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To understand the necessary condition for the observation of all-optical helicity-dependent switch-
ing (AO-HDS) of magnetization in thin films, we investigated ferromagnetic Co/Pt and Co/Ni
multilayers as well as ferrimagnetic ThCo alloys as a function of magnetic layer compositions and
thicknesses. We show that both ferro- and ferri-magnets with high saturation magnetization show
AO-HDS if their magnetic thickness is strongly reduced below a material-dependent threshold thick-
ness. By taking into account the demagnetizing energy and the domain wall energy, we are able to
define a criterion to predict whether AO-HDS or thermal demagnetization (TD) will be observed.
This criterion for the observation of AO-HDS is that the equilibrium size of magnetic domains
forming during the cooling process should be larger than the laser spot size. From these results
we anticipate that more magnetic materials are expected to show AO-HDS. However, the effect of
the optical pulses’ helicity is hidden by the formation of small magnetic domains during the cooling

process.

I. INTRODUCTION

Understanding the interaction between ultrashort laser
pulses and magnetization became a topic of great inter-
est, since the first observation of ultrafast demagneti-
zation in Ni thin films arising from a single laser pulse
by Beaurepaire et al. [I]. In 2007, a fascinating discov-
ery related to ultrafast demagnetization was the observa-
tion of all-optical switching (AOS) of magnetization us-
ing only ultrashort laser pulses [2]. Indeed, cutting-edge
experiments have demonstrated the ability to switch the
magnetization of ferrimagnetic GdFeCo films using fem-
tosecond laser pulses without any external magnetic field
[2, B]. Under the action of a single fs laser pulse, the
AOS of GdFeCo films is shown to be ultrafast, occur-
ring on a picosecond timescale [4]. Moreover, the AOS
has been described as a purely thermal process [5] and is
attributed to the distinct dynamics of Gd and FeCo sub-
lattices leading to a transient ferromagnetic like state [4].
The all-optical helicity-dependent switching (AO-HDS)
of GdFeCo films was obtained only with multiple-pulse
exposure [2] and for a narrow range of fluence, which
was explained by magnetic circular dichroism [6]. Later,
all-optical switching was demonstrated in a much larger
variety of ferrimagnetic materials, such as ferrimagnetic
alloys with different rare-earth (RE) namely Tb, Dy and
Ho [17,[8], ferrimagnetic multilayers and free-RE synthetic
ferrimagnets [§]. This AOS was helicity-dependent for a
wide range of fluences ranging from the switching thresh-
old to the damage threshold [§].

Several models and experimental conditions have been
proposed to elucidate the AO-HDS in ferrimagnetic ma-
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terials building on the experimental finding for ferri-
magnetic GdFeCo. In this context, it was first pro-
posed that an antiferromagnetic exchange coupling be-
tween non-equivalent sublattices is required to achieve
the AO-HDS in ferrimagnets [9]. Later, it was also re-
ported that there is a low remanence criterion for AO-
HDS in various ferrimagnetic materials [I0]. AO-HDS
was only obtained for a remanence below a threshold of
220 emu/cm? [10,[11]. Nevertheless, the recent discovery
of AO-HDS in several pure ferromagnetic films and gran-
ular media [12] [I3] strongly challenges the proposed pa-
rameters ruling the achievement of AO-HDS, since these
ferromagnetic materials do not possess an antiferromag-
netic coupling between two sublattices, and have a mag-
netization far above the proposed remanence threshold.
Here, we present a comprehensive investigation of the
magnetic parameters needed to observe AO-HDS in fer-
rimagnetic ThCo alloys and ferromagnetic Co/Ni and
Co/Pt multilayers for a wide range of compositions and
thicknesses. This investigation highlights the role of the
magnetic film thickness for the successful observation of
the AO-HDS. We can prove that ferrimagnetic TbCo al-
loys showing only laser induced demagnetization effects
for high thicknesses demonstrate AO-HDS if their thick-
ness is drastically scaled down, and even with saturation
magnetization as well as a remanence in the vicinity of
830 emu/cm?®. We also reveal that ferromagnetic multi-
layers with a saturation magnetization of 1480 emu/cm3
demonstrate AO-HDS if their thickness is sufficiently low.
These findings demonstrate that the demagnetizing en-
ergy gain by forming magnetic domains and hence the
size of stable domains play a decisive role in the helicity-
dependent laser-induced switching as was speculated in
Lambert et al. [12].
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II. SAMPLES STRUCTURE AND
CHARACTERIZATION

To explore the influence of different magnetic param-
eters on the observation of AO-HDS, we study various
ferrimagnetic and ferromagnetic thin films of different
thicknesses. All these films were grown by DC mag-
netic sputtering, and show a strong perpendicular mag-
netic anisotropy (PMA) leading to a perpendicular to
film plane magnetization at remanence. The direction of
the easy axis, the saturation magnetization and the co-
ercive field are determined using SQUID magnetometry.
The investigated ferrimagnetic thin films are composed
of Glass/Ta(3 nm)/Pt(5 nm)/ThbyCo1« (t)/Pt(5 nm), in
which the RE (Tb) and TM (Co) magnetic moments are
antiferromagnetically coupled. The top Pt layer prevents
sample oxidation. The net magnetization of the alloy is
given by the sum of the magnetization of the RE and the
TM sublattices. Consequently, for a given temperature
the net magnetization can be equal to zero at a given
RE concentration (X¢omp). For larger (resp. lower) RE
concentration, the magnetization will be pointing along
the RE (resp. TM) moments and the net magnetization
will be named “RE dominant” (resp. “TM dominant”).
In our case, the Th atomic concentration z in the alloy
is ranging from 8 at.% to 30 at.% with an alloy thickness
t ranging from 1.5 to 20 nm. At room temperature (RT)
and for a thickness of 20 nm, a transition from a Th dom-
inant to Co dominant ferrimagnet is taking place if z is
decreased below 20 at.% (i.e. Zcomp (300 K) = 20%) [7].

One issue that we faced is that once the sample thick-
ness is strongly reduced, the nominal concentration x, .,
varies from the effective concentration z determined by
the deposition. As previously reported for other ferri-
magnetic materials [I1] [14] [15], the composition z at
which this crossover occurs depends on thickness. To
explain such behavior, several mechanisms have been re-
ported in the literature. In [I4] [I5], this behavior was
related to the diffusion of the RE atoms and a segrega-
tion process that can take place causing a deviation of
the Tb concentration in the studied films. This effect
is particularly pronounced for low thicknesses because of
the high surface to volume ratio. In [II], the compen-
sation point and the remanent magnetization of TbFe
alloys films was related to a growth-induced modifica-
tion of the microstructure of the amorphous films, which
affects the short range order. As a result, the sperimag-
netic cone angle of the Th atoms changes and leads to
a change of saturation magnetization. Similar effects oc-
cur in our ThCo alloy thin films. In order to simplify the
discussion, we decided here to report the Tb concentra-
tion z which corresponds to the effective concentration.
This concentration is deduced from the saturation mag-
netization Mg and compared with the one measured on
thicker films presented in [7]. Since CoTb alloy is sand-
wiched between Pt layers, we neglected any dead layer
at the CoTb/Pt interface and also neglected the possible
Pt polarization induced by the CoTb layer.

Two different ferromagnetic multilayer thin film sys-
tems were investigated, namely Glass/Ta(3 nm)/Pt(3
nm)/[Pt(0.7 nm)/Co(0.6 nm)]n/Pt(3.7 nm) multi-
layers and Glass/Ta(3 nm)/Cu/[Co(0.2 nm)/Ni(0.6
nm)]yn/Cu/Pt(3 nm) multilayers, where the top Pt layer
prevents sample oxidation. The Cu(111) base layer pro-
motes the PMA of [Co/Ni|x multilayers [16], whereas the
Cu capping layer decouples the [Co/Ni]x stack from the
top Pt layer. The number of repeats N is varying from
1 to 4 for Co/Pt multilayers and from 2 to 6 for Co/Ni
multilayers. All these ferromagnetic multilayer thin films
present a perpendicular anisotropy leading to perpendic-
ular magnetization at room temperature. The saturation
magnetization of [Co/Pt]y multilayers varies from 1483,
1609, 2194 to 2217 emu/cm? for N = 1, 2, 3 and 4, re-
spectively. This increase of the saturation magnetization
with the number of repeats N is attributed to the spin
polarization of Pt atoms at the interfaces by the adja-
cent Co layers [17]. Note that the thickness of the spin
polarized Pt is not taken into account for the calcula-
tion of the saturation magnetization. Furthermore, the
investigated [Co/Ni]x multilayers show a saturation mag-
netization Mg = 1100 emu/cm? and changes only weakly
with the number of repeats.

For AO-HDS experiments we used a Ti: sapphire fs-
laser with a 5-kHz repetition rate, a wavelength of 800 nm
(1.55 €V), and a pulse duration of 35 fs. The Gaussian
beam spot is focused with a FWHM of approximately
50 pm. A quarter-wave plate is used to transform the
linearly polarized beam (7) into right- (0+) and left-
(0-) handed circularly polarized beam, whereas the laser
power is adjusted using a half-wave plate. The samples
are excited through the glass substrate with laser powers
ranging from 0.5 mW for films with lower thicknesses up
to 3 mW for films with larger thicknesses. Note that the
AO-HDS ability of the investigated films is found to be
maintained for a laser power ranging from the threshold
below which the laser does not affect the magnetization
to the damage threshold [8] 12| [I8]. The response of the
investigated magnetic films is probed using static Fara-
day microscope in order to image the magnetic domains
in transmission. The circularly polarized beam is swept
over the magnetic films with a sweeping speed of 10 pm/s
and then the film is imaged to determine the final mag-
netic state. If the final magnetic state is uniform in the
area irradiated by the laser and is dependent on the he-
licity of the light, we consider this AO-HDS. On the other
hand, if the final state is multiple magnetic domains and
independent of the helicity we characterize this as ther-
mal demagnetization (TD).



III. RESULTS AND DISCUSSION

A. Thickness-dependence of all-optical switching in
ferrimagnetic Tb-Co films

We investigated AO-HDS in ThyCo;.x (t) alloy films
for a large range of magnetic thickness ¢ and Tb concen-
tration z. Two nominal concentrations of Tb (16% and
30%) have been used. By varying ¢ from 1.5 nm to 20
nm, Tb concentration z varies from 8 at.% to 30 at.%
due to the thickness effect discussed previously (see Sup-
plemental Fig. 1). Prior to being optically excited, the
thin films are saturated with an external magnetic field
applied perpendicular to film plane, whereas no mag-
netic field is applied during the optical excitation. The
fs laser beam is then swept from right to left for both
right-(c+4) and left-(o-) circular polarization. Note that
the magneto-optical Faraday microscopy is mainly sen-
sitive to the perpendicular component of the Co sublat-
tice magnetization. Therefore, after initial magnetization
saturation up, the contrast corresponding to a reversal to
down is dark (resp. white) for Co dominant (resp. Tb
dominant) TbCo alloy films (see Figs. 1 and 2).
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FIG. 1. Faraday imaging of TbxCoigo-x (t) alloy films for
Tb concentration z ranging from 8 to 16 and alloy thickness
varying from 1.5 nm to 20 nm. For each sample, right- and
left-circularly polarized laser beam were swept over the sam-
ple from right to left. The initial magnetization saturation
up is exemplarily shown. The dark contrast corresponds to a
reversal to down. The laser power is ranging from 1.15 mW
(for t < 8 nm) to 1.5 mW (for ¢ > 8 nm).

For a large thickness ¢ = 20 nm, one can see in Figs.
1 and 2 that thermal demagnetization (TD) is obtained

for + = 16 at.% (Fig. 1) while AO-HDS is obtained for
z = 30 at.% (Fig. 2), which is in agreement with pre-
vious studies [7, 8, [10]. These results were attributed to
the presence of a compensation temperature (Tcomp) at
which the two collinear sublattice magnetizations My,
and M¢, compensate, which is above (resp. below) RT
for z = 30 at.% (resp. = = 16 at.%). Therefore, such
compensation temperature can only be reached through
laser-induced heating for z = 30 at.% [7 [§]. For z = 30
at.%, AO-HDS is obtained at first in a rim at the edge of
a demagnetized area and is then subsequently transferred
to the scanned region leading to its total reversal. More-
over, other Tb dominated alloys with z ranging from 22
at.% to 27.5 at.% and t down to 4.5 nm show also AO-
HDS, as can be seen from Fig. 2.
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FIG. 2. Faraday imaging of TbxCooo-x (t) alloy films for
Tb concentration z ranging from 12 to 30 and alloy thickness
varying from 1.5 nm to 20 nm. For each sample, right- and
left-circularly polarized laser beam were swept over the sam-
ple from right to left. The initial magnetization saturation up
is exemplarily shown. The white contrast for the alloy thick-
ness varying from 20 nm to 4.5 nm corresponds to a reversal
to down, whereas the dark contrast for the alloy thickness 3.5
nm and 1.5 nm corresponds to a reversal to down.

For Co-dominated alloys, Fig. 1 shows that the signa-
tures of the AO-HDS appear gradually by reducing the
alloy thickness. For ¢ = 10 nm and z = 15.5 at.%, the
helicity dependence is slightly observed at the level of
the AOS rim, whereas the laser-induced multiple mag-
netic domains get larger. For ¢ = 8 nm and z = 15 at.%,
AO-HDS is almost obtained with a presence of a small
domain in the middle of the scanned region, whereas a
complete AO-HDS is achieved for lower thicknesses ¢ <
6.5 nm and Tb concentration ranging from 8 at.% to 16.5



at.% (see Figs. 1 and 2). The Co dominated ThgCogs
(1.5 nm) shows pure AO-HDS, even if such alloy does not
present a compensation above RT and has a high satu-
ration magnetization and remanence My = Mgr = 830
emu/cm®. These findings contradict the criterion of low
remanence for the achievement of AO-HDS process [10],
and also indicate that the magnetic film thickness plays
an important role in such process.

Moreover, one can see from Figs. 1 and 2 that af-
ter initial magnetization saturation up, right-(c+) (resp.
left-(0-)) circular polarized beam switches the magneti-
zation to down for Co dominated (resp. Th dominated)
TbCo alloy films, which is attributed to the fact that the
helicity of switching depends on the orientation of the Co
sublattice magnetization and not on the direction of the
net magnetization of the ThCo alloy film [19]. Further-
more, a demagnetized area is located to the left of the
scanned region and is obtained when the beam is turned
off, which is mainly attributed to demagnetization effects
due to the cooling (see Figs. 1 and 2). One can clearly
see that the size of magnetic domains in such demag-
netized area increases for lower thicknesses, which is in
agreement with previous studies [20].

B. Thickness-dependence of all-optical switching in
ferromagnets
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FIG. 3.  Faraday imaging of [Co (0.2 nm)/Ni (0.6 nm)|x
multilayers for number of repeats N ranging for 2 to 6. For
each sample, right- and left-circularly polarized laser beam
were swept over the sample from right to left. The initial
magnetization saturation up is exemplarily shown. The dark
contrast corresponds to a reversal to down.

As already mentioned, the recently discovered AO-
HDS in Co/Pt multilayers with high saturation magne-

tization and no antiferromagnetic coupling between two
sublattices [12] raises the question of what is the param-
eter limiting the achievement of AO-HDS and is it com-
mon to ferrimagnets as well as to ferromagnets? In this
context, we have experimentally investigated the AO-
HDS ability for two different ferromagnetic [Co/Ni]y and
[Co/Pt]x multilayers by varying the number of repeats
N. In regards to [Co/Ni]x multilayers, one can see from
Fig. 3 that the signature of the AO-HDS starts to ap-
pear gradually by decreasing the number of repeats N
and thus by decreasing the total magnetic thickness. In-
deed, only TD is obtained for N ranging from 3 to 6,
whereas a pure AO-HDS is achieved for N = 2. The size
of the laser-induced multiple magnetic domains in the
scanned area increases gradually by lowering N from 6 to
3, which suggests that the large domain size might also
be an ingredient for obtaining the AO-HDS.

We also verified the AO-HDS ability in [Co/Pt]x multi-
layers and the result is consistent with the previous study
of Lambert et al. [I12]. As shown in Fig. 4, AO-HDS is
achieved for N = 1 and 2 whereas only thermal demagne-
tization is obtained for N = 3 and 4 with larger domain
size in the scanned region for N = 3. This switching abil-
ity for both Co/Pt and Co/Ni multilayers was maintained
for a laser fluence ranging from the switching threshold
to the damage threshold. Finally, one can conclude that
the AO-HDS is achieved for both ferromagnetic Co/Ni
and Co/Pt multilayers by reducing the magnetic thick-
ness, a behavior which is similar to the one demonstrated
in ferrimagnetic TbCo alloy films in Fig. 1.

o-

FIG. 4. Faraday imaging of [Pt (0.7 nm)/Co (0.6 nm)|x
multilayers for number of repeats N ranging for 1 to 3. For
each sample, right- and left-circularly polarized laser beam
were swept over the sample from right to left. The initial
magnetization saturation up is exemplarily shown. The dark
contrast corresponds to a reversal to down.



C. Influence of magnetic domains in the
observation of all-optical switching

The thickness-dependent investigation of AO-HDS in
ferro- and ferri-magnets reveals that AO-HDS is observed
when the magnetic film thickness is reduced. This behav-
ior is common for both ferro- and ferri-magnets. To find a
criterion which would allow predicting if AO-HDS will be
observed or not, we compared the expected domain size
due the competition between exchange, anisotropy and
dipolar interaction to the size of the laser spot. Indeed, it
is well known that the size of a stable magnetic domain in
perpendicularly magnetized thin film is strongly depen-
dent on the film thickness [21] 22]. This results from the
competition between the dipolar energy that stabilizes
small domains, and the domain wall energy that tends
to reduce the length of the walls and so stabilizes big do-
mains. It is therefore reasonable to infer that if the size of
stable magnetic domains after the laser-induced heating
is smaller than the size of the laser spot, TD will be ob-
served because the system will break into small domains
during cooling. On the contrary, if the magnetic domain
size is larger than the size of the laser spot, AO-HDS can
be observed. As a result, the magnetic domain size can
be considered as a relevant predictive parameter for the
observation of AO-HDS.

In order to estimate the domain size for the investi-
gated ferro- and ferri-magnets, we use the model pro-
posed by Kooy et al. [21] of periodic stripe domains with
a strong uniaxial anisotropy in an infinite plate. We make
the approximation that the domain wall size is negligi-
ble compared to the magnetic domain size and that the
magnetization is perpendicular to the film plane within
the domains. Thus, the magnetic domain size D that
corresponds to the minimization of the total energy is
expressed by:

D 1
D =texp 7r2to—|—ln7r—1+,u<2—ln2)] (1)

where Dy = Eld is the dipolar length and 4 = 1 +

% is the magnetic susceptibility. Eq = 27M.? is the

demagnetizing energy per unit volume, o = 41/ A K is
the DW energy per unit surface, and ¢ is the magnetic
thickness.

As can be seen from Eq. (1), the material parameters
involved in the calculation of the domain size are the
saturation magnetization, the effective anisotropy and
the exchange constant. An overview of the magnetic pa-
rameter values and the response to optical excitation for
the studied films is presented in Table I. The satura-
tion magnetization for all studied films and the effective
anisotropy for [Co/Pt]x and [Co/Ni]x multilayers were
measured with SQUID magnetometry, whereas the val-
ues of the effective anisotropy for TbxCoigox (t) alloy
films were deduced from the experimental data of Ale-
brand et al. [7]. The exchange constant A.y for the in-
vestigated materials were estimated from literature data:

Acx(ThayCozp) = 0.62 10 erg/cm [23], Aeyx(Co/Pt) =
1.2 10°% erg/cm [24], Aex(Co/Ni) = 0.88 10¢ erg/cm
[25, 26]. As a first approximation, we suppose that
the exchange constant Ao, is unchanged with Tb con-
centration and magnetic thickness t for ThyCo1g0.x (t)
alloy films, since its variation with ¢ is negligible com-
pared to the variation of the other magnetic parameters.
The Co/Pt multilayer is treated as a ferromagnetic single
layer with thickness equal to the sum of Co layer thick-
nesses and magnetization worn only by the Co atoms.
Therefore, due to the polarization of Pt, the saturation
magnetization of [Co/Pt]y multilayers varies from 1483,
1609, 2194 to 2217 emu/cm? for N = 1, 2, 3 and 4, re-
spectively.

Furthermore, the conclusions on AO-HDS and the do-
main size extracted from this modeling remain the same
if the Co/Pt multilayer is treated as a single ferromag-
netic layer with a thickness equal to the total thickness
of the multilayer and a magnetization equally distributed
on the Co and Pt atoms (modeling made by Honda et al.
[27]). However, in this case the domain wall energy is
calculated only in the Co part of the multilayer (see Sup-
plemental fig. 2).

We calculate the evolution of the domain size D as a
function of the magnetic thickness ¢ at RT for the investi-
gated materials. Figure 5(a) shows the evolution of D for
the two ferromagnets, whereas Figs. 5(b)-5(d) present
such evolution for ThyCo1go.x alloys for three different
ranges of Tb concentration. For all the investigated ma-
terials, the divergence of D for low thickness ¢ can be
understood from Eq. (1) and is due to the decrease of
the demagnetizing energy. In Fig. 5(a), four different
curves of the domain size D are shown for [Co/Pt]x mul-
tilayers with N ranging from 1 to 4. This is due to the
different values of Mg and K, for each value of N, induced
by the spin polarization of Pt atoms at the interfaces [17].
We define a domain size threshold Dy, = 50 um corre-
sponding to the size of the fs laser spot (FWHM = 50
um).

One can see from Fig. 5(a) that for [Pt(0.7)/Co(0.6)]x
multilayers with N =1 (¢ = 0.6 nm) and N =2 (¢t = 1.2
nm) which show AO-HDS, D is larger than Dy,. While
for [Pt(0.7)/Co(0.6)]xy multilayers with N > 3 (¢ > 1.8
nm) which show TD, D is smaller than Dy,. Moreover,
for [Co(0.2)/Ni(0.6)]x multilayers D > Dy, only for ¢t <
2.4 nm. Hence, the occurrence of AO-HDS for the in-
vestigated ferromagnets corresponds to a domain size at
room temperature larger than the laser spot. During the
AO-HDS process, the sample temperature will increase
due to the laser-induced heating. Hence, we should also
take into account the evolution of the domain size during
cooling. In the case of ferromagnets, fs laser beam heats
the magnetic system leading to a strong decrease of Mg
[28]. Moreover, as can be understood from Eq. (1), the
effect of the variation of K, and A on the domain size
during cooling is low compared to the one of Mg. Due to
the laser-induced decrease of Mg, the domain size during
cooling for [Pt(0.7)/Co(0.6)]1 and [Pt(0.7)/Co(0.6)]2 is



Ferri- and ferro-magnets t (nm) (emxf:m:a) Ij;g;}ccni%‘l AZ);g(;{cIL())»G AOS vs TD
x=38 1.5 838 520 0.62 AOS
x = 10.5 2.5 658 592 0.62 AOS
x =12 1.5 537 806 0.62 AOS
x = 13.5 5 440 935 0.62 AOS
x = 14.5 6.5 361 921 0.62 AOS
x =15 8 838 894 0.62 TD / AOS
TbxCo100-x (t) x = 15.5 10 308 893 0.62 TD
x = 16 20 204 632 0.62 TD
x = 16.5 3.5 230 725 0.62 AOS
x =25 6.5 183 503 0.62 AOS
x =275 10 298 641 0.62 AOS
x =30 20 341 678 0.62 AOS
x = 30.5 15 360 432 0.62 AOS
N=1 0.6 1438 2650 1.2 AOS
[Co(0.6)/Pt(0.7)]x N =2 1.2 1609 2472 1.2 AOS
N=3 1.8 2194 4162 1.2 TD / AOS
N=4 2.4 2217 4141 1.2 TD
N=2 1.6 1100 955 0.88 AOS
N=3 2.4 1100 955 0.88 TD / AOS
[Co(0.2) /Ni(0.6)]x N=4 3.2 1100 955 0.88 D
N=6 4.8 1100 955 0.88 TD

TABLE I. Overview of magnetic parameters for studied ferrimagnetic alloys and ferromagnetic multilayers for different values
of Tb concentration z and magnetic thickness ¢. Saturation magnetization Mg was measured by SQUID magnetometry, whereas
effective anisotropy K, and exchange constant Acx were estimated using data from literature [7, 13| 23H26].

always larger than D at RT, and therefore larger than
the spot size Dy,. For [Co/Pt]s, let us consider that the
sample has cooled down to a temperature of 400 K. We
estimate the Mg at T = 400 K using the Curie-Weiss law
with a Curie temperature T, = 650 K, and we find M
= 1950 emu/cm?. As can be seen from Fig. 6(a), the
estimated domain size for [Pt(0.7)/Co(0.6)]s with Mg =
1950 emu/cm? coincides with the spot size. Taking into
account the decrease of K, and Aqx at T = 400 K, it can
be understood from Eq. (1) that the domains are always
smaller than the spot size during cooling from 400 K to
RT. Moreover, the domains are also smaller than Dy, dur-
ing cooling for [Pt(0.7)/Co(0.6)]4. Consequently, we can
conclude that the observation of a persistent switching
for ferromagnets requires a domain size constantly larger
than the spot size during cooling.

In order to demonstrate that such switching criterion
is common for ferro- and ferri-magnets, we use the same
approach to estimate the domain size during cooling for
TbxCo100-x (t) alloys for different ranges of Tb concen-
tration z. It was demonstrated by Hansen et al. [29] for
similar ferrimagnetic alloys that the saturation magne-
tization shows different behaviors with temperature de-

pending on the Tb concentration. Therefore, three dif-
ferent ranges of x can be distinguished, namely 8 < z <
13.5,14.5 < z < 16.5 and 25 < x < 30.5. The evolution of
the domain size D at RT is studied on these three ranges
as shown in Figs. 5(b), 5(c) and 5(d), respectively.

As can be seen from Fig. 5(b), for TbxCo1go.x (t) films
showing AO-HDS with z = 8, 10.5, 12, 13.5 and t = 1.5
nm, 2.5 nm, 1.5 nm, 5 nm, respectively, D is larger than
Dy, at RT. For this range of concentration (8 < z < 13.5),
M only decreases for T > RT [29]. Hence, the domain
size D during cooling for these materials which exhibit
AO-HDS is always larger than D at RT, and thus larger
than the spot size. For this range of Th composition, the
behavior of magnetic domains with temperature is really
similar to the one in ferromagnets.

Concerning the range of Tb concentration 25 < z
< 30.5, for TbosCors (65 Ill’Il), Tha7 5Co79.5 (10 nm),
TbgoCO’m (20 nm) and Tb30.50069.5 (15 nm) ShOWiIlg
AO-HDS, D is larger than Dy, at RT as shown in Fig.
5(d). Moreover, ThyCo1gg.x alloys for this range of con-
centration show a compensation temperature (Tcomp)
above room temperature [7, 29]. Hence, decreasing the
temperature from the Curie temperature, My decreases



with temperature and vanishes at Teomp [7h 29]. The
domains for these materials during cooling are therefore
larger than those at RT, and thus larger than the spot
size. A further decrease of temperature towards room
temperature leads to an increase of Mg. However, since
the nucleation is a thermally activated process and tem-
perature is close to room temperature, the nucleation of
new domains does not occur and AO-HDS is maintained.

A more tricky behavior is the one observed for
the range of Tb concentration 14.5 < z < 16.5.
For Tb14_50085_5 (65 nm) and Tb16_50083_5 (35 IlIIl)
AO-HDS is observed, while for Tbi5Cogs (8 nm),
Tb15‘5COg4,8 (10 Ill’Il) and Tb16C084 (20 nm) only TD
is obtained. However, the domain size for all these sam-
ples at RT is always larger than Dy, as can be seen from
Fig. 5(c). Nevertheless, the saturation magnetization
increases with temperature (RT < T < 500 K) for this
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range of concentration [29]. For instance, an increase
in Mg by 150 emu/cm? is estimated for ThysCogs (20
nm) at T = 500 K. Taking into account the decrease of
K, with temperature, the domains in Th16Cog4 (20 nm)
are smaller than the spot size at T = 500 K (see Fig.
6(b)). Hence, for Tb15Coss (20 nm),Thy5Cogs (8 nm)
and This5Co0s4.8 (10 nm) which show TD, the domains
get smaller than the spot size during cooling thus can-
celing the initial effect of the helicity. Furthermore, for
Tb14,50085_5 (65 nm) and Tb16_5C083_5 (35 nm) showing
AO-HDS, the domain size during cooling is smaller than
the one at RT, but remains larger than the spot size
despite an increase in Mg by 150 emu/cm3. A domain
size larger than the spot size during cooling is therefore
required to achieve the switching for this range of Th
concentration.

b
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Estimation of the magnetic domain size D as a function of the magnetic thickness t at room temperature for the

studied ferro- and ferri-magnets. (a) [Pt(0.7 nm)/Co(0.6 nm)]x and [Co(0.2 nm)/Ni(0.6 nm)|x multilayers. (b) ThxCo100-x
alloys for z ranging from 8 to 13.5. (c) ThxCo100-x alloys for z ranging from 14.5 to 16.5. (d) TbxCo1i00-x alloys for z ranging
from 25 to 30.5. The filled symbols indicate the magnetic thickness of the investigated ferro- and ferri-magnets.

Consequently, a domain size larger than the spot size
during cooling is required to achieve a persistent all-

optical switching, which is easier to fulfill by decreasing
the magnetic film thickness. This criterion is common for



both investigated ferro- and ferri-magnets and could also
be satisfied by strongly decreasing the spot size below
the domain size at RT. However, a significant decrease of
the size of the 35-fs laser spot is difficult to achieve with
our experimental set up due to the diffraction limits.
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FIG. 6. (a)Estimation of the domain size D as a function the
magnetic thickness ¢ for [Pt(0.7 nm)/Co(0.6 nm)]3 multilayers
for Ms = 2194 emu/cm® measured at RT and My = 1950
emu/cm3 calculated at T = 400 K. For ¢t = 1.8 nm with Mg =
1950 emu/cm?, the domain size coincides with the laser spot
size. (b) Estimation of D as a function of ¢ for Tb16Coss (t)
alloys for Mg = 230 emu/ cm?® measured at RT and Mg = 380
emu/cm? estimated at T = 500 K. For ¢ = 20 nm with M, =
380 emu/cmg’7 the domain size is smaller than the laser spot
size. The filled symbols indicate the magnetic thickness of the
investigated ferro- and ferri-magnets.

IV. CONCLUSION

In conclusion, we have experimentally investigated the
thickness-dependence of the AO-HDS in ferromagnetic
Co/Pt and Co/Ni multilayers as well as ferrimagnetic

TbCo alloys with different concentrations. For instance,
we demonstrated that both ferro- and ferri-magnets with
high saturation magnetization (Mg > 700 emu/cm?)
show a persistent switching if the magnetic thickness is
strongly reduced. We could define a common criterion
to predict the observation of AO-HDS. Indeed, after the
circularly polarized laser pulses heat the perpendicularly
magnetized sample, the magnetization tends to break
into domains while cooling down. Hence, if the magnetic
domain size inside the material during the cooling process
is larger than the laser spot size then AO-HDS can be ob-
served, otherwise thermal demagnetization will be seen.
Such criterion for the observation of AO-HDS is common
for both investigated ferro- and ferri-magnets. From a
phenomenological point of view, we suspect that much
more magnetic materials are expected to show AO-HDS,
but the initial effect of the helicity is canceled by the
formation of small magnetic domains during the cooling
process. From a technological point of view, this decisive
role of magnetic domains allows identifying the optimal
conditions for the observation of a persistent AO-HDS,
whether by significantly reducing the magnetic thickness
to get larger domain size or by strongly decreasing the
laser spot size in order to fulfill the criterion of a domain
size constantly larger than the laser spot size during cool-
ing.
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