
UC Berkeley
UC Berkeley Previously Published Works

Title
Role of element-specific damping in ultrafast, helicity-independent, all-optical switching 
dynamics in amorphous (Gd,Tb)Co thin films

Permalink
https://escholarship.org/uc/item/5k96f68s

Journal
Physical Review B, 103(2)

ISSN
2469-9950

Authors
Ceballos, Alejandro
Pattabi, Akshay
El-Ghazaly, Amal
et al.

Publication Date
2021

DOI
10.1103/physrevb.103.024438
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5k96f68s
https://escholarship.org/uc/item/5k96f68s#author
https://escholarship.org
http://www.cdlib.org/


Role of element-specific damping in ultrafast, helicity-independent, all-optical
switching dynamics in amorphous (Gd,Tb)Co thin films

Alejandro Ceballos ,1,2,* Akshay Pattabi,3,* Amal El-Ghazaly,3 Sergiu Ruta,4 Christian P. Simon ,5 Richard F. L. Evans,4

Thomas Ostler,6,7 Roy W. Chantrell,4 Ellis Kennedy ,1,8 Mary Scott,1,8 Jeffrey Bokor,3,2 and Frances Hellman1,2,5

1Department of Materials Science and Engineering, University of California Berkeley, Berkeley, California 94720, USA
2Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

3Department of Electrical Engineering and Computer Sciences, University of California, Berkeley, Berkeley, California 94720, USA
4Department of Physics, University of York, Heslington, York YO10 5DD, United Kingdom

5Department of Physics, University of California, Berkeley, Berkeley, California 94720, USA
6Materials and Engineering Research Institute, Sheffield Hallam University, Howard Street, Sheffield S1 1WB, United Kingdom

7Faculty of Science, Technology and Arts, Sheffield Hallam University, Howard Street, Sheffield, S1 1WB, United Kingdom
8National Center for Electron Microscopy, Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

Ultrafast control of the magnetization in ps timescales by fs laser pulses offers an attractive avenue for 
applications such as fast magnetic devices for logic and memory. However, ultrafast helicity-independent 
all-optical switching (HI-AOS) of the magnetization has thus far only been observed in Gd-based, ferrimagnetic 
amorphous (a-) rare earth-transition metal (a-RE-TM) systems, and a comprehensive understanding of the 
reversal mechanism remains elusive. Here, we report HI-AOS in ferrimagnetic a-Gd22−xTbxCo78 thin films, 
from x = 0 to 18, and elucidate the role of Gd in HI-AOS in a-RE-TM alloys and multilayers. Increasing Tb 
content results in increasing perpendicular magnetic anisotropy and coercivity, without modifying magnetization 
density, and slower remagnetization rates and higher critical fluences for switching but still shows picosecond 
HI-AOS. Simulations of the atomistic spin dynamics based on the two-temperature model reproduce these results 
qualitatively and predict that the lower damping on the RE sublattice arising from the small spin-orbit coupling 
of Gd (with L = 0) is instrumental for the faster dynamics and lower critical fluences of the Gd-rich alloys. 
Annealing a-Gd10Tb12Co78 leads to slower dynamics which we argue is due to an increase in damping. These 
simulations strongly indicate that accounting for element-specific damping is crucial in understanding HI-AOS 
phenomena. The results suggest that engineering the element-specific damping of materials can open up new 
classes of materials that exhibit low-energy, ultrafast HI-AOS.

I. INTRODUCTION

The ability to control magnetism at short picosecond and
subpicosecond timescales has tantalized scientists since the
discovery in 1996 of the ultrafast demagnetization of Ni fol-
lowing irradiation by fs laser pulses [1], opening up the field
of ultrafast magnetization dynamics. A major breakthrough
was the discovery of helicity-independent all-optical switch-
ing (HI-AOS) of the magnetization, sometimes referred to as
thermally induced magnetization switching (TIMS), in fer-
rimagnetic a-Gd-Fe-Co alloys [2–4] in ps timescales by a
single femtosecond laser pulse. This magnetization switching
phenomenon is unique in the field of all-optical switching
as it exhibits one of the fastest switching speeds recorded [5],
it is reversible and cyclable for 1000’s of repetitions, and
it is thermally driven by a single laser pulse irrespective of
polarization, i.e., no transfer of angular momentum from the
laser is involved. HI-AOS offers the possibility of promising
technological applications in high-speed, energy-efficient and

*These two authors contributed equally.

nonvolatile magnetic memory and logic, with two to three
orders of magnitude higher operating speeds compared to
conventional spintronic devices that operate on mechanisms
such as external field control [6], spin-transfer- torque [7,8],
or spin-orbit torque [9].

Despite significant advances in the field, a complete under-
standing of the mechanism of HI-AOS still remains lacking.
Thus far, deterministic ultrafast toggle switching of the mag-
netization by a single laser pulse—where the switched area is
controlled just by local heating from the spatial distribution of
the laser pulse fluence—is predominantly found in Gd-based
a-RE-TM ferrimagnetic alloys and multilayers. These include
a-Gd-Fe-Co [2–4], a-Gd-Co [10], Pt/Co/Gd [11], and ex-
change coupled Co/Pt/Co/a-GdFeCo [12] systems. Similar
Tb-based ferrimagnetic systems such as a-Tb-Co alloys [13]
have so far only shown helicity-dependent AOS (HD-AOS),
requiring multiple circularly polarized laser pulses over longer
timescales [microsecond (μs) to millisecond (ms)] [14],
or transient reversal with a single laser pulse [15], wherein
the magnetization reverts back to its original direction af-
ter a short reversal of a few picoseconds (ps). However,
single-shot HI-AOS was demonstrated in Tb/Co multilayers
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when the layer thickness ratio of Co and Tb was within
1.3–1.5 [16], although the switching dynamics were not re-
ported. HI-AOS was also demonstrated in an a-Tb22Fe69Co9

alloy [17], but required patterning of nanoscale antennas
to enhance the optical field, thereby confining the switched
region to less than 100 nm in areas near and around the
antennas. The switching in that experiment was strongly influ-
enced by inhomogeneities and control of the uniformity in the
switched area under the laser pulse fluence profile could not be
achieved.

A complete microscopic theory has yet to explain the in-
trinsic fundamental physics of HI-AOS. In this work the role
of Gd in enabling HI-AOS was investigated experimentally
and theoretically by studying a-Gd22−xTbxCo78 thin films.
Vapor deposited a-RE-TM films have long been known to
possess significant perpendicular magnetic anisotropy (PMA)
leading them to have been considered and sometimes used as
magnetic recording media for decades. PMA is intrinsic to the
structure, a result of subtle structural ordering due to growth
processes [18,19]. Tb has significant orbital angular momen-
tum compared to Gd (L = 3 compared to L = 0) and greater
spin-orbit coupling than Gd, leading to the large PMA and
larger magnetic damping [20,21]. By systematically replacing
the Gd atoms with Tb atoms (such that the RE composition is
kept constant), and by post-growth annealing, the anisotropy,
magnetic damping and spin-orbit coupling (SOC) are modi-
fied, while the magnetization and the Curie and compensation
temperatures are held constant.

HI-AOS was found in a-Gd22−xTbxCo78 films up to x =
18, while a-Tb22Co78 only demagnetized upon laser irradi-
ation. The threshold or critical fluence of the pulse needed
for switching increased linearly with increasing Tb concen-
tration and the switching dynamics became slower, indicating
increasing difficulties in the switching process with increas-
ing Tb. Annealing a-Gd10Tb12Co78 (a high x hence high
magnetic anisotropy film) at 300 ◦C for one hour reduced
the anisotropy by an order of magnitude (without chang-
ing the magnetization), due to increased randomization of
the local uniaxial anisotropy fields that lead to PMA. This
then increases the damping and is here shown to yield
slower remagnetization dynamics but no change in critical
fluence. These slower dynamics with no change in critical
fluence are reproduced in simulations with increased damp-
ing. Simulations of the atomistic spin dynamics using the
VAMPIRE software package [22,23] combined with a two-
temperature model (2TM) [4] indicate that these results can
be explained by an increased damping on the RE site when
Gd is replaced by Tb. The results and simulations suggest
that engineering the relative element-specific damping (here
defined as the Gilbert damping of each component element
which describes the relaxation of the magnetization) of the
RE and TM sublattices can be used to find new materials
that exhibit HI-AOS. Increased anisotropy with Tb content,
and decreased anisotropy by annealing both led to slower
switching dynamics, indicating that anisotropy is not a sig-
nificant factor in HI-AOS. The high perpendicular magnetic
anisotropy in Tb-rich films make them attractive candidates
for magnetic devices with higher memory storage densities
and retention times that exploit the fast read-write speeds of
HI-AOS.

II. RESULTS

A. Single-shot HI-AOS in a-GdTbCo alloys

Amorphous, ferrimagnetic thin-films of Ta(3)/Pt(3)/a-
Gd22−xTbxCo78(10)/Pt(3) (thicknesses are in nm) het-
erostructures were sputter deposited onto substrates of
Si(525 μm)/SiO2(50 nm)/SiNx(300 nm). The a-Gd-Tb-Co
films were co-deposited from separate Tb, Gd, and Co targets
with Pt or Ta over and underlayers grown in situ (Methods
section at the end). Energy dispersive spectroscopy images
taken with a scanning transmission electron microscope found
no evidence of inhomogeneities at the 10 nm scale as had been
reported in previous work on a-Gd-Fe-Co [24] (see Ref. [25]).
The magnetization was measured with a Quantum Design
MPMS SQUID magnetometer as a function of field and tem-
perature. Room-temperature saturation Ms (∼100 emu/cm3)
and compensation temperature TM (∼400 K) were indepen-
dent of x, due to the fixed 22 at.% RE content. The intrinsic
perpendicular magnetic anisotropy constant Kui increased
with increasing x, from 4 × 105 ergs/cm3 for a-Gd22Co78 to
2 × 106 ergs/cm3 for a-Tb22Co78. At room temperature, the
magnetization of all the films studied is RE-dominant. The
Curie temperature of all films was found to be greater than
600 K.

The magnetization of the samples is initialized at room
temperature with an external out of plane magnetic field of
∼0.7 T, fully saturating all samples. The field is then turned
off, and the samples are irradiated with 100-fs full-width
half maximum (FWHM) optical pulses from a regenera-
tively amplified Ti-sapphire laser. Optical absorption was 40%
for the whole stack (Ta/Pt/a-Gd22−xTbxCo78/Pt) irrespec-
tive of composition. Magneto-optical Kerr effect (MOKE)
microscope images depict single shot switching of the magne-
tization of all films except a-Tb22Co78 as shown in Fig. 1(a).
Films with as much as 18 at.% Tb (and hence as little as
4 at.% Gd) have deterministic magnetization reversal upon
irradiation with a single laser pulse. Amorphous Tb22Co78

only shows demagnetization, evidenced by the nucleation of
random magnetic domains. Further growth and characteriza-
tion details are available in Ref. [25].

Figure 1(b) shows that increasing the Tb content in-
creases the incident critical fluence, starting from 4.4 mJ/cm2

for a-Gd22Co78 and linearly increasing to 6.2 mJ/cm2 for
a-Gd4Tb18Co78. The absorbed critical fluence calculated from
ellipsometry measurements of the optical properties of the
films (see Ref. [25]) increases linearly from 1.8 to 2.5 mJ/cm2

for a-Gd22Co78 and a-Gd4Tb18Co78, respectively.
The intrinsic uniaxial anisotropy constant, Kui, was ex-

tracted using the relation Kui = HkMs/2 + 2πM2
s , where Hk

is the anisotropy field (the applied magnetic field at which
magnetization saturates in the hard plane or axis) and Ms is
the saturation magnetization, both of which were measured
from the M(H ) hysteresis loops taken with the MPMS mag-
netometer with H applied perpendicular and (separately) in
plane. Kui is plotted as a function of Tb at.% in Fig. 1(c), show-
ing that the anisotropy constant increases systematically with
increased Tb due to its large single ion anisotropy. The effect
of growing on Ta or SiN, and of capping with Ta or Pt are also
shown in Fig. 1(c); these over and under layers, particularly
Pt, increase the magnetic anisotropy of these thin films, nearly
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FIG. 1. (a) MOKE microscopy images of Ta(3 nm)/Pt(3)/a-Gd22−xTbxCo78(10)/Pt(3) thin films following a series of single laser pulses
at an incident fluence of 6.9 mJ/cm2, illustrate samples’ ability to all-optically reverse their magnetization upon irradiation. Samples with a Tb
concentration of up to 18 at.% exhibited HI-AOS while a-Tb22Co78 only exhibited demagnetization as evidenced by the nucleation of random
domains. (b) Incident and absorbed critical fluence increase with increasing Tb content. (c) Intrinsic anisotropy constant Kui vs Tb atomic
percent in a-Gd22−xTbxCo78 thin films with various capping and underlayers as shown in the legend. Anisotropy increases with increasing Tb
content for fixed under and overlayers. Pt under or overlayers increased Kui for fixed x. The green box shows the compositions that exhibited
HI-AOS; the red box those that did not. The effect of growing on different substrates and capping layers was tested but it had no effect on
HI-AOS. Four a-Gd-Co samples with varying Gd/Co ratio are shown at x = 0. At the top, indicated with an orange star, is a-Gd19Co81 with
compensation T below RT exhibiting PMA and HI-AOS. Beneath it the black square a-Gd22Co78, which is part of the main study; it has Pt
under and over layers and exhibits PMA and HI-AOS. The black diamond is Gd-Co-O also with Pt over and underlayers, but grown in a
reactive oxygen atmosphere, with Kui value of 2.05 × 104 erg/cm3 and MS of 40 emu/cm3. It exhibited HI-AOS though its dynamics were not
studied. In red is a-Gd22Co78 with Ta under and over layers; it has in-plane magnetization which cannot be probed using polar MOKE, hence
it is unknown if it exhibits HI-AOS.

certainly due to interfacial anisotropy effects of these high
SOC elements. The HI-AOS was unaffected by these buffer
layers, clear evidence that Kui alone is not the relevant driving
parameter for HI-AOS. We also note that several films of other
RE/TM ratio were tested, with varying magnetization values
M, including TM-dominant (low RE/TM ratio). These also
exhibited HI-AOS, demonstrating that at least over a limited

range of M, M is not a determining factor for the ability to
show HI-AOS.

For x = 0, i.e., a-Gd-Co, a number of different types of
films were prepared and measured, with different Gd/Co ra-
tios and different Kui, as shown in the legend and data of
Fig. 1(c). With Pt over and underlayer, a-Gd-Co has PMA and
shows HI-AOS. With Ta over and underlayer, a-Gd-Co has in



plane anisotropy and polar MOKE cannot measure HI-AOS.
A Gd-Co-O sample [black diamond in Fig. 1(c)] was grown
via oxygen reactive sputtering and exhibited both PMA and
HI-AOS, as well as a distinct blue hue compared to the metal-
lic gray of all other samples. The origin of PMA in a-Gd-Co
is still an open question [26], although this reactively-grown
sample suggests that oxidation plays a significant role, and
we have found that a-Gd-Co grown under very clean con-
ditions and without Pt over or underlayers are magnetized
in-plane, while slightly worse background pressure or delib-
erate O introduction yields PMA. Rutherford backscattering
spectrometry (RBS) measurements of a-Gd22Co78 of the main
study do not reveal an oxygen peak, but its presence is likely
hidden by the overlap of the Si signal from the substrate. Sim-
ulations with SIMNRA [27] indicate that if oxygen is present in
a-Gd22Co78 it is at most 5 at.% O. Therefore it is likely that
the PMA in a-Gd-Co studied here is a combination of slight
gettering of residual oxygen in the chamber, plus an interfacial
contribution from heavy metal layers.

B. Time dynamics of HI-AOS of a-GdTbCo alloys

The temporal dynamics of the magnetization of the
a-Gd22−xTbxCo78 films as they undergo HI-AOS was mea-
sured by time-resolved magneto optical Kerr effect (TR-
MOKE) (see Ref. [25]). An incident fluence of 6.9 mJ/cm2

was chosen for all TR-MOKE experiments as it slightly
exceeds the incident critical fluence of a-Gd4Tb18Co78, the
sample with the highest critical fluence that was able to
be switched. Note that the dynamics are not affected by
the fluence as shown in Ref. [25]. Figure 2(a) shows the
ultrafast magnetization dynamics of all samples. The mag-
netization reversal process follows a two-step behavior. In
the first step, a rapid initial drop in the magnetization ocurs
in which all films share a similar demagnetization process
within the first picosecond post irradiation from the pump
pulse. The second stage consists of remagnetization in the
opposite direction as the system cools down, except for
a-Tb22Co78. a-Gd22Co78 exhibits the fastest remagnetization
time; with increasing Tb concentration, the remagnetization
systematically slows. The remagnetization rate plateaus with
15% and 18% Tb samples exhibiting similar dynamics. Fi-
nally, a-Tb22Co78 only demagnetizes upon irradiation and
then recovers its magnetization along its initial direction upon
cooling. It is possible that a-Tb22Co78 exhibits a transient
switching in the first few ps following irradiation, similar to
the behavior reported by Alebrand et al. [15], and modeled
by Moreno et al. [28], suggesting that switching could ocur
at a higher fluence. However, utilizing higher fluences led
to irreversible damage of the sample as the laser ablated or
“burned” the sample surface. By 200 ps, all samples had
remagnetized to about 80% of the saturation value as shown in
Ref. [25].

Figure 2(b) is a close up of the experimental data of
Fig. 2(a), and shows, after the initial fast demagnetization
step, behavior that deviates from exponential decay functions
that appears to be more linear in character. The duration of
this more linear behavior increases with increasing Tb before
resuming exponential decay characteristics.

(a)

(b)

(c)

Experimental

Experimental

Simulated

a-Gd22Co78
4 at.% Tb
8 at.% Tb
12 at.% Tb
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a-Tb22Co78

a-Gd22Co78
4 at.% Tb
8 at.% Tb
12 at.% Tb

a-Tb22Co78

18 at.% Tb
15 at.% Tb

a-Gd22Co78
4 at.% Tb
8 at.% Tb
12 at.% Tb

a-Tb22Co78

18 at.% Tb
15 at.% Tb

FIG. 2. (a) Time-resolved magnetization dynamics of
a-Gd22−xTbxCo78 thin films following irradiation with laser
pulses of 6.9 mJ/cm2 fluence and 100 fs pulewidth. The initial
rapid drop in magnetization is similar across all samples, but
upon entering the remagnetization regime different rates are
observed. (b) Close up of the experimental data showing that as the
magnetization approaches and crosses zero, the rate of change in
the magnetization slows (at ∼1 ps) and then increases forming a
slight “bump” after which the magnetization evolves in more typical
exponential behavior. (c) Simulation results of the magnetization
dynamics of Gd22−xTbxCo78 after laser irradiation obtained with a
two-temperature model neglecting spin-lattice coupling as described
in the text. In this simulation, the damping coefficients for Tb and
Co were 0.05 [28] and the damping of Gd αGd was fixed at 0.035.



C. Simulation of HI-AOS in a-GdTbCo alloys

Atomistic spin dynamics simulations using the VAMPIRE

software package [22,23] combined with a two-temperature
model (2TM) [4] (details discussed in Ref. [25] and refer-
ences therein [22,28–32]) were performed to simulate the
experimental magnetization dynamics. These simulations in-
corporate the Hamiltonian of the system, which includes the
exchange and anisotropy energies of Gd, Tb, and Co, into
the Landau-Lifshitz-Gilbert (LLG) equation to compute the
dynamics. The Gilbert damping used here does not make a
distinction between longitudinal and transverse damping since
longitudinal relaxation is simulated directly by considering
high temperature spin fluctuations. Past studies [33] have uti-
lized this atomistic model to systematically vary the Gilbert
damping constant and showed its effect on the demagnetiza-
tion time. In this study the damping is a coupling to the heat
bath that describes both longitudinal and transverse relaxation
as first demonstrated by Chubykalo-Fesenko et al. [34]. As
shown in Fig. 2(c), the simulations are in excellent agreement
with the experiments, reproducing the characteristic behavior
of similar demagnetization dynamics followed by increas-
ingly slow remagnetization times with increasing Tb content.
The bump (the region as we approach and cross zero where
the rate of change in the magnetization slows, then increases
again before resuming its exponential approach to 0.8) in the
magnetization following the initial demagnetization step is
clearly seen in simulation, and exhibits a more linear character
with increasing Tb as seen experimentally. The approximately
factor of two discrepancy in the timescales between exper-
iment and simulation is due to both the small size of the
simulated system, which does not allow for domain dynamics
to be taken in consideration, and also due to heat dissipation
effects.

The simulations were only able to reproduce the exper-
imental data when the element-specific Gilbert damping of
the Gd, Tb, and Co sites were assigned separately in the
LLG equation, rather than when using a net damping of the
system as is typically done when simulating such RE-TM
systems [28,35,36] (see Ref. [25] for comparison). This is
consistent with previous experimental and theoretical work
on the role of damping in systems doped with RE [21,37].
The experimental work of Radu et al. [21] and Woltersdorf
et al. [38] on permalloy doped with RE showed increased
damping for doping with Tb but no significant increase when
doping with Gd. Wietstruk et al. [39] observed a longer de-
magnetization time constant in elemental Gd compared to Tb
which was attributed to the increased spin-lattice coupling in
Tb. Ellis et al. [37] showed that element-specific damping
is required to reproduce the macroscopic damping in such
systems. In this work, we varied the Gd/Tb ratio, as in the
experiments, and fixed the element-specific damping value at
0.05 of the Tb and Co sites as in Ref. [28]. The damping of
Gd was taken to be lower than Tb and was varied between
0.005 and 0.05 in order to study its effect on the dynamics. In
Fig. 2(c), it is set at 0.035.

Figure 3 shows the simulation results of critical fluence
as a function of Tb concentration and varying Gd damping.
The critical fluence for switching in the simulation is deter-
mined by the transition from nondeterministic to deterministic
thermally induced switching. It shows that increasing the Tb

FIG. 3. Simulated critical fluence of a-Gd22−xTbxCo78 films as a
function of Tb at.% x for different damping values of Gd, αGd . The
Tb and Co damping parameters are constant (0.05). The critical flu-
ence increases as αGd increases, indicating that lowering αGd reduces
the threshold switching condition of a-Gd-Tb-Co alloys below the
laser ablation limit.

content increases the critical fluence as observed experimen-
tally, for all values of Gd damping. It also shows that for a
given concentration, increasing the damping on the Gd site
increases the critical fluence.

D. Effect of annealing on switching dynamics

Annealing was used to test the influence of anisotropy and
damping on the dynamics; the results are shown in Fig. 4.
Annealing a-Gd10Tb12Co78 at 300 ◦C for one hour results
in a significant reduction in coercivity Hc and anisotropy
Kui (from 4.6 × 105 to 2.5 × 105 erg/cm3) while maintain-
ing the composition and MS constant as seen in Fig. 4(b).
Further annealing at 350 ◦C eliminated the PMA. The fact
that MS was unchanged by annealing strongly indicates that
inhomogeneities such as phase segregation or crystallization
have not ocurred. The annealed sample shows a significantly
slower remagnetization time, as seen in Fig. 4(b). Atomistic
simulations of the magnetization dynamics of this sample
as a function of Gd damping are shown in Fig. 4(c), which
shows that increased damping increases the remagnetization
time. It can be seen that increasing the damping on the Gd
sites explains the slower remagnetization time, suggesting that
the experimentally annealed sample has increased damping,
in addition to reduced anisotropy. Work from Malinowski
et al. [40] showed that introducing local variations of the
anisotropy in amorphous CoFeB leads to an increase in the
damping parameter. Since the origin of anisotropy in RE-TM
alloys is due to a combination of pair-ordering and Tb’s single
ion anisotropy [18,19], annealing of a-RE-TM alloys leads to
a structural relaxation of pair-ordering that introduces local
anisotropy variations. This in turn leads to higher damping and
the slower remagnetization time observed. Figure 2 showed
that the samples with higher anisotropy (larger Tb at.%)
show slower switching dynamics in both experiments and
simulation. However, the annealing study in Fig. 4 shows
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FIG. 4. (a) Magnetization dynamics of a-Gd10Tb12Co78 in the
as-grown state (blue curve) and after annealing (red curve) at
300 ◦C for 1 hour. Annealing leads to a slower remagnetization
time. (b) Magnetization loops in the out-of-plane orientation show
that annealing reduces the coercivity and anisotropy while MS is
unchanged. (c) Simulated time-resolved magnetization dynamics of
a-Gd10Tb12Co78 as a function of increasing Gd damping. Increasing
the damping leads to a slower remagnetization time, indicating that
annealing leads to a higher damping value.

that the film with lower anisotropy exhibits slower switching.
These observations lead us to conclude that it is the damping
of the system, and not the anisotropy, that is the significant
contributor to the ability to exhibit HI-AOS, consistent with
the observation made in connection with Fig. 1 that HI-AOS
was not determined by the magnitude of Kui. Simulations
shown in Fig. 4(c) with varying damping support this con-
clusion.

III. DISCUSSION

The experimental results show increasing critical fluence
and remagnetization times with increasing Tb content, while
post-growth annealing slowed the remagnetization rates. The
simulations strongly indicate that the relative element-specific
damping of the rare earth site compared to the cobalt site
is the key factor that influences the critical fluence required
for switching and the speed of remagnetization. As verified
in the model for the annealed sample, at a fixed composition
the key parameter that leads to slower remagnetization is the
increased elemental damping. In simulation the damping con-
stant is a phenomenological parameter that combines a host
of diverse effects. Increasing the Tb composition leads to a
greater spin-orbit interaction in the system, which is consid-
ered the intrinsic source of damping [41] and is proportional
to ξ 2/W , where ξ is the spin orbital coupling energy and
W is the d-band width [42]. Thus as the system becomes
Tb-rich it experiences increased spin-orbit coupling which
increases damping and thus leads to the dynamics observed
in Fig. 2. For the dynamics observed in the annealed sample,
the local spin-orbit coupling is very unlikely to have changed,
but the anisotropy changed due to the structural relaxation and
consequent randomization of local anisotropy axes induced
by annealing, thereby increasing the damping. The simula-
tion does not directly account for spin-orbit coupling, but it
indirectly simulates the effects of stronger spin-orbit coupling
via increases in the damping parameter. As mentioned before
the deterministic switching is independent of the anisotropy
and therefore the main contribution of spin-orbit coupling for
all optical switching is the damping. Thus, although the sim-
ulations reveal the critical role of damping in modifying the
ultrafast magnetization dynamics, it is likely that the underly-
ing physical mechanism is rooted in the spin-orbit interaction.

A more holistic approach is to discuss the role of macro-
scopic versus microscopic properties in HI-AOS. Ms was a
controlled variable in this study and it was observed that
despite all samples having the same Ms only a-Tb-Co failed
to switch, which indicates that Ms alone does not enable
HI-AOS. The anisotropy varied as shown in Fig. 1(c) and
it demonstrated that two samples of equal anisotropy and
Ms values had opposite outcomes after laser irradiation: one
switched and the other did not. The measurable difference
between said two samples was compositional, the sample that
did not switch did not contain Gd. This may lead one to
believe that Gd is necessary for enabling HI-AOS, but we posit
that enabling HI-AOS in RE-TM systems is a matter of reduc-
ing the elemental damping or improving thermal management
to permit higher laser fluences without damaging the sample.
Coercivity increased with increasing Tb content from 100 Oe



for a-Gd22Co78 to ∼5000 Oe for a-Tb22Co78. The coercivity
can be attributed to microstructure and defects as well as to
the anisotropy. Given that these are amorphous materials we
feel it is safe to assume that most of the increases in coercivity
are due to the increased anisotropy via increased Tb content
and therefore the same conclusion can be drawn as we did
with anisotropy: Hc does not control HI-AOS. This is further
validated by the results of the annealed sample in Fig. 4, which
continued to exhibit HI-AOS after annealing reduced both
coercivity and anisotropy while Ms was unchanged. Thus,
the macroscopic properties Ms and Hc are ruled out as the
controlling enablers of HI-AOS.

On the microscopic side we have anisotropy and damp-
ing, both arising from spin-orbit coupling. We are limited
to measuring the magnetization dynamics of samples with
PMA only so unfortunately we cannot test the extreme of a
sample with in-plane magnetization. So within the confines
of RE-TM systems with PMA we showed that the anisotropy
constant is not relevant in activating HI-AOS. Thus we are
left with the magnetic damping. To tie it together with the
macroscopic quantities we must focus on the annealed sample
again: annealing reduced both Hc and anisotropy, left Ms un-
changed, but the sample still exhibited HI-AOS although with
a longer recovery time compared to its as-grown state. The
simulation results in Fig. 4(c) suggest that the annealed sam-
ple has increased elemental damping and that this increase is
responsible for the longer recovery time observed. As damp-
ing increases, a threshold level is reached where HI-AOS is no
longer activated, and overcoming this barrier requires greater
laser fluences which may not always be accessible before
damaging the sample. Therefore, our results strongly point at
the element-specific damping as not only enabling HI-AOS but
also modulating the recovery dynamics, supporting the inter-
pretation that ultrafast dynamics are a microscopic response,
while longer timescale dynamics are determined from the
more macroscopic response associated with magnetic domain
dynamics.

IV. CONCLUSION

In conclusion, we have shown that a-Gd22−xTbxCo78 thin
films exhibit HI-AOS from x = 0 to x = 18, displaying a two-
step reversal process with an identical fast demagnetization
step and second slower remagnetization. The remagnetization
time and the critical fluence increase as the Tb content in-
creases, indicating that replacing Gd with Tb atoms hinders
the switching process speed, which we attribute to increased
elemental damping. Atomistic simulations explain the switch-
ing dynamics of our material system only after taking into
account the individual element-specific damping of each RE
and TM sites. The slower remagnetization dynamics and the

increased critical fluence as the Tb atomic percentage in-
creases are explained on the basis of increased damping on the
RE site upon addition of Tb. Annealing of an a-Gd10Tb12Co78

film, which reduces Kui and Hc without changing M, led
to a slowing of the remagnetization rate without changing
the critical fluence; these results are captured in simulations
which indicate that reduced damping is responsible for modi-
fying the ultrafast magnetization dynamics. The experimental
inability to observe HI-AOS in a-TbCo is due to the high crit-
ical fluence that under the present conditions is inaccessible
without ablating the film. This suggests that better manage-
ment of the laser thermal load may lead to HI-AOS beyond
Gd-TM alloys. Our results strongly indicate that element-
specific damping enables HI-AOS and modulates the recovery
dynamics, which we discuss supports the interpretation that
ultrafast dynamics are a microscopic response, while longer
timescale dynamics are determined from the more macro-
scopic response associated with magnetic domain dynamics.
Thus, the engineering of element-specific damping of RE-TM
systems will be crucial to unlock further material systems
exhibiting HI-AOS with favorable properties (such as high
anisotropy and large magnetization) for applications in ultra-
fast spintronic devices.
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