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All optical switching (AOS) of magnetization exhibits a high potential for ultrafast and energy-efficient
memory applications. Many works have been carried out in the area of AOS, including its observation in a wide
variety of ferromagnetic or ferrimagnetic materials, and the exploration of the parameters for the achievements
of AOS such as the laser fluence and helicity, and duration of laser pulses. A large majority of all optical
helicity-independent single-shot switching (AO-HIS) has been observed in Gd-based rare-earth transition-metal
ferrimagnets. It is then necessary to explore the unique role of Gd in AO-HIS mechanism, compared with
other rare-earth elements. Here, we engineered Gd1−x−yTbyCox alloys and investigated the influence of the Tb
concentration on the magnetization dynamics via static Kerr microscope and time-resolved magneto-optical Kerr
effect (TR-MOKE) measurements. The ultrafast demagnetization time at low fluence is found to be independent
of Tb concentration, while both the range of laser fluence and pulse duration allowing for AO-HIS becomes
narrower with increasing the Tb concentration. The TR-MOKE signal ��K/�K_sat ∼ 10 ps after the laser pulse
excitation decreases with increasing either the Tb concentration or the pulse duration. The fact that AO-HIS is
prohibited by increasing the Tb content is explained by considering a larger damping for Tb than Gd in atomistic
simulations. Our results are well explained by the fact that angular momentum can be transferred from Gd to
Co resulting in the magnetization switching, whereas for Tb it is dissipated through the lattice due to the large
spin-orbit coupling, instead of being transferred between Tb and Co.

DOI: 10.1103/PhysRevB.105.054410

I. INTRODUCTION

Ultrashort laser pulse has the capacity to control magne-
tization at subpicosecond timescale [1,2]. It is two to three
orders of magnitude faster compared to the conventional
methods for manipulating spins, including magnetic [3] or
electric fields [4], heat [5], strains [6], spin-transfer torque
[7], as well as spin-orbit torque [8]. Thus, the interaction
between a femtosecond laser pulse and spins in a magnetic
system has become a rapidly growing area of science during
the past decades. In 2007, Stanciu et al. [9] demonstrated
all optical switching using circular femtosecond laser pulse
in GdFeCo ferrimagnetic rare-earth transition-metal (RE-TM)
alloy. Soon after, the major breakthrough was made that a sin-
gle linearly polarized pulse is sufficient to switch the GdFeCo
in picosecond timescale, which is called all optical helicity-
independent switching (AO-HIS) [10]. Since these pioneering
works, the possibility of manipulating spins with an ultrashort
optical laser pulse has great potential for designing technolog-
ical devices with high-speed, energy-efficient, and nonvolatile
magnetic memory storage [11].

Up to now, Gd-based RE-TM alloys or multilayers such
as GdFeCo [12,13], GdCo [14], Gd/Co [15], and Co/Pt/Co/
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GdFeCo [16] systems show deterministic ultrafast toggle
switching of the magnetization using a single laser pulse. A
large amount of work has been devoted to understand the
mechanism of AO-HIS within Gd-based RE-TM alloys. For
example, Radu et al. reported the presence of two different re-
laxation times from Gd and FeCo sublattices by time-resolved
x-ray magnetic circular dichroism measurements [10]. Apart
from the intrinsic magnetic properties of materials, the param-
eter of laser pulse such as fluence and pulse duration have
also been explored [17]. Gorchon et al. [18] reported that
magnetic switching could even be obtained for a 15-ps-long
pulse duration. Furthermore, Davies et al. [12] showed that
the maximum pulse duration allowing for AO-HIS in GdFeCo
depends on the concentration of Gd. Subsequently, Wei et al.
[19] obtained the AO-HIS state diagrams for GdFeCo thin
films for different compositions and thicknesses by determin-
ing the magnetic configuration as a function of laser-pulse
duration and fluence.

Contrary to the tremendous amount of work reported on
Gd-based ferrimagnetic materials, the AO-HIS was very re-
cently demonstrated in synthetic ferrimagnet composed of two
distinct transition metal ferromagnetic layers Ni3Pt and Co
[20], Mn2RuGa [21], and Tb/Co multilayers [22]. In addition,
Alebrand et al. reported a transient reverse of magnetization in
Tb32Co68 alloy on a subpicosecond timescale [23]. However,
no magnetization reversal was observed on the long timescale
in this case. Interestingly, Tb-based RE-TM systems are
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capable to support the domains down to nanometer scales
due to the much higher spin-orbit coupling in Tb than that
in Gd [24], suggesting a promising new kind of material for
AO-HIS spintronic devices. However, switching was observed
only for a narrow range of concentrations and laser fluences in
Tb/Co multilayers [25]. Despite TbxCo1−x alloy being argued
to satisfy the necessary conditions for AO-HIS on the basis
of atomistic simulations [26], it is not yet clearly understood
why these Tb-based ferrimagnetic multilayers show AO-HIS
experimentally and not the alloys. Moreover, to understand
why the Gd-based ferrimagnets easily exhibit AO-HIS as
compared to Tb-based alloys, and consequently to expand the
materials showing AO-HIS, it is highly desirable to investigate
the influence of laser parameters and the magnetic prop-
erties of (GdTb) alloy-based ferrimagnetics. Interestingly,
Eschenlohr et al. [27] investigated the effect of spin-lattice
coupling on ultrafast demagnetization by employing the alloy
of Gd1−xTbx. They found that the second demagnetization
step occurs faster when increasing the Tb content. This re-
sult indicates that the second step of demagnetization taking
place at tens of picoseconds is dominated by the spin-lattice
coupling of 4 f electrons and its acceleration with more Tb
is due to the stronger spin-lattice coupling in Gd1−xTbx as
compared to the pure Gd metal. Recently, Andres et al. pro-
posed the weaker 4 f spins and lattice coupling in Gd as
compared with Tb is one potential reason to explain why the
AO-HIS is usually observed in GdFe, rather than TbFe-based
compounds [28]. Ceballos et al. reported the role of element-
specific damping on all optical switching in Gd22−xTbxCo78

[29]. The Gilbert damping of Gd was tuned in atomistic
simulations [30] to reproduce the magnetization switching dy-
namics obtained in time-resolved magneto-optical Kerr effect
(TR-MOKE). They argued that the lower damping in Gd is
responsible for the faster dynamics and lower critical fluences
of the Gd dominant alloys. However, the AO-HIS state dia-
grams as a function of laser-pulse duration and fluence for
Gd1−x−yTbyCox thin films with various x and y are still not
clear.

In this paper, we mainly focus on the single-shot all optical
switching phenomenon by tuning the Gd, Tb concentration in
Gd1−x−yTbyCox alloys. The spin dynamics taking place from
femtosecond to picosecond timescales was studied carefully
by means of TR-MOKE. At femtosecond timescale, to study
the influence of Tb on ultrafast demagnetization, the ultrafast
demagnetization time τM is extracted as a function of Tb
concentration keeping a constant maximum demagnetization.
For AO-HIS at longer timescale, the laser fluence dependence
of the ��K/�K_sat signal measured at 10 ps after excitation of
laser pulse are compared and the AO-HIS state diagrams for
GdTbCo thin films as a function of laser-pulse duration and
fluence are reported for various composition of Tb and Co.
From these measurements, we found a slower remagnetization
dynamics, a narrower range of laser fluences for switching,
and a reduction of the maximum pulse duration (τmax) for
the occurrence of switching with increasing Tb concentration,
when the composition of Co is fixed. The above experimental
results are attributed to the variation of spin-lattice coupling
after alloying Gd and Tb in Gd1−x−yTbyCox thin films. To un-
derstand it quantitatively, the atomistic spin dynamics model
was carried out, in which an element-specific damping is

assigned to Tb and Gd, respectively, to represent the different
spin-lattice coupling. A good agreement between the simula-
tions and the experimental results ranging from femtosecond
to picosecond timescales is found.

II. EXPERIMENT RESULTS

A. Sample structure and characterization

We prepared a series of 5-nm-thick Gd1−x−yTbyCox thin
films with x = 78, 80, and 84%, while y ranges from 6.1
to 14%, 5.5 to 12.5%, and 4.5 to 11.4%, respectively. The
samples are deposited by dc magnetron sputtering onto a glass
substrate according to the following multilayered structure:
Glass/Ta(3 nm)/Pt(5 nm)/Gd1−x−yTbyCox(5 nm)/Cu(3 nm)
/Ta(5 nm). The Ta layer on top prevents the oxidation of the
magnetic films, and the bottom Ta layer improves adhesion
of the structure on the glass substrate. Based on the magnetic
hysteresis loops obtained by static MOKE measurements,
all studied samples show strong perpendicular magnetic
anisotropy, and all the samples are Co dominant at room
temperature (MOKE results are shown in Note 1 within the
Supplemental Material) [31].

B. All optical helicity-independent switching of Gd1−x−yTbyCox

AO-HIS was studied by means of both static Kerr mi-
croscope and TR-MOKE. In both techniques, a Ti:sapphire
fs-laser source with a regenerative amplifier was used to gen-
erate the linearly polarized pump laser beam with a central
wavelength of 800 nm (1.55 eV). The repetition rate of the
fs laser was 5 kHz. Moke microscopy was performed using a
light-emitting diode source with a wavelength of 628 nm. In
order to perform TR-MOKE measurements, the pump wave-
length was kept at 800 nm while the probe was frequency
doubled to 400 nm. A biased field larger than the coercivity of
each sample was applied during the TR-MOKE measurements
while no field was applied in the case of static Kerr micro-
scope measurements. The laser-pulse duration is controlled by
appropriate adjustment of a grating-pair compressor.

As shown in Fig. 1, we recorded a group of magneto-
optical images for Gd15.9Tb6.1Co78 after exposure to laser
pulses with different fluences and pulse durations. When
τpulse = 50 fs, the switching takes place for the laser fluence
ranging from Fswitch = 1.22 mJ/cm2 defining the lowest flu-
ence at a given pulse duration required to observe switching
up to Fdemag = 3.7 mJ/cm2 above which only multidomain
state occurs. Here, the multidomain state occurs when F =
3.7 mJ/cm2, which is defined as Fdemag. As τpulse increases,
the range of laser fluence allowing for magnetization switch-
ing before reaching a multidomain state becomes narrower
up to a certain pulse duration τpulse = 3100 fs, above which
single-shot magnetization switching cannot be achieved any-
more and only multidomain patterns can be observed above
Fdemag = 3.51 mJ/cm2. We determined Fswitch and Fdemag for
different pulse durations allowing us to produce the state
diagrams presented in Fig. 2. Firstly, a general feature inde-
pendent of the concentration of Tb is observed, that is Fswitch

keeps increasing as the pulse duration τpulse increases until
Fswitch = Fdemag, which defines the maximum pulse duration
(τmax) for which AO-HIS can be observed. Meanwhile, Fdemag
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FIG. 1. Magneto-optical images of Gd15.9Tb6.1Co78 after exposure to a single linearly polarized laser pulse with a pulse duration of 50,
500, 1300, 2100, and 3100 fs, and with various fluences ranging from 1.22 to 3.7 mJ/cm2.

FIG. 2. AO-HIS state diagram for Gd1−x−yTbyCox thin films with x = 78, 80%, while y ranges from 6.1 to 14% and 5.5 to 12.5%,
respectively: switching fluence Fswitch and demagnetization fluence Fdemag as a function of the pulse duration for a single linearly polarized
laser pulse.
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FIG. 3. Laser fluence F -dependent magnetization dynamics of Gd15.9Tb6.1Co78 with various laser pulse duration τpulse ranging from 60 to
550 fs. (a)–(d) Magnetization dynamics as a function of laser fluence for τpulse = 60, 250, 350, and 550 fs.

shows a weak dependence on τpulse. Secondly, the exact value
of both Fswitch and Fdemag as well as τmax strongly depends on
the concentration of Tb. Indeed, Fswitch increases, while Fdemag

decreases for higher Tb concentration for a fixed pulse dura-
tion. We also found that the fluence range showing AO-HIS
is larger and τmax is longer for lower Tb concentrations. For
example, τmax decreases from 3100 to 1400 fs with increasing
the Tb concentration from 6.1 to 14% when x = 78%. A
similar trend is observed for x = 80%. According to Ceballos
et al. [29], the critical fluence for switching becomes higher as
the Tb content increases. It agrees well with our observations.
But, in this study, we also focused on the influence of Tb
content on the state diagram, including the maximum pulse
duration allowing for switching as well as Fdemag.

The magnetization dynamics as a function of laser flu-
ence in Gd15.9Tb6.1Co78 is displayed in Fig. 3 for various
laser-pulse durations τpulse. For τpulse = 60 fs, when the laser
fluence F < 1.03 mJ/cm2, a rapid magnetization recovery
back to the initial state takes place after ultrafast partial
demagnetization. With F increasing, the recovery of magne-
tization becomes slower and the magnetization stays around
zero without recovery for several picoseconds when F =
1.03 mJ/cm2. For fluences larger than F = 1.03 mJ/cm2,
defined as Fswitch, magnetization switching is observed.

For fluences at F = 2.47 mJ/cm2, a long-lived fully demag-
netized state is characterized. So, AO-HIS is only observed
for a fluence value between a certain range . When increasing
the laser-pulse duration τpulse, a similar trend is observed as a
function of the laser fluence. But, the magnetization switching
is forbidden when τpulse = 550 fs, where the magnetization
reaches zero after the laser pulse with F = 3.85 mJ/cm2 and
goes back to the initial state slowly rather than cross zero
to reverse. The sample was damaged for fluence larger than
3.85 mJ/cm2. So, in TR-MOKE measurements, Fdemag was
defined as the laser fluence, at which the laser will almost
damage the sample. The same measurements were repeated
for all the other samples Gd1−x−yTbyCox with x = 80, 84%
(see Fig. S2, Supplemental Material) [31]. We found that the
switching occurs for x = 78 and 80%, when the concentration
of Tb y is less than 12.2 and 9.8%, respectively. For x = 84%,
the switching is prohibited whatever the Tb concentration y is,
even at the shortest pulse duration. This is probably due to the
fact that the composition of Co 84% is too far away from the
compensation point at room temperature as stated within Note
1 of the Supplemental Material [31]. To confirm the switching
behavior of magnetization dynamics, magnetization toggle
switching demonstrated using static Kerr microscope is shown
in Fig. S3 in the Supplemental Material [31]. In addition, the
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FIG. 4. Laser fluence dependence of the ��K/�K_sat signal measured at 10 ps after excitation of samples for different laser-pulse duration
and Tb concentrations. (a)–(c) correspond to x = 78% and (d)–f) correspond to the samples with x = 80%.

state diagram obtained using TR-MOKE is shown in Fig. S4
to compare with the one obtained by Kerr microscopy.

To understand the effect of Tb concentration in combi-
nation with the effect of the pulse duration on AO-HIS,
we measured the fluence dependence of the TR-MOKE
signal at 10 ps after excitation of the samples with x =
78% shown in Figs. 4(a)–4(c) and x = 80% shown in
4(d)–4(f). Here, three different behaviors as a function of
laser fluence can be clearly distinguished. Firstly, the mag-
netization recovers toward its initial state at low fluence
for all the samples, which is evidenced by the value of
��K (10 ps)/�K_sat ≈ 1. Secondly, with a medium laser flu-
ence, a long-lived partially demagnetized state is observed
for all samples [0 < ��K (10 ps)/�Ksat < 1]. Finally, the
AO-HIS is achieved [��K (10 ps)/�K_sat < 0] when laser
fluence raises above a threshold fluence Fswitch. In addition
to the laser fluence-dependent behavior, ��K (10 ps)/�K_sat

is, more importantly, closely connected to both pulse du-
ration as well as Tb concentration. Within the region of
��K (10 ps)/�K_sat < 0, the absolute maximum value of
��K (10 ps)/�K_sat at a certain fluence decreases with the
laser pulse broadening; then it becomes zero at the critical
pulse duration τmax. For instance, as is shown in Fig. 4(a), the
value of ��K (10 ps)/�K_sat drops from −0.6 to 0 when τpulse

is raised from 50 to 550 fs for the samples of Gd15.9Tb6.1Co78.
Meanwhile, ��K (10 ps)/�K_sat is also changed obviously
by the concentration of Tb, which is evidenced by the fact
that it is reduced from −0.6 to −0.2 by increasing the Tb
concentration from 6.1 to 12.2% using 50-fs pulse duration
[Figs 4(a) and 4(c)]. These results contrast with the fact
that the demagnetization shows no dependence with the Tb
concentration. This indicates the role of spin-lattice coupling
effect induced by alloying Gd and Tb only works at around a
few tens of picoseconds, consistent with previous TR-MOKE

measurements in GdxTb1−x alloys [27]. For the samples with
x = 80%, similar results are obtained as is illustrated in
Figs. 4(d)–4(f).

III. ATOMISTIC MODELING FOR ULTRAFAST
DEMAGNETIZATION AND SINGLE-SHOT AO-HIS

In order to understand the experimental results, atomistic
simulations using the VAMPIRE software package [32] were
performed on the materials Gd1−x−yTbyCox with x = 80%,
y = 5.5, 7.5, 9.8, and 12.5% to reproduce both ultrafast
demagnetization and magnetization switching. An element-
specific damping of the Gd, Tb, and Co sites was assigned
separately [29], instead of using a net damping of the sys-
tem, to take into account the different spin-lattice coupling
between Gd and Tb. Here, we firstly fixed the element-specific
damping values of 0.08 at the site of Tb to reproduce the
experimental results, four times larger than 0.02 assigned to
Gd and Co sites. This is reliable considering the previous theo-
retical and experimental studies. For instance, Rebei et al. [33]
proposed the RE-induced damping to be proportional to the
orbital moment of the dopants. And then, it was confirmed that
Tb-doped NiFe film shows a strong dependence of damping
on doping concentration, while Gd doping NiFe film is not
influenced [34]. After reproducing our experimental results,
the damping value of Tb is varied from 0.002 to 0.1 to test its
influence on AO-HIS.

All optical helicity-independent switching

We simulate the laser fluence and pulse duration-dependent
AO-HIS at longer timescale which agrees well with the
TR-MOKE measurements, indicating the reliability of our
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FIG. 5. Comparison of AO-HIS between simulations and ex-
periments for the samples with x = 80%. (a), (b) Magnetization
dynamics of Co sublattice as a function of Tb concentration obtained
by simulation and TR-MOKE measurements, respectively. (c), (d) Tb
concentration-dependent normalized z component of magnetization
and TR-MOKE signal obtained at 10 ps after the excitation of laser
pulse.

simulations (see Fig. S6 in Note 5 of the Supplemental Ma-
terial) [31]. The dynamics of the magnetization of the Co
sublattice as a function of Tb concentration is shown explicitly
in Fig. 5(a). For Tb = 5.5%, the magnetization rapidly drops
to zero within 1 ps, and then it recovers in the opposite direc-
tion showing magnetization switching. With more Tb, all the
samples share the similar initial demagnetization; however,
the remagnetization process becomes slower. This trend is
observed as well by TR-MOKE measurements as shown in
Fig. 5(b). In the case of Tb = 9.8%, the magnetization stays
around zero for several ps after the demagnetization. This
state is reached when the fluence approaches Fswitch. Further
increase of the fluence leads to the reversal of magnetization.
We have to address that the magnetization recovery process
after switching could be changed by magnetic fields [35]. Ac-
cording to Note 6 of the Supplemental Material [31], however,
it can be excluded here due to the different behavior induced
by different applied fields starting to appear at 10 ps and be-
coming pronounced at 50-ps timescale. It is much longer than
the timescale at which the magnetization dynamics differs by
various Tb concentration, where the timescale is below 10 ps
as shown in Figs. 5(a) and 5(b).

Moreover, Fig. 5(c) shows the normalized magnetization
along the z component of the Co sublattice as a function of
the laser fluence after 10 ps for different Tb compositions.
For each sample, two values of laser fluence correspond to
the zero level of magnetization. The smaller one is defined as

FIG. 6. AO-HIS state diagram by atomistic simulations for x =
80%. Critical switching fluence Fswitch and fully demagnetization
fluence Fdemag as a function of the pulse duration with various Tb
concentration.

Fswitch, while the larger one is Fdemag during the simulations.
As the Tb concentration increases from 5.5 to 9.8%, Fswitch

becomes larger, Fdemag becomes slightly smaller, and the nor-
malized magnetization is reduced from −0.6 to −0.2 in the
region of Mz(t = 10 ps)/Ms < 0. These features are in good
agreement with the results obtained by TR-MOKE as shown
in Fig. 5(d).

To further study the influence of the Tb concentration on
the magnetization switching, we present in Fig. 6 the simu-
lated state diagram. The laser fluence representing switching
and full demagnetization is extracted from Fig. S7 of the
Supplemental Material [31] for a given pulse duration. When
the concentration of Tb becomes larger, Fswitch increases and
τmax is reduced from 900 to 400 fs, although the evolution of
Fswitch with the pulse duration τpulse is independent of the Tb
concentration. The simulated state diagrams nicely reproduce
the experimental ones shown in Fig. 2 and Fig. S4. Despite
this, one can see both the fluence and pulse duration allowing
for single-shot switching are lower in atomistic simulations as
compared with those in experiments. In the simulations, these
two critical parameters are dependent on the Curie tempera-
ture Tc as well as the element-specific damping α we selected.
The deviations of Tc and α used in the simulations from the
experimental ones are the main reasons for the differences
in Fswitch and τmax. The dependence of Fswitch on damping is
shown explicitly in the following.

IV. DISCUSSION

In this simulation, different values of Gilbert damping are
assigned to Gd and Tb, respectively, to reproduce the exper-
imental results expanding from femtosecond to picosecond
timescales. In both experimental and simulated results, we
found that ultrafast demagnetization time is independent of
Tb composition (see Note 7, Supplemental Material) [31],
while the AO-HIS phenomenon is prohibited by increasing
Tb content. Our conclusions are consistent with those reported
by Ceballos et al. [29], where the switching is vanished when
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FIG. 7. Conceptual diagram for spin angular momentum dissipation process in RE-TM alloys after infrared laser excitation. The infrared
laser pulse interacts with delocalized d electrons directly, leading to a strong coupling between d electrons and photon. For the localized
4 f electrons in RE elements, they are mainly coupled to the phonon bath, but indirectly excited via 5d-4 f intra-atomic exchange energy.
Two processes responsible for spin angular momentum dissipation are categorized. Firstly, spin angular momentum can be dissipated by
lattice, but it depends on the orbital quantum number L. For Gd, this channel is reduced a great deal due to L = 0 as compared to Tb, where
L = 3. Secondly, the interaction between RE and TM facilitated by intra-atomic exchange energy provides another channel for spin angular
momentum transfer.

the concentration of Tb is larger than 18% in Gd22−xTbxCo78.
The above results can be understood based on the following
phenomenological mechanism, in which we split the whole
dynamic process according to the different timescales in-
volved, as shown in Fig. 7.

(i) Ultrafast demagnetization in femtosecond timescale. In
the near-infrared regime used in this experiment, the 3d and
5d delocalized electrons stemming from TM (Co) and RE
(Tb and Gd) elements, respectively, can be excited directly
to a nonequilibrium state [33], although the 5d electrons in
RE metals carry only very small magnetic moments in both
Gd (0.55 μB) and Tb (0.34 μB). The mechanisms underlying
the ultrafast timescale dynamics are still highly debated, but it
is generally accepted up to now that such ultrafast dynamics
is the consequence of hot electrons induced by laser pulse.
According to previous study, the time needed for ultrafast
partial demagnetization of 5d electrons is identical for Gd and
Tb single elements [36,37]. Both are around 750 fs, which is
too early to see the influence of different spin-lattice coupling
between Gd and Tb. Although Lopez-Flores et al. [38] found
a faster demagnetization in Tb than in Gd within the Co-RE
(RE = Gd and Tb) alloys via time-resolved x-ray magnetic
circular dichroism measurements, the same demagnetization
time of Co is verified in both alloys of CoTb and CoGd. In our
case, the spin information comes mainly from Co sublattice
due to the near-infrared laser pulse used. Thereby, replacing
Gd by Tb continuously in GdTbCo is not expected to give a
pronounced change of ultrafast demagnetization time τM of
Co sublattice.

(ii) Magnetization dynamics in picoseconds. Most of the
magnetism in Gd (7 μB) and Tb (9 μB) comes from the
deeply buried 4 f localized electrons, so that they cannot be

excited directly by the used photon energy of 1.5 eV. Despite
this, the intersublattice 3d-5d6s-4 f exchange coupling serves
as a bridge to transfer spin angular momentum between RE
and TM sublattices. For Tb, this channel competes with the
transfer of spin angular momentum from 4 f electrons to the
lattice due to its strong spin-orbit coupling. On the contrary,
the spin-lattice coupling in Gd is blocked because of zero
orbital momentum. So, the spin angular momentum is favored
to transfer between Gd and Co sublattices. Therefore, alloying
Gd and Tb hopefully induce a tunable spin-lattice coupling,
and consequently, the magnetization dynamics as well as the
magnetization switching in picoseconds are expected to de-
pend on the concentration of Tb, as evidenced in this work.

As illustrated in Fig. 7, the spin relaxation after laser-pulse
irradiation in RE elements (Gd and Tb) can occur via different
channels. Firstly, the spin angular momentum is directly dissi-
pated by the scattering between spins and lattices, depending
on the value of orbital moments. Secondly, the spin angular
momentum is transferred indirectly between RE (Gd Tb) and
TM (Co) sublattices via interatomic exchange of 4 f -5d6s-3d
electrons [39,40]. It is worth mentioning that the above two
pathways have been demonstrated recently via time-resolved
photoemission spectroscopy in Gd and Tb rare-earth elements
[41]. The different spin-lattice coupling in Gd and Tb leads
to different magnitude of the spin-relaxation rates, and conse-
quently different spin dynamics as well as AO-HIS behaviors
when Gd and Tb concentrations are varied.

Considering the good agreement between experiments and
simulations, we propose that the difference in magnetization
dynamics taking place at a few picosecond timescale with
various Tb concentration is attributed to the larger spin-lattice
coupling in Tb as compared with Gd. To explore the effect of
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FIG. 8. The evolution of Fswitch as a function of Gilbert damping
parameter of Tb with different laser-pulse duration τpulse.

Gilbert damping further, it was tuned in the range of 0.002
to 0.1 to study the sensitivity of Fswitch to the elementary
spin-lattice coupling effect as is shown in Fig. 8. Meanwhile,
the laser-pulse duration is another external parameter to tune
spin dynamics as is shown in the experiments. One can see
the minimum Fswitch is observed at the shortest laser-pulse
duration, which is independent of the damping parameter. At
a given laser-pulse duration, Fswitch increases monotonously
with larger damping of Tb. From a phenomenological view-
point, a larger damping of RE results in a stronger spin-lattice
coupling, suggesting more spin angular momentum is dis-
sipated via the scattering of spins and phonons. Therefore,
less spin angular momentum is flowed between RE and TM
elements, which is, however, the main driving force to switch
the magnetization in RE-TM alloys. In this case, a much larger
laser fluence is needed to compensate the spin angular mo-
mentum dissipated by the lattice in order to present AO-HIS.

Based on our experiments and simulations, the magnetiza-
tion switching is vanished in GdTbCo alloy by increasing Tb
content due to the too large damping for Tb. In this case, the
transfer of spin angular momentum between RE (Gd Tb) and
TM (Co) is reduced when the concentration of Tb increases
and leads to a slower remagnetization of Co in the timescale
of a few picoseconds. Both the calculated and experimental
results as well as the model proposed in Fig. 8 can partially
explain why Gd-based RE-TM is relatively easier to show
AO-HIS compared with Tb-based RE-TM structures. Apart
from the prerequisite of substantial different spin dynamics
for RE and TM sublattices, the sample compensation Tcomp

[42] or Curie temperature Tc [19] also play a key role in de-
termining the parameters for the occurrence of AO-HIS such
as τmax, Fswitch, and Fdemag. In particular, the demagnetization
speed of RE could be tuned by engineering Co-RE samples

with different Tcomp and Tc. For instance, a faster demag-
netization of Tb was observed in Co74Tb26 than Co86Tb14

because the excited-state temperature was in the vicinity of
Tcomp and Tc for Co74Tb26 and Co86Tb14, respectively [38].
However, in this study, we mainly focus on the different spin
dynamics induced by varied Gilbert damping in a series of
GdTbCo samples. To understand the combined effect from
both magnetization dynamics and compensation or Curie tem-
peratures, many more samples expending from RE dominant
to TM dominant should be deposited, which goes beyond the
scope of this study.

V. CONCLUSION

By engineering a series of Gd1−x−yTbyCox samples, we
studied the influence of the spin-lattice coupling in the mag-
netization dynamic leading to all optical helicity-independent
switching. Indeed, Gd shows little spin-orbit coupling allow-
ing angular momentum transfer from Gd to Co, whereas Tb
shows strong spin-orbit coupling which facilitates the angu-
lar momentum transfer to the lattice. We demonstrated that
low Tb composition allows the observation of AO-HIS on
a larger range of laser fluence. Furthermore, it is found that
the ultrafast demagnetization of GdTbCo alloy taking place
at femtosecond timescale is independent of Tb concentration,
while the TR-MOKE signal measured at 10 ps after laser-
pulse excitation becomes smaller with more Tb when AO-HIS
occurs. In order to understand the role of spin-lattice coupling
on ultrafast and fast timescales, we simulate the ultrafast
demagnetization process as well as AO-HIS in GdTbCo al-
loys via assigning an element-specific damping between Gd
and Tb. A good agreement is found between experiment and
simulation.
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