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Ultrafast double magnetization switching in GdFeCo with two
picosecond-delayed femtosecond pump pulses
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The recently discovered thermally induced magnetization switching (TIMS) induced by single
femtosecond laser pulses in ferrimagnetic GdFeCo alloys proceeds on the picosecond time-scale.
The rate at which data can be changed for use of TIMS in technological devices is limited by the
processes leading to thermal equilibrium. In the present work, we address the question of whether
it is possible to further excite switching via TIMS well before thermal equilibrium between subsys-
tems is reached. In particular, we investigate the conditions for double thermally induced magnetic
switching by the application of two shortly delayed laser pulses. These conditions become relevant
for potential applications as it sets both a limit to rewrite data and demonstrates the importance of
spatial confinement of a heat pulse to bit size, as neighboring bits may be accidentally re-switched
for spatially extended pulse spots. To demonstrate this effect, we theoretically study the switching
behavior in a prototypical ferrimagnetic GdFeCo alloy as a function of composition. We use com-
puter simulations based on thermal atomistic spin dynamics and demonstrate the possibility of
inducing a second switching event well before thermal equilibrium is reached and define the condi-
tions under which it can occur. Our theoretical findings could serve as a guidance for further under-
standing of TIMS as well as to act as a guide for future applications. Published by AIP Publishing.

https://doi.org/10.1063/1.5044272

Efficient field-free magnetic switching schemes are draw-
ing great interest as a means of downscaling of devices to the
nanoscale. Ultrafast robust magnetic switching in nanodevices
is also desirable, where femtosecond laser pulses are the
preferred stimulus. The prospectives for femtosecond opto-
nanomagnetism,’ as a viable approach for ultrafast informa-
tion processing technology, were increased after the discov-
ery of the so-called all-optical switching (AOS).?

All-optical switching has been found in a broad variety
of materials.>™ However, in most of the cases, AOS
responds to a cumulative effect of multiple pulses with circu-
larly polarised light, and thus is often referred to as helicity-
dependent all-optical switching (HD-AOS). In comparison,
single shot sub-ps magnetic switching has only been
achieved in the ferrimagnetic alloy GdFeCo.®® Importantly,
it has been shown that heat alone can deterministically
reverse the magnetic polarity, and therefore is often named
ultrafast thermally induced magnetization switching (TIMS).
This is advantageous over the HD-AOS mechanism as it fur-
ther simplifies laser spot length reduction’ and therefore bet-
ter integration into current technologies. Moreover, TIMS has
been used to induce single shot switching in heterostructures
of GdFeCo/Co/Pt'® and synthetic Gd/Co/Pt.'! Furthermore,
beyond the use of laser light, recent studies have demon-
strated the possibility to use picosecond electric currents
exploiting the thermal origin of TIMS,'* opening up new ave-
nues for picosecond spintronics.

How fast can TIMS be repeated is so far unknown. It is
assumed that the different subsystems—spin, electron, and
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phonon—need to equilibrate and that the spin system returns
to its initial state before the process can be repeated. A careful
choice of the substrate can reduce the cooling time down to
the sub-ns timescale.'® Still this fact sets a limit to the repeti-
tion rate, which is relevant for applications,'* though also has
consequences for magnetic recording where neighboring
nanograins in a media could be unintentionally reversed if the
laser light is not sufficiently confined. It is also crucial for the
recently proposed parallel all-optical writing of magnetic
domains using spatial and temporal interference of two ultra-
short light pulses.'> Thus, identifying the conditions under
which subsequent switching events can occur, and whether
this is limited by the magnetic relaxation (to a given, perhaps
elevated temperature), or cooling of the system to ambient (or
operating temperature) is of interest both fundamentally and
for applications. Further control and manipulation of TIMS by
a second pulse on a time scale much shorter than the equili-
bration time has not been particularly addressed either experi-
mentally nor theoretically.'® In this work, we determine the
conditions for which a second switching event is possible
using two shortly delayed heat pulses by means of computer
simulations based on an atomistic spin model.

The energetics of the ferrimagnetic system are described
by the classical spin Heisenberg Hamiltonian

H = _%Zjijsi'Si_ZKi(Si.z)zv (D
(i) i

where (ij) indicates the sum is limited to the nearest neigh-

bor pairs with |S;| = u;/ ;. p; representing the atomic mag-

netic moment. The lattice consists of two species of spins

which are randomly distributed on a regular, simple cubic

Published by AIP Publishing.
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lattice. The FeCo sublattice has a magnetic moment
Ureco = 1.92ug. The Gd sublattice is attributed a moment of
Ugq = 7.63u5 which takes into account the contribution of
the half-filled 4f core electrons (7ug) and valence band 5d
electrons spin (O.63,uB)17 (pg is the Bohr magneton). It has
been shown that similar results are obtained when the Gd
spin is orbitally resolved.'® The values of exchange energy,
Jij, and magnetic anisotropy K; are taken from Ref. 19.

The spin dynamics are described by the stochastic

Landau-Lifshitz-Gilbert (LLG) equation of motion
dS[ Vi N
e _msi X [Hier + 2i(Si x Hierr)], (2

where the effective fields are given by H; ¢ = —i%—g + ¢,
where H is given by Eq. (1). The stochastic fields {; repre-
sent the thermal effects with zero mean value ({;) = 0. The
variance of the stochastic process is given by (Cf‘(O)Cj(r))
= 20;j0u0(t) i AikgT /;, where i, j denote lattice sites and &,
| are the Cartesian components, kp is the Boltzmann con-
stant, T is the heat-bath temperature, and ) is the gyromag-
netic ratio. The value of A; determines the rate at which
energy and angular momentum are exchanged (into and out
of) the thermal bath which we assume (see below) is that of
the electron system.*'?-?

The dynamics of the electron and lattice energy are
modeled by the two-temperature model (2TM)?!

dT,
Ce(Te)g = Gep(Te - Tph) +P1(t) +P2(I)a 3)
dT Ton — T
mogr = ~Cale—Tp) + B2 @)

where Co(T.) = ,T.,>' with 7y, =2.25x 10>Jm *K 2,
Cpn = 3.1 % 10° Jm > K~', are the electron and phonon spe-
cific heats, respectively. The laser pulse energy input is
absorbed by the electron system and described by a Gaussian
function, P(1y,7,) = Poexp((—t — to)/r,,)2, where the first
pulse is centered at o = 0, and the second at o = Afpye With
the laser pulse width, 7,=50 fs, and P is the laser input
power, see the gray area in Fig. 1. Due to electron-phonon

t/ps

FIG. 1. Element-specific magnetization dynamics of the GdFeCo alloy after
the application of two consecutive fs laser pulses (in gray) at certain time
delay. (a) For delays larger than 2.5 ps, a second switching of the magnetiza-
tion can be achieved for this composition of GdFeCo, whereas (b) for delays
shorter than 2 ps, we observe no second switching.
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interaction, electrons pass energy to the lattice at a rate
determined by the electron-phonon coupling, Gep = 2.5
%107 Wm ™ K~'. We note here that the value of Gep gives
the minimum required fluence for TIMS, and it is consistent
with values found for Gd, but more importantly, relatively
close to the recent exquisite estimation by Wilson and
co-workers?®>  for  Au/Gdao(FeqnCo10)71, Gep =6+24
%107 Wm~3 K. Finally, the phonon and electron systems
go back to their initial states by releasing the absorbed energy
to the environment on a time scale given by 7. In the follow-
ing, we will assume that 7, is much larger than the time scale
of the simulations, e.g., with a glass substrate, so we can
neglect the energy diffusion term in the 2TM.

In our simulations, we assume that the fluence of both
pulses are the same, which is closer to potential experimental
situations. The initial temperature was set at room tempera-
ture, T=300K. The data sets were averaged over 20 runs
with different random number seeds. The system size was
100 x 100 x 100 spins on a simple cubic lattice so the errors
in the switching probability are quite low. The fluence, P,
was varied to find the minimum value (as a function of com-
position), Fin = pling /7 required for switching with the
first laser pulse. To find the minimum energy for TIMS with
the first pulse, it is important to avoid overheating by the sec-
ond laser pulse. The values of fluence used for switching the
30, 25, and 20% compositions were 1.17 X 102" J/m?3s,
1.35 x 10*' J/m®s, and 1.85 x 10*' J/m’s, respectively. A
minimum appears at Gd concentrations around 30% which is
in agreement with our recent predictions.'”* We start our
investigation with this concentration.

Figure 1(a) shows an example of the element-specific
spin dynamics during two-pulse switching. After the applica-
tion of the first laser pulse, with sufficient energy to induce
TIMS, the Gd and FeCo magnetization reduces substantially
in the first two picoseconds. Importantly, the rate of demag-
netization is different for each sublattice, one of the key con-
ditions for TIMS, and in agreement with experiments.24
Following demagnetization, the FeCo sublattice switches
polarity followed by Gd magnetization. After the first
switching event, the magnetization of both sublattices starts
to recover. For the second laser pulse, we find that for delays
longer than 1= 2.75 ps, a second TIMS event occurs. Similar
to the first laser pulse, after the second laser pulse, FeCo and
Gd demagnetize and switch. By exploring different time
lapses, we find that for a time delay of  =2.25 ps, a second
TIMS is not reproduced, see Fig. 1(b).

The question now is how much can the time-delay be
reduced whilst still observing a second TIMS event and how
does it depend on the material parameters? Already, for sin-
gle pulse TIMS, we have shown in previous studies that the
2TM parameter values, e.g., electron-phonon coupling, could
determine the minimum value for the laser fluence. In this
work, we fix the 2TM parameters to those that closer repro-
duce the experimental observations. Additionally, material
parameters can also potentially influence the switching char-
acteristics for both one and two pulses. In the present study,
we have chosen to fix most of the magnetic parameters, and
we focus on the effect of the Gd concentration. This is rele-
vant since the minimum laser energy to induce TIMS is
closely related to the temperature dependence of the total
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magnetization,l9’25 which in turn strongly depends on the Gd
concentration (see Fig. 2). In particular, we have shown pre-
viously that this minimum laser energy scales with the energy
gap between the two ferrimagnetic precession modes, i.e.,
hAw ~ Jrr(Mreco(To) — Mca(To)). where MeecoGa)(To) are
the individual sublattice magnetizations at temperature, 7.
Therefore, TIMS needs less energy where the energy gap is
minimum, namely close to the so-called compensation tem-
perature T, defined as Mgeco(Ty) = Mca(Ty). We showed
in Ref. 19 that this minimum energy gap can be slightly
modified by the presence of clustering. In addition to the
“close to Ty,” rule for TIMS, we have previously found a
second rule; non-equivalent heating efficiency of the two
sublattices, reflected in the distinct demagnetization dynam-
ics.?” Information about the non-equivalence criteria can be
directly extracted from experimentally measurable quanti-
ties, such as the rate of change, OM/JT, of the net equilib-
rium magnetization M(T) = Mga(T) — Mpeco(T) (Fig. 2).
For temperature regions where OM /0T <0 the heating effi-
ciency is different for each sublattice, OMga/OT S OMreco/
OT effectively means that the Gd sublattice reacts slower/
faster than the FeCo sublattice to a heat pulse. When
OMpet/OT ~ 0 (gray area Fig. 2), both magnetic sublattices
are equivalent and TIMS does not occur (see the gray area
in Fig. 2). This phenomenology has proven very helpful in
the prediction of the ultrafast magnetization dynamics in
GdFeCo.**?’

The question here is whether or not this phenomenology
can be applied in a non-equilibrium situation, e.g., right after
the first TIMS event when basically spin, electron, and pho-
non subsystems are barely in equilibrium with each other. In
the following, however, we test the validity of the rule
OM/OT <0, where M is time-dependent, to predict condi-
tions for double switching, and extend the second rule for
TIMS to non-equilibrium situations. For x = 30%, in Fig.
1(a) we observe that the magnetization is completely reduced
after the first switching, this state can be fairly considered to
be above T.. Within our framework, the second rule states
that in order to complete a second switching, the magnetic
state needs to be at a temperature below the corresponding
gray area in Fig. 2, where OM /0T < 0. This crossing from

0.6 T T T T T T
OM/OT = 0
g T dM/dT > O
5 0.2 | 8M/8T <0 _.-.'."I.'.'.-' i
3 oo’ ! )
S| e . \
b5 0 0“" ‘A""'A:A A RO o O~
< a H
® at P!
= at N
1 i 25% @
0.4 . : ! : ) ) 30% -

300 350 400 450 500 550 600 650
Temperature [K]

FIG. 2. Equilibrium magnetization of Gd,(FeCo), . alloys with x =20, 25,
and 30% gained from the atomistic spin model. The grey area represents the
temperature region where the element specific relaxation rate is similar and
TIMS is unlikely to happen. The arrows point out the temperature region for
which TIMS is possible.
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T. to OM/OT < 0 takes some time which is reflected in the
probability to switch as a function of the pulse delay shown
in Fig. 3. For x = 30%, a sharp transition from O to 1 is
observed. For a Gd concentration of x = 25%, the system
needs to cool down for a longer time for a second switching
since the temperature area where OM /0T = 0 is larger than
for x =30%. An additional effect of a larger plateau
OM,e;/OT ~ 0 (Fig. 2) for x = 25% than for x = 30%, trans-
lates into a regime of time delays between pulses where
switching becomes stochastic, with probabilities neither O
nor 1, as can be seen in Fig. 3. This can be clearly seen when
the Gd concentration is reduced to x = 20% where the pla-
teau spans a large temperature range, where the probability
of double-switching transitions from no-double-switching to
completely stochastic, with probability 0.5. The reason
behind this is that the minimum fluence necessary for TIMS
for x =20% is higher than for x =30% and 25%."° As a con-
sequence, the electron temperature after the second laser
pulse remains around ~420 K, where OM /0T ~ 0. In order
to reproduce TIMS with a second laser pulse for x =20%,
the electron temperature would need to be further reduced to
the temperature region, where OM/OT > 0. This cooling
process is defined by heat diffusion to other subsystems,
such as the substrate or the environment, which are relatively
slow processes. We should point out that different substrates,
e.g., metallic rather than glass, could significantly reduce the
diffusion time and a second switching event may be possible.
Thus, although TIMS is permitted for a broad range of Gd
concentrations for the case of a single laser pulse, the double
switching is restricted to a narrower concentration region
(x=25%-30%).

To summarize, we have demonstrated through theoreti-
cal modeling the possibility of double-ultrafast thermally
induced magnetization switching in different compositions
of Gd,FeCo;_,. We find a strong compositional dependence
on the ability to induce a second switching event within a
few picoseconds, as well as for the minimum time-delay
between the two pulses. We explain this time-delay by build-
ing on our previous studies'® that discuss the compositional

& x=0.20 —e—

5 x=0.25 —a—
x=0.30 —e— |

o0

g °

5 ° ° o 00
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g-‘ 1 1 1 1 1 ]

2 4 6 8

Pulse Separation [ps]

10 12 14 16 18 20

FIG. 3. Probability of inducing two switching events as a function of pulse
separation for two compositions of GdFeCo. The green points are for 30%
Gd, the blue points are for 25%, and the red points are for 20%. Non-integer
probability of switching twice is related to the crossing of the gray area
(OM /OT = 0) of the magnetic state when cooling down after the first TIMS
event.
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dependence of the energy required to induce a single switch-
ing event and an empirical model based on the rate of change
of the equilibrium magnetization. Furthermore, our results
open the possibility to induce further switching events.
Although a number of parameters would have to be further
optimized, such as fluence, Gd concentration, heat diffusion,
electro-phonon coupling, and separation between pulses.
Whilst quantitatively our results are restricted to GdFeCo,
this effect should not be restricted to this material alone.
Several studies have recently investigated the possibility of
switching in other types of RE-TM alloys,”®*’ as well as syn-
thetic ferrimagnetic structures.”®2° We hope that our findings
will invoke new experimental measurements on the possibil-
ity of inducing multiple rapid switching events, which could
potentially be used for magnetic writing schemes.

Financial support by the Deutsche
Forschungsgemeinschaft through SFB/TRR 227 “Ultrafast
Spin Dynamics,” Project A0S, is gratefully acknowledged.
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