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All-optical magnetic recording potentially realizes orders of magnitude faster and more energy-efficient writing of magnetic bits but
all-optical switching of ferromagnets is so far ultraslow. Here, we demonstrate a new mechanism to all-optically switch ferromagnetic
spins on picosecond time scales by using a pair of one femtosecond (fs) linearly polarized () and one properly-delayed picosecond (ps)
circularly polarized (o) laser pulse for a Pt/Co/Pt multilayer. Our experiments show that the helicity dependent absorption of the ps-
delayed ps ¢ pulse can deterministically steer the spin relaxation after destroying the ferromagnetic order by the fs z pulse. Atomistic
spin-dynamics simulations show that the reversal occurs within approximately 3 ps through an unprecedented mechanism, where
nanoscale spin textures created by the fs z pulse preferentially switch via magnetic circular dichroism, producing a spin- and helicity-
dependent temperature difference of only a few Kelvin. Thus, a new route to deterministic ultrafast switching of nanoscale

ferromagnetic media for ultra-high-density recording is opened up.

Index Terms— ultrafast magnetization reversal, all-optical helicity-dependent switching, All Optical switching/recording.

. INTRODUCTION

For ferromagnets, 1 where all the spins are parallel aligned
by the exchange interaction, one can coherently switch the
spin directions by an external force, e.g., a magnetic field,
spin torques, [2,3 electric field [4,5], etc. This coherent spin
switching has been the writing principle of magnetic recording
devices, such as magnetic hard-disc drives[6,7] and magnetic
random-access memories.[8] For such magnetic memories
employing ferromagnets, the switching time is sub-
nanosecond at the very least [9,10] due to the inductive
technologies required to generate the switching field. To
reduce the switching time of ferromagnets to picosecond time
scales, an impractically large external force is necessary,[11—
14] which has shifted the attention of scientific communities
to ferrimagnets[15] and antiferromagnets[16,17] where the
spin orientation can be switched in picoseconds. However,
ferromagnets remain technologically crucial, because of their
high anisotropy and relative ease of production, and
considering the accumulated core technologies of magnetic
devices. Therefore, it would be a breakthrough to discover a
route to deterministically switch ferromagnetically-coupled
spins on a picosecond time scale by a small external force.
The use of a strong nonequilibrium state[18,19] created by a
femtosecond (fs) laser pulse might be an effective route for
ultrafast magnetization reversal of a ferromagnetic metal by a
small driving force. Thin ferrimagnetic GdFeCo films[20-24]
exhibit magnetization reversal within 1 ps driven by a laser-
induced strong nonequlibrium,[21] where the spin angular
momenta of the Gd magnetic sublattice are transferred to the
completely demagnetized Fe and Co sublattices through the
exchange interactions during its ultrafast demagnetization[25].

Furthermore, spin currents arising during the demagnetization
of the ferrimagnetic film can be used to switch an adjacent
ferromagnetic film. In contrast to the helicity-independence of
these all-optical phenomena, all-optical switching (AOS) in
thin ferromagnetic metals, such as Co/Pt multilayers[28-35]
and FePt granular media,[28,36,37] depends advantageously
on the light helicity but is incomparably slow. This is because
the all-optical helicity-dependent switching (AO-HDS)
proceeds via a two-step process[29], that starts with a helicity-
independent formation of switched domains while being
completed via slow domain wall displacements by multiple
circularly polarized pulses via magnetic circular dichroism
(MCD) [38-40]. Note that, using a hundred fs pulses of an
amplified laser with a 1 kHz repetition rate takes 0.1 second.
The inefficiency of the conventional AO-HDS in these
systems results from the fact that the circularly polarized
pulses act on equilibrium and thus stable magnetic domains.

Here, we demonstrate that dual-pulse AO-HDS[41] proceeds
via an unprecedented ultrafast process driven by a small
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Fig. 1. Principal concept of dual-pulse all-optical helicity
dependent switching (AO-HDS).
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external force. As conceptually shown in Fig. 1, a first fs
linearly polarized laser pulse destroys the macroscopic spin
order of a Pt/Co/Pt multilayer and creates nonequilibrium
nanoscale nuclei of correlated spins. After a separation time
At, a second ps circularly polarized pulse deterministically
steers the nonequilibrium nanoscale nuclei to either uniformly
up- or down-magnetized state by a small helicity-dependent
laser absorption. At At =5 ps, a single pulse pair
deterministically switched approximately 80 percent of spins
inside the illuminated area. The dual-pulse AO-HDS was
optimized within a narrow window centered around At = 5 ps.
Time-resolved magneto-optical measurements on the
dynamics triggered by a pulse pair show that the ps o pulse
controls the ps spin relaxation in a helicity-dependent way,
after ultrafast demagnetization by the fs z pulse. Our atomistic
spin-dynamics simulations of the dual-pulse AO-HDS
reproduce the narrow optimal window of At for the spin
switching. The time evolution of the mapped electron and spin
temperature enables us to conclude that the nonequilibrium
spin textures created by the fs z pulse reverse within about 3
ps by the spin-and helicity-dependent temperature difference
of only a few Kelvin produced by the ps ¢ pulse, a mechanism
circumventing the need for domain wall displacement and,
importantly, operating at the nanoscale. Thus, this dual-pulse
approach brings deterministic AO-HDS of ferromagnets to the
sub-THz regime, i.e., a 10° to 10° times faster than possible
using domain wall processes.

Il. EXPERIMENTAL METHODS

Sample preparations: The multilayer of Ta (4 nm)/Pt (3.0
nm)/Co (0.8 nm)/Pt (3.0 nm)/MgO (2.0 nm)/Ta (1.0 nm) was
sputtered on a synthetic quartz glass substrate. DC and RF
sources were used for depositing Ta, Pt, and Co, and MgO,
respectively. The MgO/Ta capping layer prevents the
magnetic layer from oxidization. The multilayer exhibits a
perpendicular easy axis of magnetization. The effective
magnetic anisotropy field and constant are 1.16 T and 9.4x10°
Jim?, respectively, with a typical saturation magnetization of
1.6x10% A/m. Using these magnetic parameters, the exchange
stiffness constant was estimated to be 9.8 x10°*2 J/m from the
equilibrium domain width (14.5 pum) [49].

Magneto-optical imaging: For optical excitation, we used a
Ti: sapphire amplified laser system (Solstice Ace, Spectra-
Physics) of which the central wavelength and repetition rate
were 800 nm and 1 kHz, respectively. The amplifier system
contains two compressors which allowed independent control
of the pulse width for the two pump beams. The laser
amplifier was used in external trigger mode, in which, with the
help of a delay generator (DG645, Stanford Research) we can
control the number of pulses reaching the sample. Magneto-
optical Faraday imaging with a white light source as probe
was employed for detection, see Fig. S1(a) in supplementary
materials. The duration of the first linearly polarized pump
pulse was about 90 fs while the second, circularly polarized
pump pulse, was 4.5 ps long and arrived after an adjustable
pulse interval, At. The laser pulses had a Gaussian intensity
distribution and both were incident at an angle of 15 deg. from
the sample normal. The focused beam sizes (1/e? radius) of the

7 and o pump pulses were calculated with the Liu method
[24,50] to be 35.5 + 0.7 um and 42.9 + 0.4 um, respectively.
The laser fluence was calculated using the 1/e? radius, the
repetition rate (1 kHz), and the average power measured with
a power meter. We controlled the pump intensity by using a
combination of a half-wave plate and a Gran-Taylor prism. To
achieve precise intensity control of the circularly-polarized
pump, the half-wave plate was mounted on a motorized stage.
A quarter-wave plate was placed after the Gran-Taylor prism
to convert the linearly polarized beam to a circularly polarized
one for the second pump. The probe light from the white light
source was linearly polarized by a sheet polarizer. It was then
collimated and incident on the sample surface using a
combination of lenses. The polarization of the incident probe
light is rotated by the magneto-optical Faraday effect of the
sample. The transmitted light from the sample was collected
by an objective with a magnification of 20x. The polarization
rotation was analyzed by a Gran-Taylor prism, of which the
polarization axis is almost orthogonal to the polarization of the
incident probe light. Then, a charge-coupled device (CCD)
camera behind the analyzer can visualize magnetic domains.

Time-resolved magneto-optical measurements: For the
pump-probe measurements, the laser amplifier was operated in
the internal trigger mode at 1 kHz. See Fig. S1(b) in
supplementary materials for the schematic. An optical
parametric amplifier (OPA) was used to tune the wavelength
of the output from the internal compressor to 1000 nm.
Moreover, the output from the OPA was separated into two
beams. One was used as the first z pump pulse after the
wavelength was converted to 500 nm by a beta-barium borate
crystal. We put a delay line on the other beam, which was
used as the probe beam. We used the output from the external
compressor for the o pulse as done in the static measurements.
The repetition rates of the two pump pulses were brought
down to 500 Hz by a mechanical chopper. After the intensity
of the probe beam was weakened by a combination of a half-
wave plate and a Gran-Taylor prism, the probe beam was
incident onto the film surface. The transmitted light collected
by the objective went through a long pass filter into a balanced
detector to measure the Faraday rotation. While varying the
delay line, we measured the perpendicular magnetization
component through the Faraday effect at an arbitrary time
before and after the pump pulses arrived at the sample. During
the pump-probe measurements, we applied a magnetic field of
3.3 mT along the normal to the sample to set the initial
magnetic state. The field was generated by two permanent
magnets on either side of the sample. The 1/e? radii were 31.6
+0.7 um, 29.7 + 0.9 um, and 62.7 + 1.4 um for the probe, the
short z polarized, and the long o beams, respectively. We
fixed the fluence of the probe beam at 0.32 mJ/cm?, which was
much smaller than those of the = and ¢ pump beams (2.31
mJ/cm? and 2.50 mJ/cm?, respectively).

I1l.  ATOMISTIC SPIN-DYNAMICS SIMULATIONS

For the numerical investigation of spin dynamics under
femtosecond laser excitation, we developed an atomistic spin-
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dynamics model of Co thin films. The energy of the system is
described by the spin Hamiltonian:

Ho== JiySi-8= ) ku(SD?, W
i<j i
where the spin S; is a unit vector describing the local spin
direction. It is normalized to the local atomic spin magnetic
moment (uco). We use uco = 1.61 pg and nearest-neighbour
Co-Co exchange of J = 4.8 x 1021 J. The atomistic spin-
dynamics model allows atomistic level resolution of spin
dynamics, which is important in understanding small spin
textures forming immediately after the laser excitation. The
compromise is that the simulated systems are relatively small.
In this case, we consider a 25 nm x 25 nm x 10 nm system
with periodic boundary conditions in x and y directions (to
mimic a thin film) or a 8 nm x 8 nm x 10 nm nanodot. To be
able to capture multiple domain structures, the magnetic
anisotropy ky, was enhanced and taken 5.85 x 1072%], one
order of magnitude larger than reported in the literature by
Moreno et al [51] such that the smallest stable domain is
around 6 nm. The system dynamics are computed using the
VAMPIRE software package [43] based on the Landau-
Lifshitz-Gilbert (LLG) equation:
as; . .

a_tl = —m_%z)[si X By + a;S; % (S; X Big)],  (2)
where y is the gyromagnetic ratio of 1.76 X 10! T-'s™ and « is
the Gilbert damping factor of 0.10. The on-site effective field
can be computed as the summation of the local field derived
from the spin Hamiltonian with a random field to model the
heat bath:

i 0H 3

of = 55, +3; (3)
where ; is a stochastic thermal field due to the interaction of
the conduction electrons with the local spins. The stochastic
thermal field is assumed to have Gaussian statistics and
satisfies:

(00O 5(E)) = 8;;84p(t — t)2a:kpT [yitti,

(Ga®) =0, @)
where a, b are Cartesian components; kg is the Boltzmann
constant and T is the temperature. We incorporate the rapid
change in the thermal energy of a system under the influence
of a femtosecond laser pulse. The spin system is coupled to
the electron temperature, Te, which is calculated using the two-
temperature model [52]:

——=—Ga(i = T) + P(V), ®)

= _Gel(Te - Tl): (6)

where ye = 700 JIm3K2, C;=3.0 x 108 JIm3K™, and G¢ = 6.0 x
10 Wm~3K™L, P(t) models the temperature from the laser
pulse into the electronic system. Here, we consider a
combination of two pulses: a first linearly polarized pulse and
a second circularly polarized pulse,

P(t) =P (t) + (1 + fMCD(Sz)gMCD(T))PZ @®), (7)
where fmep(Sz) is assumed in first approximation to be a linear
function between MCD for s, = +1 and the -MCD value for s,
=—1. The MCD effect is included as linearly dependent on the
z component of the atomic site spin moment. Also, we
consider that the strength of the MCD effect is proportional to

3

the temperature. At high temperatures, due to the disordered
nature of the spins and the electronic structure, the MCD
needs to decrease to zero. To incorporate this effect, we model
the temperature dependence of the MCD as:

Imen(T) = guep (T = 0K)Y(1 = T/Tc)**. (8)
We used the MCD parameter gmep (T = 0 K) = 0.02 and the
Curie temperature Tc = 1110K. There is no expected MCD
effect when the system is completely disordered just 10K
below the Curie temperature of the magnetic system. The two-
temperature model needs to be solved for each atomic site ‘i ”:

ric, ZE = —Gat -1 + Piesh - LI )
dt Tel
d
65 = 6Ty~ ), (10)
1 .
() = > (T, (11)

, Where 71 = 0.10 ps. In a first approximation, we can simplify
this equation as:
Sz=+1 dTeSZ_-'—1

Te Ye dt = _Gel(Tl - Tesz=+1) + P(t' Sz = +1)
TS+ _(1,) (12)
e
Tel ’
drS=
TSy, edt = —Ga( =T~ 1) + P(t,s, = —1)
R 3
Tel '

In this way, we compute an electron temperature for a system
magnetized in either +z or -z direction and the electronic
temperature for each spin (atomic site) is computed by
interpolation:

Ti _ (TesZ:+1 _ TesZ:—l)Sz + (Tesz=+1 + Tesz=—1)
e &= .
2

(14)

IV. RESULTS

A. Comparison between multi-pulse and dual-pulse AO-
HDS

We prepared a Ta (4 nm)/Pt (3.0 nm)/Co (0.8 nm)/Pt (3.0
nm)/MgO (2.0 nm)/Ta (1.0 nm) on a synthetic quartz glass
substrate by magnetron sputtering. Pt/Co/Pt systems are
typical candidates for AO-HDS.[28-35,41] To characterize
the switching in the studied structure, we first measured the
switching by only o polarized pulses in transmission geometry
(see Methods sections for more details of the static magneto-
optical measurements). Here, we used ps o pulses that are
more favorable for the AO-HDS than fs o pulses (see Ref. [31]
and Fig. S2(a) and 2(b). Fig. 2(a) shows magneto-optical
images taken after the Pt/Co/Pt film was excited with a
sequence of 4.5-ps right(c*)-handed or left(¢7)-handed
circularly polarized light pulses. The electric field vectors of
o* and ¢~ light projected to a screen rotate clockwise and
anticlockwise, respectively, when standing against the light
source. The images were taken long after the excitation when
the magnetization had already reached a stable state. The
interval between the pulses was set to be at least 2 seconds. To
fully switch the magnetization in the area with a diameter of
15-pm, the experiments required 120-140 pulses.
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Fig. 2. Dual-pulse all-optical helicity dependent switching
(AO-HDS). (a) AO-HDS by multiple right (¢*) and left (¢7)
circularly polarized pulses. Here, the fluence of the 4.5-ps ¢
pulse was fixed at F, = 4.87 mJ/cm?. (b) Dual-pulse AO-
HDS for a time separation At of 5.0 ps. Here, we used the
fluence of F, = 2.32 mJ/cm? for the 90-fs x pulse and Fs =
2.37 mJ/cm?. The number of pulses (pairs) is indicated on
each magneto-optical image. The darker and brighter areas
denote up(M')-magnetized and down(M!)-magnetized
states, respectively. The scale bars correspond to 20 um.
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Similar experiments with a pair of pulses show that the
duration of the laser excitation required for the switching can
be reduced dramatically. Fig. 2(b) shows the results of an
experiment, in which the same Pt/Co/Pt stack was excited with
one 90-fs 7 and one 4.5-ps o pulse, separated by At = 5.0 ps.
Notably, a single pair of these pulses can switch a substantial
(>80%) part of the same 15-um area in a helicity-dependent
and deterministic way. In the case of excitation without z
pulses, that is, with o pulses only, a similar result would
require more than 100 pulses [Fig. 2(a)].

B. Time-separation dependence of dual-pulse AO-HDS

To find the optimal condition of the pulse pair for the
switching, we measured magneto-optical images varying At of
the pair [Fig. 3(a)]. The averaged net magnetization <M> after
illumination with a pulse pair as a function of At is shown in
Fig. 3(b). <M> was determined by averaging the intensities of
all the pixels in the 15-um-area, normalized to the average
intensity of the image for a uniformly magnetized sample. Fig.
3(c) shows the helicity-dependent switching efficiency, which
is defined as <M>[(M', 6*) — (M}, 67) — (M', ) + (M}, 6")]/
4, as a function of At. Here, (M, 6*) means that the magnetic

state was originally saturated in the up direction and the ps
pulse was right-handed circularly polarized. The optimal
switching is observed when the ps o pulse arrives around 5.0
ps after the fs z pulse. Longer separation reduces the switching
efficiency dramatically. No switching and only
demagnetization is observed if the fs z pulse arrives after the
ps o pulse, because the fs 7 pulse breaks any helicity-
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Fig. 3. Time-separation (At) dependence of the AO-HDS.
(a) Magneto-optical images after the excitation of a pulse
pair for various At. The laser parameters were the same as
in Fig. 1c. The scale bars correspond to 20 um. A 15-um
diameter area for integration is indicated by a solid-line
circle. b, c) Average net magnetization <M> (b) and
switching efficiency (c) after the illumination of a pulse
pair as a function of At. We defined the switching
efficiency as <M>[(M', 6") — (M!, ) — (M1, ) + (M}, 61)]
/ 4. Here, (M', ¢*) means that a right circularly polarized
pulse was given to the up-magnetized background. As
shown in the insets of Fig. 2(b), positive (negative) At
means that the long o pulse reaches the sample later
(earlier) than the short z pulse. The error bars were
determined by repeating the same measurements five times.

(b)_,

0 t(ps)

Switching efficiency (%,

dependent effect by heating the system above the Curie
temperature. This result is in contrast to a previous dual-pulse
experiment on GdFeCo with a similar combination of fs w and
o pulses [42], where the deterministic AOS is possible even
for negative At. This difference is due to the fact that the AOS
of GdFeCo is driven by heating the system to the Curie
temperature regardless of the light helicity [22-24].

C. Time-resolved measurement of dual-pulse AO-HDS

To reveal the ultrafast dynamics of the helicity-dependent
switching with a pulse pair, we performed stroboscopic
experiments (See Materials and Methods for more details of
the time-resolved experiment) with sub-picosecond resolution.
We excited the sample with a sequence of the pairs and
measured the magnetization dynamics integrated over the
excited area with the help of the magneto-optical Faraday
effect. Fig. 4(a) reveals sub-10 ps dynamics triggered by the
pair of = and o pulses, measured for two helicities of the &
pulse.

Here, we applied a magnetic field of 33 mT to initialize the
magnetization. The fs z pulse brings the medium into a nearly
demagnetized state. The ps o pulse steers the subsequent
relaxation on a time scale of 5 ps in a helicity-dependent way.
A much smaller helicity dependence is observed in
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Fig. 4. Time-resolved magneto-optical measurements of the
spin dynamics excited by a pulse pair. a) The normalized
magnetization M / Mo as a function of delay time t for At =
5.0 ps with the dual-pulse excitation. Here, we used F, =
2.31 mJ/em? and F, = 2.50 mJ/cm?. A magnetic field of 3.3
mT was applied to ensure that the magnetization relaxes
back to the initial state. b) The time evolution of M / Mg and
the difference for At = 2.5 ps, 5.0 ps, and 7.5 ps. The
Gaussian time profiles of the 90-fs z pulse and 4.5-ps ¢
pulse are also shown in the plots, where the peak heights
were arbitrarily tuned for simplicity. The Pt/Co/Pt
multilayer was permanently damaged for At = 0.0 ps.

stroboscopic experiments with just ps o pulses when the =
pulses are blocked (see Fig. S3). The helicity-dependent effect
on the magnetization dynamics disappears upon increasing At
between the pulses from 2.5 ps to 7.5 ps (see Fig. 4(b)). The
largest helicity dependent effect is observed particularly in the
demagnetization peak for At =2.5 ps whereas At =5.0 ps is
optimal in the static measurements [Fig. 3(c)]. With
decreasing At to 0 ps, the nonequilibrium state should be more
strongly affected by the ps o pulse but the subsequent ps spin
relaxation is exposed to larger thermal fluctuations,
randomizing the spin directions. These larger thermal
fluctuations during the spin relaxation may be why the final
magnetization state is less well defined for the shorter
separation. Note that, within 2.5 -5.0 ps after the excitation
with a fs pulse, the magnetic medium is still in a strongly
nonequilibrium, nearly demagnetized state. The delay of 2.5-
5.0 ps is within the ball-park of the characteristic times of the
electron-phonon interaction in metals. Therefore, the
experiments show that the ¢ pulse can deterministically steer
the relaxation to one or another stable state in a helicity-
dependent way only if the electron gas is out of equilibrium
with the lattice.

D. Atomistic spin-dynamics simulation of dual-pulse AO-
HDS

To understand the spatial-temporal aspects of this ultrafast
switching dynamics, we have developed an atomistic spin-
dynamics model [43] of the switching process. The model
describes the production of randomly oriented nanometer-
scale spin textures after ultrafast demagnetization due to the
first 90 fs & pulse and the differential (helicity-dependent)
heating of the spin textures by the second 4.5-ps o pulse via
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Fig. 5. Atomistic spin-dynamics simulation of the time-
resolved magnetization dynamics. (a) The time evolution of
the average z component of magnetization <m,> and
average electron temperature <T.> per site for At = 0.0 ps,
3.0 ps, and 12.0 ps. The Te is normalized by the Curie
temperature Tc = 1110 K. Here, we fixed the magnetic
circular dichroism (MCD) and the restoring magnetic field
at 2.0 % and 3.0 mT, respectively. (b) The switching
efficiency as a function of delay time (At). The results
indicate a switching efficiency around 90% for ¢~ and a 10%
for ¢ indicating a good control of the switching direction
based on the light helicity. Because the temperature of the
overall system at 35 ps is still high (T / Tc ~ 0.8) at 35 ps,
the average of m, does not fully relax to the initial value
(i.e., <m;> = 1). Therefore, we divided the simulated
switching efficiency by a factor of 0.36 corresponding to an
average value of <|m,|>at 35 ps. The same results from (b)
are illustrated in the supplementary materials Fig. S6 using
the experimental metrics of switching efficiency. (c) The
temperature difference in AT, by the MCD between up and
down spins as a function of t. (d) The time evolution of the
mapped m; and AT, for At = 0.0 ps, 3.0 ps, and 12.0 ps
illustrated for the larger system (25 nm x 25 nm x 10 nm)
The scale bars correspond to 8 nm. See supporting movies
for the detailed time evolutions of the m; and AT. maps.

the mechanism of MCD. See Methods for more details of the
simulations.

Fig. 5(a) shows the variations of the average magnetization
<m;> and the average electronic temperature <T¢> in the
overall system with a size of 25 nm x 25 nm x 10 nm for At =
0.0 ps, 3.0 ps, and 12.0 ps. We plot in Fig. 5(b) the At
dependence of the switching efficiency, <m;> [(m/', 6¥) —
(m.', 67)]/ 2, where <m,> denotes the average net
magnetization in a smaller system (8 nm x 8 nm x 10 nm) at
35 ps. We determined the average and standard error by 50
repetitions of the simulation. The switching efficiency has a
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peak at At = 3.0 ps in Fig. 5(b), which reproduces the peak
feature observed in the experiments (see the inset of Fig. 3(c)).
The switching efficiency is maximum (about 90%) at At = 3.0
ps, indicating a good degree of control for deterministic
switching. Given that the material and optical parameters are
by no means optimized, this result shows promise for the use
of dual-pulse switching for ultra-high density recording.
Although we employed a small system, we obtained a similar
peak in <m;> as a function of At as for the larger system (see
Fig. S4). The time evolution of an electron-temperature
difference A<T> by MCD in Fig. 5(c) clearly explains the
reason for no spin switching at At = 0 ps. Whereas the overlap
between the two pulses (At = 0 ps) produces the largest Te
[Fig. 5(a)], overheating the overall system above the Curie
temperature Tc results in a large time interval, as long as 2.5
ps, during which the A<T¢> is zero [Fig. 5(c)]. Therefore, we
find no spin switching and only thermal randomization for At
=0 ps [Fig. 5(a)]. The switching efficiency increases as the
time interval of A<T>= 0 K decreases with increasing At. At
the same time, the A<T.> reaches a maximum value of around
4-6K after the initial demagnetization. This small temperature
imbalance at the time of small spin texture being form is
critical in providing control switching. The optimal At of 3.0
ps is slightly smaller than in the static experiment (5.0 ps)
[Fig. 3(c)]. This difference suggests that, because the electron-
phonon coupling predominantly determines the time interval
of A<T.>= 0 K, the electron-phonon iso-thermalization in our
Pt/Co/Pt sample is slower than in the simulations.

To inspect the switching dynamics, we furthermore mapped
the m; and T, for At = 0.0 ps, 3.0 ps, and 12.0 ps in Fig. 5(d)
and the Supplementary Videos. The act of the fs w pulse
destroys any macroscopic domain configurations to create
nonequilibrium, small, and localized nanoscale magnetic
textures [44]. The spin-reversal condition is defined not only
by the amplitude of ATe but also by the size of the
nonequilibrium spin textures. The simulated spin maps show
that the spin textures are becoming larger and increasingly
stable in time. Because too large spin textures cannot be
switched by a small temperature difference, the switching
efficiency decreases on increasing At beyond 3.0 ps. Thus,
ultrafast and deterministic spin switching by a pair of & and o
pulses requires the preparation of nonequilibrium nanometer-
size spin textures by a fs 7 pulse. Additionally, one must
create a spin and helicity-dependent temperature difference of
a few Kelvin by a ps o pulse at the optimal timing, to avoid
overheating the system above the Curie temperature.
Unfortunately, we cannot observe nanoscale spin textures
evolving on a picosecond time scale by our current optical
experimental set-up. Time-resolved x-ray4#! and scanning-
probe [46] techniques combined with a fs-laser system would
be useful in the future to inspect this time- and length-scale
spin dynamics.

V. DISCUSSION

Ultrafast precessional spin switching by a ps magnetic field
needs a magnetic field as large as several Tesla [11,12,14]. In
contrast, the dual-pulse approach is advantageous in terms of
magnetic-field amplitude for magnetization switching,

6

because switching laser-induced nonequilibrium spin textures
only requires a small temperature difference of 6 K, which
corresponds to a thermal random effective magnetic field of
20 mT within 5.0 ps. This sensitivity to an external magnetic
field may explain the observation of no substantial difference
in magnetization in Fig. 4(a) after the action of the ps o pulse,
even with a small restoring magnetic field of 3.3 mT.
Increasing the magnetic field to 8.3 mT indeed suppresses the
helicity-dependent effect on the ps spin relaxation by half (see
Fig. S5) for At = 5.0 ps.

Tudosa et al. [14] reported that the heating of a granular
magnetic medium by a ps electron pulse determines the
ultimate speed of the magnetization switching, because
gigantic random torques from the exchange interaction
between disordered spins extinguish the effect of the field
torque. This situation may be similar to the case at At = 0 ps,
where the disordered spin and electronic structure limit the
deterministic spin switching. Our experiments and simulations
demonstrate that the speed limitation can be lifted if a ps ¢
pulse is exerted to the spins a few ps after the fs laser
excitation.

The switching of the laser-induced nonequilibrium spin
textures is 108-10° times as fast as the conventional AO-HDS
in ferromagnets, invariably requiring stable domains and
domain wall expansions using hundreds of pulses that take
milliseconds to seconds in total. The necessity of stable
domains and the expansions means that the conventional AO-
HDS is inapplicable to cutting-edge granular magnetic
recording media [47], such as FePt [48] with single-magnetic
domain grains of the order of ten nm. On the other hand, our
dual-pulse approach can switch a nanometer single-magnetic
domain within about 3 ps, as demonstrated by our atomistic
spin-dynamics simulations of the smaller system (8 nm x 8 nm
x 10 nm). Therefore, the dual-pulse approach breaks the rate
as well as medium limitations to pave a pathway toward
realizing the next-generation information-writing method that
no longer requires an external magnetic field.

VI. CONCLUSION

To summarize, we have demonstrated a novel approach using
an optical pulse pair to bring magnetization switching of
ferromagnetic Co/Pt to the ps regime. The switching is
optimized by excitation with a pair of 90 fs z and 4.5 ps &
laser pulses, separated by about 5 ps. In this case, the first fs
laser pulse brings the medium into a strongly nonequilibrium,
nearly demagnetized state. The second ps o circularly
polarized pulse affects a ps spin relaxation in a helicity-
dependent way, which strongly depends on the time separation
between the two pulses. Our results reveal that both ultrafast
magnetization dynamics and the efficiency of the switching
are most sensitive to the helicity of the o pulse when the latter
finds the sample in a strongly nonequilibrium state. The
atomistic spin-dynamics simulations moreover unveil that
nanometer-size nonequilibrium spin textures created by a fs ©
pulse are switched within about 3 ps, driven by a temperature
difference of only a few Kelvin between up and down spins
via MCD. The narrow spin-reversal window of the time
separation is defined by the size of the nonequilibrium spin
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textures and the strength of the MCD, which both depend on
the system temperature evolving on a ps time scale.
Manipulation of the magnetization on this time- and length-
scale opens the possibility of new approaches to ultrafast spin
dynamics and shows considerable promise for the switching of
nanoscale ferromagnetic materials for future information
storage.
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