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Laser-Induced Transient Anisotropy and Large Amplitude
Magnetization Dynamics in a Gd/FeCo Multilayer

Thomas G.H. Blank, Sten Hermanussen, Tom Lichtenberg, Theo Rasing, Andrei Kirilyuk,

Bert Koopmans, and Alexey V. Kimel*

Ultrafast laser-induced dynamics in a ferrimagnetic gadolinium iron cobalt (Gd/
FeCo) multilayer with a magnetization compensation temperature of Ty, =320 K
is studied at room temperature as a function of laser-fluence and strength of
the applied magnetic field. The dynamics is found to be substantially different
from that in archetypical GdFeCo alloys, and depending on the laser fluence
one can distinguish two different regimes. At low laser fluence (<1.6 m} cm™),
ultrafast laser excitation of the medium triggers spin precession of an extraor-
dinary large amplitude reaching over 30°. At high laser fluence (=2.2 mj cm™),
the pump heats the medium over the magnetization compensation point, spin
precession reduces significantly in amplitude and the process of field-assisted
reversal of magnetization of Gd and FeCo is launched. It is argued that such

a distinctly different laser-induced magnetization dynamics in the multilayers
compared to the alloys is due to the symmetry breaking at the numerous inter-
faces, giving rise to additional surface anisotropy. The temperature dependence
of the latter is found to be the key ingredient in the mechanism of ultrafast
laser-induced magnetization dynamics in ferrimagnetic multilayers. Controlling
the amount and properties of interfaces in multilayers can thus serve as a mean

least dissipative mechanisms to influence
magnetization with the help of light.l!l Fer-
rimagnetic materials, in this respect, have
shown so far the most dramatic response
to ultrafast laser excitation, starting with
the observation of the switching of the
magnetization in the metallic ferrimagnetic
alloy GdFeCo with a single 40 femtosecond
laser pulse.?l This mechanism was dem-
onstrated to proceed via a strongly non-
equilibrium transient ferromagnetic phase
Bl as a result of laser-induced heating.!
Later, a non-thermal mechanism of optical
recording of magnetic bits was achieved in
a dielectric ferrimagnet via photo-induced
changes of the magnetic anisotropy.l’! More
recently, it was shown that such a ferrimag-
netic dielectrics also facilitate a novel mech-
anism of heat-assisted magnetic recording
(HAMR),1*”] which does not require nearly
complete demagnetization like in GdFeCo,

to achieve efficient ultrafast all-optical control of magnetism.

1. Introduction

The ability to control the magnetization of magnetically ordered
media with the help of femtosecond laser pulses opened up new
perspectives for data storage technologies as well as motivated
an intense research interest to fundamentally new, ultrafast, and
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but relies on the temperature dependence

of the magnetic anisotropy.l®! This rises the

question whether ultrafast changes in mag-
netic anisotropy could also play a role in metallic ferrimagnets.
However, despite intense research interest in metallic ferrimag-
nets, magnetization dynamics and eventual magnetic switching
as a result of ultrafast dynamics of magnetic anisotropy has not
been discussed yet.

Here, in order to study the role of the temperature depend-
ence of the magnetic anisotropy in laser-induced magnetiza-
tion dynamics of metallic ferrimagnets, we consider a fer-
rimagnetic Gd/FeCo multilayer. In the past few years, laser-
induced phenomena of rare-earth transition-metal (RE-TM)
multilayer heterostructures have been investigated and com-
pared to alloys, focusing mainly on all-optical switching.®-13!
In this context, the biggest difference of multilayers compared
to alloys is the weaker effective antiferromagnetic exchange
interaction between the rare-earth and transition-metal spins
as a consequence of the reduced RE-TM contact area that is
being restricted to the interfaces. A lesser exposed aspect is the
effect of structural anisotropy, caused by the arrangement of
an isotropic alloy in layers, on the magnetic anisotropy. That
is, as the symmetry is broken at the interfaces, the structure
could gain additional and controllable contributions to the
magnetic anisotropy."°! By performing pump-probe magneto—
optical measurements as a function of magnetic field and
pump-fluence, we show that the laser-induced dynamics in
our multilayer is dramatically different from that known for
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Figure 1. Schematic of the multilayer structure and pump—probe experi-
ment. In macro-spin approximation, this sample consists of two anti-
ferromagnetically coupled macroscopic magnetic sublattices My and
Mg, corresponding to the sum of the magnetic moments of the Gd and
FeCo layers, respectively. An external magnetic field po|Hey| of at most
320 mT applied at an angle of 6, = 11° tilts the net magnetic moment
M = Mgy + Mg, along the field away from the easy (z-)axis of anisotropy.

the alloys. The results indicate that laser-induced dynamics of
the magnetic anisotropy plays a dominant role in the observed
magnetization dynamics.

2. Experimental Section

Previous results obtained on Gd,Fe;p,Coy alloys showed that
compositions with 22 < x < 26 and 9.3 < y < 9.8 were character-
ized by the strongest magnetic response to ultrafast laser excita-
tion.'®! Therefore, a multilayer consisting of 20 alternating Gd
(0.5 nm) and Feg;sCopps (0.5 nm) layers was studied. Consid-
ering the unit volume occupied by the Gd, Fe, and Co atoms
determined by the corresponding metallic radii 74 = 1.8 A,
e = 126 A, and 1, = 1.25 A" such a synthetic heterostruc-
ture is equivalent to the Gd,ssFessCoos alloy in terms of the
number of atoms. The sample stack as schematically illus-
trated in Figure 1 was deposited on a glass substrate by magne-
tron sputtering. The first Ta layer ensured a good attachment
of the Al heatsink, which was shielded from the magnetic
[Gd/FeCo] part of the sample by another Ta(4) layer After-
ward, the 20 nm thick magnetic multilayer was capped by
a 4 nm Ta layer to prevent it from oxidation. SQUID mag-
netometry and magneto—optical (MO) characterization of the
sample showed that it had perpendicular magnetic anisotropy
(PMA), with relatively weak coercive field in the order of about
HoH, = 10 mT (see Supporting Information). Similar to the alloy,
antiferromagnetic exchange coupling was obtained between the
gadolinium (Gd) and transition-metal (FeCo) spins at the interfaces.
Moreover, as a consequence of the relatively large magnetic moment
and low Curie temperature of Gd compared to FeCo, the sample
should exhibit a temperature of magnetization compensation Ty
where the net magnetic moment M(T) = Mgq(T) + Mg(T) is zero.
Indeed, MO Faraday effect and SQUID measurements as a func-
tion of temperature confirmed a compensation temperature slightly
above room temperature Ty, = 320 K (see Supporting Information).
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The material was studied in a conventional pump-probe
experimental scheme as depicted in Figure 1. In the experiment,
the system was excited using an intense and linearly polarized
laser pulse with a central wavelength of A = 600 nm. The pump
pulse approached the sample at near normal incidence being
focused in a spot with beam radius w = 400 um. The pump
pulses were brought to spatial and temporal overlap with tightly
focused (beam radius 50 um), weak and linearly polarized
probe pulses with a central wavelength of A = 800 nm. These
probe pulses were transmitted at normal incidence through the
sample and traveled to a balanced photo-detector. For the pump
pulses, a peak fluence F = 2E,/7w” up to 5.1 m] cm™ was
used, while the fluence of the probe pulse was many orders of
magnitude weaker, such that it did not induce any changes in
the medium.

Both pump and probe pulses had a pulse duration of =100 fs.
The probe pulses were generated at a repetition rate of 1 kHz,
but the pump-pulses arrived at the sample at half the rate
(500 Hz). The latter frequency was set as a reference to a set
of lock-in amplifiers to deduce the pump-induced signal in
both the difference and sum channels of the balanced photo-
detector. The difference channel measures changes in probe
polarization rotation while the sum channel probes changes in
probe intensity (transient transmission). It was possible to vary
the polarization-angle and intensity of the incoming pump and
probe pulses by using half- and quarter-wave plates. An external
magnetic field H,, of at most 320 mT that was tilted at an
angle 6y = 11° from the sample plane (see Figure 1) was applied
during the measurements. In the following section, the key
observations of the pump-probe measurements are presented,
performed at room temperature (293 K).

Pump-Probe Experiment: An amplified Ti:Sapphire laser
system delivered laser pulses with a central wavelength of
A =800 nm at a repetition rate of 1 kHz. The beam was split
into two parts: one part served a as probe while the other was
sent to a commercial optical parametric amplifier (OPA) to gen-
erate pump pulses with a wavelength of 600 nm.

Magneton Sputtering: The Gd/FeCo multilayer used in this
experiment was fabricated via magnetron sputtering on a glass
substrate for the use of pump—probe experiments in transmis-
sion and additionally on a small Si wafer coated with a 100 nm
SiO2 layer to use for measurements of magnetic moment in
a superconducting quantum interference device vibrating
sample magnometer (SQUID VSM). The base pressure in the
deposition chamber was 1.0 x 10~ mbar. The Fe and Gd targets
were connected to a DC voltage source, while a RF voltage was
applied to the Co target. In order to obtain a correct ratio of
the FeCo alloy, a calibration curve was obtained by growing
several alloys for various voltages on the iron target, followed
by a determination of the content ratio by comparing the rel-
ative amplitudes of the 2p3/2 peaks of iron and cobalt using
X-ray photo-electron spectroscopy (XPS), where the X-rays were
emitted from an Mg source.

3. Results

Figure 2a shows the hysteresis loop of the polarization rotation
of the probe 6 as a function of external magnetic field, without a
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Figure 2. a) Hysteresis loop measured in the experimental scheme
described by Figure 1. b) Pump-induced signal at a fluence of
F=2.2 m) cm™2 and external magnetic field B, = 300 mT.

pump pulse applied. The contrast gy = 0.5[0(+ Beyi) — Or(— Bex)]
will throughout be used to normalize the pump-induced
polarization rotation changes of the probe. Figure 2b shows a
typical transient polarization rotation induced by a pump-pulse
at a fluence of F = 2.2 m] cm™. Within the first picoseconds
after the excitation, the polarization rotation AOp decreases
steeply, followed by another change of the signal that occurs
on a much longer timescale of several hundred picoseconds.
Finally, the signal relaxes back to its original value at t = 1.5 ns
that is accompanied by large fluctuations.

Before we proceed with the results, it is crucial to under-
stand the origin of the polarization rotation in this sample.
We determined experimentally that both the hysteresis loop
and the pump-induced signals are completely independent of
probe polarization. Such an independence of probe polarization
implies that the detected (transient) changes of 6; originate
from the antisymmetric part of the dielectric permittivity tensor
€)= -l Experimentally, such a polarization rotation is
commonly known as the magneto—optical Faraday effect.l?"]
For the present measurement configuration, this effect is
exclusively due to changes of the magnetization along the
out-of-plane z-axis.[?1-??]

Based on the interpretation 6z e« M,, the hysteresis loop in
Figure 2a shows that even for the maximal field of B, = 300 mT,
the magnetization is predominantly along the z-axis with only
a small canting towards the sample plane. Considering the
dynamics in Figure 2b, we can now assign the ultrafast change
directly after the pulse-excitation to the well-known phenomena
of ultrafast demagnetization,>?32¥ leaving the system in a
highly non-equilibrium state with partially (=50%) quenched
magnetization. It is most likely that the temperature of the non-
equilibrium state crossed Ty, which then somehow instigates
switching of the magnetization on a time-scale of =200 ps, sim-
ilar to what has been reported earlier in the alloy.?’! After the
magnetization reversal, the magnetization dynamics exhibits
a return at t = 1.5 ns toward the equilibrium initial state. It is
remarkable that the relaxation dynamics in this region is sud-

Adv. Mater. Interfaces 2022, 9, 2201283 2201283 (3 Of9)

INTERFACES

www.advmatinterfaces.de

denly accompanied by strong fluctuations, which in strobo-
scopic measurements indicates a stochasticity of the process.
The exact timing of this relaxation depended on the position of
the spot on the sample, and in later measurements, it was not
observed within our experimental time-window. We attribute
this particular occurrence of a fast back-relaxation to a sample
defect, serving as a point of nucleation for this dynamics, but
it has not been studied here further. In order to gain a better
understanding about what drives the magnetization dynamics
in our experiments, we considered the dependencies on pump
polarization, fluence, and external magnetic field.

3.1. Polarization, Fluence, and Field Dependence

Our measurements for different pump polarizations revealed
that the transient signals are polarization independent. This
suggests that the laser-induced dynamics is solely a result of
laser-induced heating. The amount of heating is controlled by
the pump-fluence and should set the degree of demagnetiza-
tion of the non-equilibrium state after the first few picoseconds,
which in turn should have an impact on the further course of
the sub-ns magnetization dynamics. Moreover, the timescale
of the sub-ns dynamics corresponds to transverse rather than
longitudinal magnetization dynamics (such as ultrafast demag-
netization) because the latter is driven by exchange forces and
evolves usually on a time-scale of a few picoseconds. The clas-
sical theory of transverse magnetization dynamics by Landau
and Lifshitz["” predicts a typical timescale 27(yB)™' where B the
total effective field and y/27 =~ 28 GHz T-!if g = 2. A depend-
ence on external magnetic field could therefore be expected.
Here, we will summarize the experimental dependencies of
pump fluence and external magnetic field.

3.1.1. Fluence Dependence

Both the ultrafast sub-ps as well as the sub-ns dynamics are
found to be very sensitive to the pump-fluence (see Figure 3).
It can be seen that a larger fluence results in a larger degree
of sub-ps demagnetization. Regarding the subsequent sub-ns
dynamics, we discovered various regimes of magnetization
dynamics, for low fluence 0.3 < F < 1.6 m] cm™, the magneti-
zation oscillates with unusually strong amplitudes. Increasing
the fluence to 2.2 < F < 3.4 mJ cm™ suddenly suppresses the
oscillations and instead, we observe sub-ns switching of mag-
netization similar to what we observed in Figure 2. We attribute
the sudden suppression of oscillations to the large damping,
together with the fact that any precession should occur predom-
inantly along the z-axis that is not picked up by our experiment.
When increasing the fluence even further F > 4.2 m] cm™2, we
observe the formation of a plateau. By complementary meas-
urements using single-shot time-resolved magneto—optical
microscopy (see Supporting Information), we find that this
latter laser-fluence regime leads to a reversal of the magnetiza-
tion that occurs within a picosecond after the laser pulse exci-
tation. The data in the Supporting Information suggest that
this reversal does not depend on field and instead is governed
by exchange interaction as is the case for helicity-independent

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. Pump-induced signal as a function of pump-fluence, demon-
strating the existence of several regimes. Note that signal at the lowest
fluence of 0.3 m) cm™2 drops below 100%, which is possible since
the initial magnetization is canted towards the plane by the external
magnetic field.

all-optical-switching (HI-AOS).[! However, contrary to previous
results, the magnetization reversal does not toggle.’'%1 For
a more detailed discussion on this high laser-fluence regime,
we refer to the Supporting Information. In this article, we
only address the first two regimes where F < 3.4 m] cm™2, and
return to the question of the long-timescale dynamics both
experimentally and theoretically.

We found the optimal fluence for which the laser triggers
magnetization oscillations with the largest amplitude to be
~1.1 m] cm™? (see Figure 4a). In this case, the oscillation ampli-
tude may reach the strikingly large amplitude of 45% of the ini-
tial z-component of the magnetization M, (see Figure 4b). It
means that the angle of precession of the net magnetization is
at least 30°. Note that in the majority of pump—probe experi-
ments in ultrafast magnetism, an amplitude of magnetization
precession of several degrees is considered as large.2>?l In
general, oscillations with large amplitudes imply that modeling
the corresponding dynamics would require to go beyond the
approximation of a harmonic oscillator. One aspect of anhar-
monicity is a dependence of the resonance frequency on the
amplitude of the oscillations. Figure 5 shows that the oscilla-
tion frequency ® indeed decreases monotonically for increasing
laser fluence with =4.2 GHz/(m] cm™), but it scales with flu-
ence rather than with amplitude thus anharmonicity does not
seem to be responsible.

Moreover, we discovered that the frequency of the oscilla-
tions increases as a function of time delay. In order to illus-
trate this, we plotted the oscillations at the optimal fluence in
Figure 4b, where we subtracted an exponential contribution to
the data and therefore extract the precessional waveform. The
data cannot be fitted with a harmonic function with constant
frequency. Instead, we could fit the data by assuming a line-

arly time-variable frequency @(t)=w, +t-—(f, demonstrating a
d
chirp of €@ 017 GHz period™’. In order to understand the

mechanism behind the frequency-dependency on fluence and
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Figure 4. a) Magnetization oscillations for several pump-fluences,
measured at an external magnetic field B, = 300 mT. The frequency
decreases for increasing fluence. b) Magnetization oscillations where
an exponential function associated to thermal demagnetization has
been subtracted from the data in order to study the precessional motion
only. The fit with constant frequency exposes, although subtle, a mis-
match. Instead, the data can be fitted properly when accounting for
a linearly increasing frequency of dw/dt =~ 0.17 GHz period™".

time, we have to establish the origin of the magnetization oscil-
lations. For this, we will look at the dynamics as a function of
magnetic field.

3.1.2. Field Dependence
Following the classical Landau-Lifshitz theory, the magneti-

zation dynamics should depend on external magnetic field.
Indeed, as shown in Figure 6a, we observe that the timescale

@ Frequency @ Amplitude
17r — Fit -

(arb. units)

FFT Amplitude

Frequency (GHz)
o
(6]

13.5 , : '
0.8 1 1.2 1.4 1.6

Fluence (mJ cm™)

Figure5. Frequency (black dots) and amplitude (red dots) of the dynamics
from Figure 4a plotted as a function of pump fluence. The data suggests
there is no one-to-one correspondence between the amplitude and the
frequency of the oscillations, implying that the fluence-dependence of the
frequency is not due to nonlinearity.
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Figure 6. a) Double-step switching process as a function of external field, demonstrating the field-assisted precessional character of the magnetiza-
tion reversal. b) Magnetization precession measured at the fluence F = 1.1 m] cm~2 where the oscillation amplitude is optimal. The inset shows the
frequency dependence of the precessional motion as a function of external field.

of magnetization reversal for the fluence region 2.2 < F <
3.4 m] cm™2 has a strong dependence on external magnetic
field, confirming the precessional nature of the switching
process. Moreover, it is seen that below the threshold field
of around B = 90 mT, switching does not occur at all. This
emphasizes the role of the external field, being a necessary
driving force for the precessional switching process.

Aiming to reveal how the oscillations depend on
magnetic field, we plot the waveforms at the optimal fluence
(F = 1.1 m] cm™) for various external magnetic fields in
Figure 6b. The linear dependence of the resonance frequency
on external magnetic field with a characteristic slope of
~y/27r=28 GHz T\, depicted in the inset, is in accordance with
ferromagnetic resonance.?83% In this case, the net magnetization
precesses around the “effective” magnetic field, H.g = —0F/ M
derived from the appropriate free energy F.!! From this, we can
understand the fluence- and time-dependence of the frequency
wgy from Figure 4, as the resonance frequency is fully deter-
mined by the total effective field. In our case, this field includes
contributions of the external field H., anisotropy field H, (see
Figure 1) as well as the demagnetizing field Hp.?8%) The latter
contribution, also known as shape anisotropy, contributes like
an easy-plane type of anisotropy, proportional to the net mag-
netization and thus being large far away from the compensa-
tion temperature.3l However, given the fact that our measure-
ments were performed near the magnetization compensation
temperature, we argue that this contribution is small and can
be ignored. As the external field remains constant during the
experiment, only transient changes of the magnetic anisot-
ropy Wpp(Hexr Ha(t)) can be held responsible for the time- and
fluence-dependencies of wgy. This conclusion will be a key
ingredient for the theory of the coming section that describes
the sub-ns magnetization dynamics.

4. Theory

Based on the fluence- and time-dependence of the
observed resonance frequency wgy from Figure 4, we sug-
gest that the observed effects must be a consequence of
the thermal transient modification of the anisotropy field
H,(T(t)) = [2K(T)M. (T)/M(T)*]z. The modification of magnetic

Adv. Mater. Interfaces 2022, 9, 2201283 2201283 (5 of 9)

anisotropy strongly depends on the temperature-dependence
of the uniaxial anisotropy constant K(T), which in thermody-
namic equilibrium usually follows the Callen—Callen power-law
dependence with the magnetization!*?

K(T) [M(T)} M
K(0) [ M(0)

Here n is a material-specific constant determined by the
specific origin of the anisotropy.** Provided n # 1, this will
result in a thermal modification of the anisotropy field H(T)
after laser-induced heating. The value of n was reported ear-
lier in a rather broad range,®323 but for the case of uni-
axial anisotropy n it is theoretically predicted to be n = 3.3%30
Here, we will use this transient modification of anisotropy
and show that it allows us to explain the experimentally
observed phenomena.

4.1. Magnetization Reversal Based on LLB Formalism

To study the consequence of Equation (1) on the magnetization
dynamics of our metallic multilayer, we follow the approach by
Atxitia et al.,138 using the stochastic Landau-Lifshitz—Bloch (LLB)
equations to describe magnetization dynamics ferrimagnets. The
corresponding equations are written in a compact form for the
reduced magnetization vector m, = M,/M,, o, with v= Gd, Fe:

v 'HH v v He v
m, =—y, [m, x Hg, |- 7.0 (m > ot )m [m X[m, % Her ]]
m, mv

(2)

The exact expressions of the transverse and longitudinal
effective fields H.g,, Hl,, and damping parameters o), o
can be found in Ref. [37]. The parameters such as the exchange
coupling, anisotropy, and saturation magnetization were taken
from Ref. [39], and were adjusted to obtain the experimen-
tally observed Ty = 320 K. In particular, in order to account
for weaker Gd-FeCo exchange interaction in Gd/FeCo multi-
layers in comparison with that in the corresponding GdFeCo
alloy, we have increased the intra-sublattice exchange as com-
pared to the inter-sublattice exchange. After this, we manually
adapted the parameters to reproduce the correct magnetization
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compensation point. This can be found in the Supporting
Information, where we plot the simulated static temperature
dependence of the magnetic sublattices.

Having calculated the equilibrium magnetization, we study
the evolution of the system after laser-induced heating, which
has been accurately described by the phenomenological four-
temperature model where four heat reservoirs corresponding
to the electrons, the lattice and the two spin sublattices are
involved.**!! In a mean-field approach such as the stochastic
LLB formalism, the concept of spin-temperature is not well-
defined, and generally the electron temperature is mod-
eled using the conventional two-temperature (2T) model*
(described in the Supporting Information) that couples to the
spin baths via a coupling parameter.’’®#1 Modeling laser-
matter interaction in terms of the 2T model, an ultrafast laser
pulse first deposits its energy into the electronic system which
then exchanges the heat with the lattice on a time-scale of the
electron-phonon interaction (=2 ps). Such a heating results in a
demagnetization of both the Gd and FeCo sublattices and lifts
the temperature above Ty, making the state with a reversed ori-
entation of the spins favorable. However, our simulations show
that solely this fact will not induce switching of the magnetiza-
tion. The boundary to the reversed state that is determined by
the magnetic anisotropy needs to be diminished, as illustrated
in Figure 7a. This can be achieved by assuming a temperature
dependent transient magnetic anisotropy described by Equa-
tion (1) using the value of n = 3 for uniaxial anisotropy.l*>¢
Furthermore, we assume that the anisotropy is completely
dominated by the Gd sublattice, as was claimed earlier in the
case of RE-TM alloys and multilayers.*>*® More specifically,
this means we replace M(T) by M¢q(T) in Equation (1) and
let only Mgq(T) contribute to the anisotropy energy. The
latter assumption, together with the Callen—Callen power law
taking n = 3, will greatly reduce the anisotropy field barrier,
providing the necessary “kick-start” to the precessional
switching process.

In Figure 7b, we plot the resulting dynamics of the Gd and
Fe sublattice magnetizations mgq(t) and my,(t) separately, and
obtain a result that is in qualitative agreement with our experi-
mental data. Similar to the experimental result in Figure 6a, the
simulated long time-scale magnetization reversal that occurs
after a quick demagnetization shows a characteristic depend-
ence on external magnetic field. Moreover, we also obtain a
“threshold field” below which the switching does not take place.
The simulations theoretically demonstrate how the temperature
dependence of magnetic anisotropy can result in precessional
switching, after the Gd/FeCo multilayer has been brought to a
non-equilibrium state by laser-induced heating.

It should be noted that in the experiments, we measure
Faraday rotation and not net magnetic moment. The contribu-
tions from Mgy , and M, , to the Faraday effect are in general
unequall’]

6:(T,A) = aca(T, A)Mca,(T) — dre (T, A)Mee . (T) (3)

where the a,(T, A) are wavelength- and temperature-dependent
material-specific magneto—optical parameters. It is known that
these parameters could allow certain sublattices to dominate the
magneto—optical effect for specific wavelengths.*”) In the case of
GdFeCo alloys, it is conventionally accepted that the transition-
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Figure 7. a) Schematic potential energy scheme of the reversal process.
Initially when T < Ty, the free energy of the magnetic system is character-
ized by two potential minima corresponding to the stable Gd-dominated
state and the meta-stable Fe-dominated state. In the simplest picture, the
laser heats the system above the compensation temperature and makes
the Fe-dominated state stable. However, the large barrier energy barrier
Ex imposed by the anisotropy field H, prevents switching to the new
global minimum. By thermally leveraging the anisotropy field H, — 0, the
barrier will be lifted and reversal may take place. b) Field-assisted double-
step switching process as simulated by the LLB equations (Equation (2))
after laser-induced heating solved by the 2T model (for equations see
Supporting Information), where we took the anisotropy field dynamics
from Mgq with n =3 in Equation (1) into account. The parameters and
mean-field equilibrium magnetizations used in the modelling are sum-
marized in the Supporting Information.

metal is dominant at the wavelength of 800 nm. Contrary to this
conventional wisdom, the simulated dynamics of the Gd sublattice
shows a slightly better quantitative agreement to the experimental
data than that of Fe (when comparing Figure 7b to Figure 6a). In
the case of Gd/FeCo multilayers, it is strictly speaking unknown if
FeCo dominates the magneto—optical signal, and our results sug-
gest that Gd must be taken into account.

4.2. Large-Amplitude Precession Based on LLG Equation

Finally, we would like to return to the question of the unusu-
ally large precession amplitudes at low pump-fluences. As a
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first simple attempt to describe this dynamics, we show that
it can also be explained by considering the thermal modifica-
tion of the anisotropy of a single macrospin. For this purpose,
we consider the magnetization dynamics of a single magnetic
moment M with initially |M] = M(0) = 0.2up described by the
normalized Landau-Lifshitz-Gilbert (LLG) equation/?’]

(L—T:—ymxHeﬂc +a(m><dd—1?) (4)
Here m(t) = M(t)/|M(t)]. We chose a Gilbert constant of
o= 0.1 and the effective field H.g = H, + H, is taken to include
the external field H., = H(cos 0y, 0, sin0y) and uniaxial anisot-
ropy field H, = (2KM, /M?)z.
We model the effect of ultrafast demagnetization by the
double-exponential function®”!

| M(2)| /M(0) = C[exp(~t/71) - exp(~t/T,)] + 1 ()

where C sets the degree of demagnetization and 7; = 10 ps,
7, = 1500 ps define the timescales of demagnetization and
relaxation, respectively. This demagnetization will result in
a temperature dependence of the anisotropy field through
K(T) as in Equation (1) (again using n = 3), and the resulting
modification of anisotropy Hy(t) will be used as input for the
normalized LLG Equation (4). The anisotropy field will be
increasingly quenched for greater C, being almost completely
zero for for a brief amount of time when C =1 (see Supporting
Information).

When simulating the effect of Hy(t) on the transverse
dynamics of m(t) for several values of C using the LLG Equa-
tion (4), we see in Figure 8 that approaching nearly complete
temporary quenching of anisotropy (C = 1) has a profound
impact on the amplitude of the resulting precession, reaching
the size of the magnetization vector itself. In order to make a
translation of this simple model to our experimental results, one
should note that even if the net magnetization is zero, it does
not imply complete demagnetization of the individual magnetic

1 ' ' ' ' c
0.75} | W02
= 05 1 04
20.25- 11108
€N ol | 0.7
€ 0.25] 11198
0.5} e
0 100 200 300 400 500
Time (ps)

Figure 8. Result of LLG simulations using Equation (4) for several values
of the parameter C from Equation (5). When C =1 the anisotropy field
touches Hy = 0 (see Supporting Information). This simple model shows
that the thermal quenching of out-of-plane anisotropy has a large impact
on the subsequent ferromagnetic resonance amplitude.
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sublattices of a ferrimagnet. In fact, this is what occurs at the
magnetization compensation point Ty;. Given that our magneti-
zation compensation point is only =30 K above room tempera-
ture, it could explain why we see the effect of full suppression
of the anisotropy field already for low laser-fluences 0.3 < F <
1.6 m] cm™2 as in Figure 3. However, we should mention it is
not necessarily the magnetization compensation temperature
that matters. Analogue to the angular momentum compensa-
tion point, which is different from Ty, when the contributions
to the angular momentum from both sublattices are unequal,
we should rather speak about the “anisotropy compensation
temperature”. Such a temperature could exist given that the
anisotropy contributions from Fe and Gd are in general une-
qual. In the end, this simple model shows how the quenching
of magnetic anisotropy can induce large-amplitude ferromag-
netic resonance precession as observed in our experiment.

5. Conclusion

By extensive experimental and numerical analysis, we have
been able to demonstrate the role of ultrafast modification of
magnetic anisotropy in the laser-induced spin-dynamics of a
Gd/FeCo multilayer. In the previous section, we explained the
experimental results by considering the effect of thermal modi-
fication of a phenomenological uniaxial out-of-plane anisotropy
field in the LLB and LLG formalisms. First, these results show
that the ultrafast modification of magnetic anisotropy triggers
magnetization reversal when the system is heated across the
magnetization compensation point by an ultrafast laser pulse in
the presence of an external magnetic field. This outcome shares
many similarities with results obtained in YIG,®l but requires a
~100 times lower pulse-fluence. Second, we show that ultrafast
quenching of the magnetic anisotropy could explain the unu-
sually large magnetization precession. As the resonance fre-
quency gy itself is a function the anisotropy field, this means
that the transient modification of anisotropy becomes directly
evident in the time- and fluence-dependence of this frequency
(see Figure 4). It was previously suggested that such a behavior
of wry(T(t)) could be used to study the exact evolution of mag-
netic anisotropy after ultrafast laser excitation.l>!

We want to emphasize that the phenomenological theory
is subjected to many simplifying assumptions and approxi-
mations, and that we did not consider microscopic details. In
particular, we did not consider the (microscopic) origins of this
anisotropy field, e.g., crystal-field effects, surface anisotropy
etc., which all have different thermal dependencies, and which
should be a subject of study for later research. But we can
speculate that the main difference of the dynamics of Gd/FeCo
multilayers with respect to the corresponding alloy is caused
by symmetry-breaking at numerous interfaces of the magnetic
multilayer. This is interesting from an engineering perspec-
tive, as controlling the number of interfaces and their degree
of intermixing would therefore control the thermal gradient
of the anisotropy and could serve as an additional degree of
freedom when engineering materials suitable for field-assisted
switching of magnetization. The degree of intermixing can for
instance be controlled by Ga* irradiation of the multilayer,™ or
by sputtering conditions.

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U80|7 SUOWIWIOD BAIIER.D) 8|eol|dde sy Aq peusenob ae Sspie YO ‘88N J0 S8|ni 10y Ariq1T8UIIUO AB|IAN UO (SUORIPUOD-PUB-SWLBH WD A8 | 1M AleIq 1 Ul [UO//:SANY) SUORIPUOD pue WS | 38U} 88S *[£202/T0/20] U0 Ariqiauljuo A8|IA ‘Uenoypuia AisieAlun eoluyde L Aq £82T02202 LPe/Z00T OT/I0p/Wo0 A 1M AReq 1|eul|uoy/:sdny wolj pepeojumoq ‘9€ ‘220z ‘0SEL96TE



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

In general, our results fuel a renewed interest in the role
and tunability of magnetic anisotropies in rare-earth transition-
metal alloys and heterostructures,’'-¥ as a result of the general
ongoing fundamental and technological interest in the physics
of ferrimagnets for spintronics applications.*>/1 The addi-
tional degree of freedom obtained using ultrafast modification
of the magnetic anisotropy has not been extensively considered,
and could lower the heat-threshold for reversing the magneti-
zation without the loss of anisotropy and therefore stability of
magnetic recording devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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