive random access memory (MRAM) [1-3]. Perpendicu-
lar spin-transfer-torque (STT) MRAM, due to advantages
such as reliable switching, low energy consumption, and
easy integration with CMOS technology [1], is the most
widely foundry-adopted spintronics-based memory [4—6].
High-performance STT magnetic tunnel junction (MTJ)
cells are among the first MRAMs to have recently been
commercialized as embedded flash memory and last-level
cache replacements. The (Fe-Co-B)}-MgO—(Fe-Co-B) sys-
tem has become the basis of most MTJ designs, due
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to its high tunnel-magnetoresistance-ratio (TMR) effect
[7,8], improved readability, and the scaling of interfa-
cial perpendicular-magnetic-anisotropy- (PMA) based [9]
devices. Moreover, in STT cells, the reading and writing
paths are shared, enabling a compact design [10,11]; how-
ever, fast switching in the precessional regime requires
switching voltages close to the barrier breakdown voltage.

The alternative spin-orbit torque (SOT) technology is
more suitable for high-speed and low-error-rate opera-
tion [12,13]. SOT three-terminal devices with separate
reading and writing paths enable better endurance com-
bined with fast switching, creating a potential replacement
for static random access memories (SRAMs) [14]. The
main drawback of SOT is the larger bit-cell area and
although switching pulses as short as 100 ps are possi-
ble, the application of a field is generally required to obtain
deterministic switching, which complicates the cell design.

The all-optical-switching (AOS) technology envisions
further acceleration of the magnetization-reversal pro-
cess by enabling writing of the cells on femtosecond
time scales. Single-pulse all-optical helicity-independent
switching (AO HIS) is a phenomenon by which the mag-
netization of a nanostructure can be reversed by a single
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femtosecond laser pulse. The method is ultrafast and does
not require use of any applied field. Since its discovery in
Fe-Co-B ferrimagnetic systems [15], single-pulse AO HIS
had been limited to Gd-based alloys or Gd/FM bilayers,
where FM is a ferromagnetic layer [16,17]. Only recently,
a few other material systems have shown switching driven
by ultrashort laser pulses: MnRuGa ferrimagnetic Heusler
alloys [18], Tb/Co multilayers [19-21], and Tb/Fe and
the Tb3;Cogg/Co/Tb3;Cogg trilayer [22]. An encourag-
ing alternative spin-valve mechanism has been recently
explored in Ref. [23], where angular momentum is brought
from one layer to the other, allowing rare-earth free switch-
ing. As demonstrated in this paper, the AO-HIS mecha-
nism for Tb-based heterostructures is very different than
the one observed for Gd-based materials.

The use of AOS as a write mechanism in MRAM is
expected to enable writing at speeds 2 orders of magnitude
faster than electrical alternatives with an energy as low as
16 fJ/bit [3], while maintaining nonvolatility [3,18]. This
not only increases speed and reduces power consumption
but also allows for more compact two-terminal design of
STT devices, with no compromise in endurance.

The first successful AOS operation of a micron-sized
p-MTIJ cell was demonstrated by Chen et al. [24], using
a Fe-Co-B—alloy storage layer, leading to a small TMR
ratio of 0.6%. This was later improved by Wang et al.
[25], who reported switching of Co/Gd bilayer tunnel junc-
tions with cell sizes down to 3 pm lateral size and a TMR
ratio of 34.7%. The increase in the TMR was possible
due to a clever design demonstrated by Avilés-Félix et al.
[19,20,26], where to enable AOS in an MTJ, the opti-
cally switchable material is coupled magnetically to the
Fe-Co-B interface of the storage layer. The initial reports
of a storage layer based on a [Tb/Co]y multilayer cou-
pled to a Fe-Co-B showed the possibility of adjusting
the Co/Tb composition in order to control the effective
perpendicular anisotropy of MTJs [19,20]. The perpendic-
ular anisotropy could be maintained without degradation
even after annealing at 250 °C to obtain 38% TMR after
patterning. Thin-film experiments of the same storage-
layer stacks have confirmed AO HIS of the magnetization
with both 60-fs and 5-ps laser pulses for incident fluences
down to 3.5 mJ/cm?. However, reliable and field-free AOS
demonstrations on patterned devices and a clear under-
standing of the switching mechanism of this system are
missing so far.

In this work, we have developed MTJ devices compris-
ing a [Tb/Co]s-based top storage layer with diameters from
300 nm down to 80 nm, exhibiting TMR values up to
74%. We demonstrate field-free helicity-independent all-
optical toggle switching driven by 50-fs single light pulses
on a [Tb/Co]-based p-MT]J patterned to sub-100-nm lat-
eral dimensions. The comparison of the patterned-device
properties to those of continuous film shows that high
anisotropy of the Tb/Co-based electrode is maintained

after patterning. The integration of a stable reference layer,
with a low offset field, does not degrade the properties of
the AOS stack. Furthermore, the AOS behavior seen at
film level correlates with the patterned-device switching
probability, despite the evident changes in the magneto-
static interaction. The underlying reversal mechanism that
takes place in these systems is analyzed in the frame-
work of a macrospin model accounting for the temperature
dependence of the anisotropy.

I1. RESULTS AND DISCUSSION

Our samples depicted in Fig. 1(a) have a bottom
synthetic antiferromagnetically (SAF) coupled-reference-
layer-based [Co/Pt] multilayer, like the one used in
conventional STT-MRAM cells. The complete magnetic
stack deposited by dc magnetron sputtering is Ta(3 nm)/
Pt(25nm)/[Co(0.5 nm)/Pt(0.25 nm)]x5/Co(0.5 nm)/Ru

(a) hv (b) 350 .
AOS region @
3000000 e o8
° (X3
Coltcs) 250k P1 °
Sxf ot I 250 00 39%% e %
Co-B(1.4) 4+ E200f o® 0®%% e .
3?150~ s . °® ® e o
I g w.o’ A
| 100 e o o

N Y

100 200 300 400
(C) net magnetization (kA/m)

o

Fluence (m)/cm?

FIG. 1. (a) A schematic of the AOS-MTJ stack with a
bottom-pinned and [Tb/Co]-based storage layer. (b) The MOKE-
magnetometer-measured coercive field versus the net magneti-
zation, M,,s.c, = 760 kA/m, M,,,s., = 1350 kA/m [27,28]. (c)
Background-subtracted MOKE images after single 50-fs laser
pulses of different fluences and for the following positions:
Pl—tc,, 1.37 nm; tp, 0.76 nm; P2—+tc,, 1.41 nm; tr,, 0.80
nm; P3—¢,, 1.45 nm; t1,, 0.86 nm. (d) An experimental state
diagram of the pulse duration versus the fluence of the magne-
tization reversal. Threshold (ring) boundaries: TF1, outer-border
red to blue; TF2, blue to red border; TF3, second red to blue
border; TF4, center demagnetized multidomain.
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(0.9nm)/[Co(0.5 nm)/Pt(0.25 nm)]x2/Co(0.5 nm)/W
(0.3 nm)/(Fe-Co-B)(1 nm)/MgO(tm,)/(Fe-Co-B)(1.4 nm)/
W(0.2 nm)/[Tb(trp,)/Co(tco)] x S/W(2 nm)/Pt(5 nm). Sam-
ples were deposited using Ar pressure of 2 x 10~> mbar
and a base pressure of 10~% mbar and annealed at 250 °C.
The samples were deposited using a double-wedge thick-
nesses for Tb and either MgO or Co to allow for the
investigation of device properties as a function of the layer
thickness, as in Ref. [19].

The AO-HIS properties of our multilayered samples
before nanopatterning were systematically analyzed by
magneto-optical Kerr-effect microscopy (MOKE). The
pump laser beam used in the AOS measurement was gen-
erated by a Ti:sapphire femtosecond-laser source with a
wavelength of 800 nm and a repetition rate of 5 kHz.
The Gaussian-beam diameter of 100 pm was determined
by directly observing the beam at the focal plane of the
microscope lens and was later confirmed using the reversed
domain size as a function of the pulse energy. The source
for the background-subtracted MOKE images, depicted
in Figs. 1(c) and 2(b), was a light-emitting diode (LED),
operating at a wavelength of 628 nm. The measurements
were carried out without a requirement for synchroniza-
tion, as they were conducted under static conditions.
The methodology consisted of applying individual laser
shots followed by a sample measurement after each pulse.
Depending on the substrate material, either a transmission
or reflection configuration was employed: transmission for
glass substrates and reflection for silicon substrates (for
further details, see Ref. [22]). Regardless of the configu-
ration, the system shows AOS close to the magnetization
compensation region at room temperature and in the Co-
rich region where the Co magnetization is dominant, no
significant differences are found for the two types of sub-
strates. Similar to previous reported [Tb/Co] multilayers
[20] with five bilayer repetitions annealed at 250 °C, the
Tb thickness range is from 0.6 to 0.9 nm and, respectively,
1.2 to 1.5 nm for Co. Figure 1(b) shows the coercive field
versus the net magnetization for the Tb/Co thickness ratio,
with the highlighted region showing where AOS is occur-
ring (gray area). The net magnetization was determined
based on the thickness of the deposited Tb and Co layers,
using M,,,s values from Refs. [27,28]. We used a MOKE
magnetometer for the measurements, enabling us to pin-
point the magnetization compensation point and address
possible fluctuations in the deposition rate and disparities
from established Mg values in the literature sources. As
one can see, to have AOS, the system needs to be close
to the compensation point, where My is relatively low and
the anisotropy, which is proportional to the coercive field,
is high. In this AOS thickness region, a strong reduction
in the anisotropy and an increase in the net magnetization
with the temperature have been shown in Refs. [21,22].

After each single laser pulse, a complete full-signal
amplitude toggle reversal of the storage layer occurs. This

behavior is reproducible for the storage-layer stack up
to 150000 consecutive pulses, suggesting that the toggle
switching has a large endurance and repeatability for the
above thickness ranges.

For fluences higher than 11 mJ/cm”, the reversed
domains exhibit concentric rings with opposite magnetic
directions [as seen in Figs. 1(c) and 2(b)]. It is noteworthy
that similar behavior has also been observed for samples
with only [Tb/Co] multilayers, excluding any contribution
from the SAF reference layer to the magnetization rever-
sal, except for its impact as a heat-sink structure increasing
the fluence threshold of the different regions [22]. From
the outside inward, four fluence thresholds (TF1-TF4),
for reversal or nonreversal, were identified, taking into
account the Gaussian profile of the laser spot. Based on
the MOKE observation upon varying the laser pulse dura-
tion, it was possible to draw a complete state diagram
of the pulse duration versus the fluence, as reported in
Fig. 1(d). The type of reversal, either concentric rings or
single domain, is dependent on the respective multilayer
thicknesses. As shown in Fig. 1(c) for positions P1, P2, and
P3, the threshold fluences TF2 and TF3 defining the pres-
ence of the second ring, having the same magnetization
as the initial state (red contrast), are brought closer with
increasing Tb and Co thicknesses, merging together for
Tb(0.86 nm)/Co(1.45 nm) at P3, to form a single reversed
domain. This effect can be assigned to an increase in the
Gilbert damping due to the increased Tb content [29,30].
As reported in Ref. [22] and contrary to Gd-based mate-
rials, the fluence required to reverse and stabilize a given
number of rings has little or no dependence on the laser
pulse duration. Single-pulse reversals were obtained for
pulse durations from 50 fs up to 12 ps, the maximum pulse
duration available on the laser setup.

We have recently studied the possible origin of these
peculiar AOS properties pointing toward an in-plane
magnetization reorientation with a precessional switch-
ing mechanism. The reported state diagrams observed
for Tb/Fe and for the Tbj;,Cogg/Co/Tb3;Cogg trilayer
[22] share the same similarities as those of the [Tb/Co]
multilayers, proving that a similar magnetization-reversal
process takes place in these Tb-based multilayer systems.

The independence of pulse duration suggests that the
reversal mechanism proceeds for a longer time than the
laser pulse itself and is slower than the one observed in Gd-
based samples [16]. Considering a two-temperature model,
at the short time scale up to a few picoseconds, the behav-
ior of the electron temperature, T,, is highly dependent
on the laser pulse duration. Within a few picoseconds,
T, relaxes to the phonon temperature 7, and, from there
on, the time evolution of the two becomes indistinguish-
able. For longer times, of the order of tens to hundreds
of picoseconds, the temperatures reached are only due to
the laser fluence and the cooling of the system to the ther-
mal bath. Based on the experimental results, we understand
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FIG. 2.

(a) A three-dimensional view of the magnetization dynamics as predicted by the macrospin model. (b) For position P1

[Fig. 1(b)], experimental background-subtracted MOKE images, laser: 50 fs and 10.3 mJ/cm?, 14.4 mJ/cm?, and 16.9 mJ/cm?. (c) The
expected magnetization pattern after 100 fs for a single Gaussian-shaped laser pulse with fully independent spins. The simulations in (a)
and (c) were performed for 6, = 5°, M, = 760 kA/m, K, 300x = 1.1 x (,uOMS2 /2), and Gilbert damping o« = 0.1. (d) m., m;, Hegr, Hegrz,
and K,, time traces for 6, = 5° fluences 6.3 mJ/cm?, 9.0 mJ/cm?, 18.0 mJ/cm?, and 6, = 0° fluences 18.0 mJ/cm?.

that the key dynamics for the reversal occur during the
longer time phase. This interpretation is based on the fact
that superdiffusive spin currents [31], hot electrons, and
ultrafast demagnetization [32] are effects that are highly
dependent on the pulse duration. This is contrary to our
experimental observations, where the final reversed state
is essentially independent of the laser pulse length up 12
ps and probably beyond. The initial fast response phase
certainly plays a role at the beginning of the reversal, and

may be more important for femtosecond pulses, but does
not determine the end state.

Hence, we have developed a phenomenological macro-
spin model based on the Landau-Lifshitz-Gilbert equation
coupled to a two-temperature model [33], to assess
whether the above assumptions are consistent with the
main features of our observations, providing an insight
into the underlying reversal process taking place at the
picosecond time scale.
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The model accounts for two key features: (i) the rapid
drop of the uniaxial anisotropy K, with temperature and (ii)
the small tilt of the uniaxial anisotropy axis with respect
to the out-of-plane direction, chosen to be toward the x
axis, ugx = (sin6,,0,cos6,), 6, > 0°. The energy density
of the system, assuming a continuous-film approxima-
tion, is given by Eyy = —K, (i - m)? + % pwoMEm?, where
m is the unitary vector. The phenomenological relation
used for the anisotropy is K,(T) = K,o[1 — (T/Tc)" 7?12,
where T¢ = 450 K is a critical temperature [34]. As a first
approximation, the simulations were performed assuming
constant M, and, as a consequence, constant demagnetiz-
ing anisotropy K; = % poM?. The fact that in the Co-rich
region, M; is expected to increase with the temperature
[21] is not a concern, as this would further promote the
in-plane reorientation. This instead is not true for the Tb-
rich region, where M; is expected to drop rapidly with the
temperature and no AOS is observed.

In Fig. 2(d), the calculation for the reversal mecha-
nism is shown for 6, = 5° at increasing fluence (columns
2, 3, and 4) and compared with column 1, where no tilt
is present. After the laser pulse, the demagnetizing field
overcomes the anisotropy and the magnetization starts pre-
cessing toward the plane. If 6, = 0°, the precession occurs
only around the z axis and no crossing of the x-y plane
is possible. Instead, the small tilt introduces a x compo-
nent in the effective field [Hey = —(1/1oM;) (§Eiot/Sm)]
that strongly affects the trajectory of the magnetization and
drives the reversal.

The precession occurs for a time that depends on the
energy absorbed, i.e., the laser fluence. The anisotropy
field recovers during the precession due to cooling (K; <
K, ). As the fluence increases, the number of rotations
made by the magnetization during precession increases.
Depending on whether the number of half rotations is odd
or even, the magnetization will end up as reversed or not
reversed, resulting in the pattern of concentric rings shown
in Figs. 1(c), 2(b), and 2(c).

Although the model is fairly simple, it is able to cor-
rectly predict the main features of our [Tb/Co] multilayer
system. The perpendicular anisotropy originating from the
Tb-Co interface [35] is known to have an important tem-
perature dependence, with typical blocking temperatures
below 200°C due to the low Curie temperature of Tb
(237 K for bulk measurements [36]). The assumption of
a tilted axis for the anisotropy is supported by the qua-
sistatic measured hysteresis loop in Fig. 4(c), showing a
gradual saturation for higher perpendicular fields, which
indicates the existence of an in-plane component. The pres-
ence of in-plane uniaxial anisotropy in [Tb/Co] multilayers
has already been reported [35], providing further justifica-
tion for considering it. The origin of a local tilt may be
attributed to the sperimagnetic nature of Tb [37] or the
polycrystalline nature of the Tb/Co multilayer. Accord-
ing to our simulation, to have magnetization reversal, the

perfect out-of-plane symmetry has to be broken and thus
the tilt angle needs to be greater than 0°. We have observed
that lower the tilt angle, the smaller is the fluence switch-
ing window. We have chosen a value of 5°, as the fluence
required to commute was consistent with the experimen-
tal observations. Our additional simulations indicate that
equivalent behavior is found for a tilt angle between 2
and 15°. The fluence threshold would change with the tilt
value in this window but the overall behavior is similar.
As shown by the magnetization time traces in Fig. 2(d),
the total time for reversal is expected to be of the order of
tens to hundreds of picoseconds but the final magnetization
state is determined by the first few precessions. Currently,
our model presents one possible scenario, to be confirmed
by future work. It offers a strong and coherent grasp of
the observed magnetization-reversal behaviors, even with-
out factoring in the rapid partial demagnetization caused
by the sudden rise in electron temperature. Addressing this
requires more detailed atomistic or Landau-Lifshitz-Bloch
(LLB) models, which we plan to explore in an upcoming
study.

Next, we have introduced the Tb/Co-based thin films
as storage layers in full MTJ stacks with optical access,
enabling AOS writing and electrical readout. Nanopillars
have been fabricated on a cross-wedge thickness sample
annealed at 250 °C, keeping the Co-layer thickness fixed at
1.4 nm while varying the Tb-layer thickness from 0.4 nm
to 1.1 nm across a 100-mm Si(100) wafer, to include the
known AOS thickness region for Tb of 0.7-0.9 nm. Per-
pendicularly, a cross wedge of the MgO barrier has been
deposited, with a thickness ranging from 1.1 to 3.0 nm, to
characterize the optimal Mg natural-oxidation thickness to
achieve the highest TMR ratio.

The nanofabrication process includes indium tin oxide
(ITO) as a transparent conductive electrode to provide opti-
cal access to the top electrode of the MT]J (for details, see
Ref. [38]). Fabricated MTJ devices with diameters from
300 nm down to 80 nm show no impact on the expected
AOS stack properties from the reference layer, with typi-
cal offset fields below 200 Oe. Indeed, high perpendicular
anisotropy at the film level is maintained after nanopat-
terning, as shown by the patterned and thin-film coercivity
in Fig. 3(b). The coercivity depends on the Tb/Co thick-
ness but stays comparable before and after patterning,
without any substantial dependence on the diameter. The
device-average TMR values for each pillar, of nominal
diameter ranging from 80 to 300 nm, versus the naturally
oxidized MgO thickness are compared with the literature
values in Fig. 3(a), for a Tb thickness of 0.5 nm. The
natural oxidation time was fixed to two steps of 10 s
at 150 mbar. The optimal Mg thickness is 2 nm: below
this value, the tunnel barrier is overoxidized, leading to
lower TMR values. This stable reference layer combined
with the optimized Mg natural-oxidation thickness allows
us to obtain highest TMR values of 74%, representing a
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FIG. 3. (a) The device-average TMR versus the naturally oxi-
dized MgO thickness for a nominal diameter between 100 and
300 nm and thicknesses f1, ranging from 0.5 nm to 0.75 nm
and #c, = 1.4 nm, respectively, compared with the literature val-
ues [20,24,25,38]. (b) A comparison of the coercive field versus
the Tb thickness between a thin-film sample and nanopatterned
devices.

factor-of-2 improvement compared with the highest AOS
MT]J reported so far [19,20,24,25,38].

The all-optical switching properties of the nanosize MTJ
pillars were investigated using linearly polarized femtosec-
ond laser pulses while measuring the resistance of the
junction, as illustrated in the schematics of Fig. 4(a). The
electrical readout was performed using a digital multime-
ter connected to the device top and bottom electrodes by
wire bonding. The resistance was measured by applying a
continuous reading voltage of 10 mV. All measurements
were performed without any external magnetic field, with-
out compensating offset fields from the reference layer.
Figure 4(d) shows an example of a 100-nm AOS MT]J that

(d) Number of 50-fs laser pulses
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FIG. 4. (a) A schematic illustration of the all-optical writing
and electrical reading of an AOS MT]J. (b) An SEM image of a
100-nm diameter pillar. (c¢) An AOS-MTJ hysteresis R-H loop,
with the field applied out of plane. (d) A TMR measurement as a
function of the time upon laser-pulse excitation. (¢) A TMR mea-
surement using a constant 1-Hz laser frequency and incremental
laser power for each pulse.

can be repeatedly toggled between parallel (P) and antipar-
allel (AP) states, showing the full 50% TMR resistance
change expected from the R-H loop in Fig. 4(c).

The absorbed energy, calculated assuming a 17.5%
absorption of the laser fluence (from Ref. [39] on a similar
stack) multiplied by the area of the pillar, was estimated
to be 68.6 fJ/bit. This is already much lower than the dis-
sipation writing energy of existing technologies such as
hard-disk drives (10100 nJ) [40], flash memory (10 nJ)
[41], and state-of-the-art STT-RAM (450 pJ to 100 fJ)
[3,42] but the corresponding energy for a pillar of diameter
40 nm is 11 fJ/bit, 45% less than the prediction in Ref. [3].

In Fig. 4(e), we compare the fluence write levels
between the patterned tunnel junction and the equivalent
AOS stack at thin-film level. The switching dependence
on the fluence appears to be preserved after patterning.
In the performed experiment, the laser was shot repeat-
edly at a frequency of 1 Hz, while increasing the laser
power with a step of 0.01 mW every second. This allows
us to probe the minimum fluence for which a reversal
is obtained. At low fluence, there is no switching; some
switching events are observed starting at 4 mJ/cm?. In
the region of 56 mJ/cm?, the switching probability is
100%, as highlighted in blue in Fig. 4. For even higher
fluence, in the region highlighted in red, switching is no
longer observed, followed by random switching before an
eventual device degradation. There is a strong correlation
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between this established device phase diagram and that of
the thin film from Fig. 1(d), indicative of a very similar
reversal mechanism responsible for the alternating of the
reversal and nonreversal regions. In the framework of our
model, the same precessional switching-reversal process
determines the AOS properties of the patterned device,
despite the fact that some stray field from the reference
layer is acting on the storage layer.

III. CONCLUSIONS

In conclusion, we have integrated a bottom-reference p-
MT]J with an all-optical-switchable [Tb/Co]«s-based stor-
age layer, the resulting continuous film and patterned
devices having similar magnetic properties. This system
shows all-optical-switching for Co-rich regions close to the
magnetization compensation region at room temperature
for a Tb thickness range of 0.6—0.9 nm, and for a Co thick-
ness range of 1.2—1.5 nm. We have developed a macrospin
model able to predict several of the characteristic features
that are observed experimentally. Thus the magnetization-
reversal process appears to be driven by an in-plane reori-
entation of the magnetization coupled to a precessional
switching mechanism. The model explains the experimen-
tally observed concentric rings of opposite magnetization
directions that appear at high laser fluence. Remarkably,
both the experiments and the simulations indicate that the
threshold fluences do not depend on the pulse duration but,
rather, on the AOS layer thicknesses. This represents a sig-
nificant advantage of the Tb/Co material, which provides
high resilience to pulse-length variability at the device
level. Furthermore, the implementation of a stable refer-
ence layer and optimization of the MgO natural oxidation
has allowed for TMR values of 74%, the highest reported
so far for AOS MTIJs. Field-free helicity-independent all-
optical toggle switching has been demonstrated on 100-nm
patterned [Tb/Co] p-MTJ devices, driven by 50-fs laser
pulses for an absorbed energy of 68.6 fJ/bit. These find-
ings hopefully pave the way toward nanoscale devices for
optospintronic embedded memories combining nonvolatil-
ity with ultrafast and energy-efficient writing.
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