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By conducting helicity-dependent ultrafast magnetization dynamics in a CoTb ferrimagnetic alloy,
we are able to quantitatively determine the magnetic circular dichroism (MCD) and resolve its role
in the helicity-dependent all-optical switching (AOS). Unequivocal interpretation of the sign of
the dichroism is provided by performing AOS and femtosecond laser-induced domain wall motion
experiments. We demonstrate that AOS occurs when the magnetization is initially in the most
absorbent state according to the light helicity. Moreover, we evidence that the MCD creates a
thermal gradient that drives a domain wall towards hotter regions. Our experimental results are in
agreement with the purely thermal models of AOS.

The ultrafast optical control of the magnetic order
rapidly emerged as a promising approach in ultrafast
magnetism. Yet, a decade after the discovery of com-
plete and deterministic magnetization switching induced
by femtosecond circularly polarized laser pulses [1], many
fundamental questions remained unanswered. In partic-
ular, the issue of the relative contribution of pure thermal
or non-thermal effects induced by the laser pulses is cru-
cial for the understanding of the magnetization reversal
mechanism. Indeed, the interaction between light and
matter may involve transfer of energy which results in
an ultrafast heating of the electronic system [2–5]. Addi-
tionally, for circular polarization, transfer of light angular
momentum and the emergence of an effective magnetic
field via the inverse Faraday effect (IFE) may occur [6–9].

The ability to reverse the magnetization with ultra-
short polarized laser pulses, a phenomenon known as all-
optical switching (AOS), was evidenced in a broad va-
riety of ferri- and ferro-magnetic materials [1, 10, 11].
In GdFeCo alloys, AOS can be single-pulse and helicity-
independent [3, 4, 12]. On the other hand, in ferrimag-
netic CoTb and ferromagnetic thin films such as Co/Pt
multiplayers, AOS is found to be helicity-dependent
[10, 11, 13, 14]. The latter was also demonstrated to
be a multishot and cumulative process [15–17] which in-
volves domain nucleation and helicity-dependent domain
wall propagation [18].

Several theoretical models have been developed for
multi-pulse all-optical helicity-dependent switching (AO-
HDS) without reaching a consensus about the origin
of the driving force [16, 19–22]. To explain the role
of the photon helicity, the IFE was considered among
non-thermal optomagnetic effects. Following the laser-
induced thermal demagnetization, the effective field gen-
erated by circularly-polarized laser pulses would switch
the magnetization according to the light handedness
[9, 19, 20]. This magnetization reversal mechanism is
mostly non-thermal. Yet, a precise characterization of
the amplitude and lifetime of this optomagnetic field re-

mains elusive in absorbing metallic media [9, 19].
In contrast, it has been argued that AO-HDS could

originate from a purely heating mechanism [16, 21, 22].
In this case, the asymmetry would arise from the differ-
ence in light absorption between left- and right- circu-
lar polarization due to the magnetic circular dichroism
(MCD). The multishot helicity-dependence of AOS in
ferromagnets was theoretically reproduced with a purely
thermal mechanism based on the MCD [16, 21]. In
this process, the laser initially heats the system close to
the Curie temperature. As a result of the MCD, some
magnetic domains would be hotter and will experience
stochastic switching, while domains of opposite magneti-
zation direction would remain cooler and stable [16, 21].
Moreover, it was suggested that the temperature gradi-
ent arising from the MCD across a domain wall could
explain the helicity-dependent domain wall motion re-
ported in Co/Pt multilayers [18].

In all the thermal models of multishot AO-HDS [16,
21, 22], it was assumed that the final state is the least
absorbent. This means that switching occurs if the mag-
netization is initially in the higher absorption direction
according to the light helicity. Hence, it comes that the
sign of the MCD governs the helicity-dependence of AOS
and the direction of the temperature gradient across a
domain wall. Nevertheless, no experimental proof has
been provided so far to corroborate the thermal models of
AOS. Therefore, it appears legitimate to experimentally
investigate the helicity dependence of light absorption in
the magnetic thin films that exhibit multishot AO-HDS.
A first attempt to reveal the MCD effects in (Co/Pt)
multilayers upon laser pulse irradiation lacked of a direct
comparison between the absorption states and the effect
of the light helicity on the magnetization direction [23].
Besides, it is necessary to explore the effect of MCD on
a domain wall as it was proved that domain wall motion
plays an important role in the AOS mechanism [18].

In this letter, we aim to experimentally resolve the
relevance of a purely thermal mechanism based on the
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MCD. Ultrafast magnetization dynamics and magneto-
optical Kerr ellipticity measurements allow us to accu-
rately determine the sign of the MCD. Unequivocal in-
terpretation of the role of the MCD in the mechanism of
AOS is provided by direct comparison to AO-HDS and
helicity-dependent domain wall motion experiments.

To access the MCD, one can perform static absorption
measurements. Yet, due to the small difference of absorp-
tion, it can be challenging to obtain the necessary signal
to noise ratio for such measurements. Another possibility
is to use ellipsometry to determine the complex refrac-
tive indices of both circular polarizations. However, in
multilayers, the fitting procedures to extract the indices
of refraction can quickly become complicated. For these
reasons, and in order to access the MCD in-situ (in our
AOS experimental setup) and avoid possible sign confu-
sions due to changes of setup or configuration, we decided
to measure the ultrafast magnetic dynamics of our sam-
ples under excitation by circularly polarized pulses [23].
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FIG. 1. Schematic representation (a) of the TR-MOKE con-
figuration and (b) of the helicity-dependent magnetization dy-
namics.

The investigated sample is a ferrimagnetic
alloy grown by DC magnetron sputtering:
glass/Ta(2)/Co70Tb30(20)/Pt(2) (thickness in nm).
The Ta seed layer is used for good adherence on the
glass substrate and good texture to provide perpendicu-
lar magnetic anisotropy. The Pt capping layer prevents
sample oxidation. Magnetometry measurement show
that the CoTb ferrimagnetic alloy is Tb-dominant and
with a coercive field of about 300 mT. Moreover, previ-
ous studies reported that CoTb alloys exhibit AO-HDS
[13, 15, 24]. The ultrafast magnetization dynamics
upon laser excitation was investigated via time-resolved
magneto-optical Kerr effect (TR-MOKE) measurements
using a pump-probe technique as sketched in Fig. 1(a).
The pump and probe beams are generated by a 35-fs
pulsed laser with a repetition rate of 5 kHz. The pump
wavelength is set to 800 nm while the frequency of the
probe is doubled to 400 nm. The pump beam is at
normal incidence on the sample surface and the probe
has a small incident angle of less than 5◦. They both are
focused onto the sample with a spot size of the pump and
probe beams of about 280 µm and 90 µm, respectively.

The laser-induced change of the Kerr rotation is detected
with synchronized balanced photodiodes as a function
of the time-delay between the pump and the probe. To
explore the helicity dependence of the magnetization
dynamics, the pump polarization was varied from left-
(σ+) to right- (σ-) circular polarization, on the other
hand the probe was kept linearly-polarized.

Since the ultrafast magnetization dynamics in metallic
systems depends on the amount of absorbed light [2, 25],
it is therefore possible to extract the MCD from helicity-
dependent ultrafast magnetization dynamics. Indeed, in
the linear regime, we can assume that the magnetiza-
tion change is proportional to the absorbed laser fluence
[26]. In Eq. 1, we define the magnetization change M in-
duced by a single laser pulse by a system of four equations
depending on the light polarization and initial magneti-
zation saturation direction as schematically illustrated
in Fig. 1(b) (as explained in supplemental materials
[27]). Typical time-resolved MOKE experiments require
two measurements in order to disentangle the magnetic
and non-magnetic contributions (e.g. reflectivity). Since
MOKE is odd with the magnetization, the difference of
two oppositely magnetized TR-MOKE traces will give
a trace proportional to the magnetization, eliminating
any effects that are even with the magnetization such
as the reflectivity. Yet, for a circularly polarized pump,
the probe’s reflectivity will depend on the sign of M due
to the different amounts of heating caused by the MCD
of the pump. As a result, it is necessary to measure the
magnetization dynamics for all four combinations of light
polarization and initial magnetization saturation direc-
tion (σ-, ↑), (σ-, ↓), (σ+, ↑) and (σ+, ↓). We note that
this remains true for any time-resolved MOKE experi-
ment where the pump beam has a non-negligible amount
of helicity.

M (σ−,↑) = (∆R+ δR) + (∆M + δM)

M (σ−,↓) = (∆R− δR)− (∆M − δM)

M (σ+,↑) = (∆R− δR) + (∆M − δM)

M (σ+,↓) = (∆R+ δR)− (∆M + δM)

(1)

∆M refers to the helicity-independent magnetization
change. δM indicates the helicity-dependent compo-
nent of the magnetization change. By reversing the
light helicity, the demagnetization rate changes by ± δM
which is directly proportional to the MCD. We define the
measured change in reflectivity as an averaged (helicity-
independent) reflectivity ∆R ± δR related to its helicity
dependence. By taking linear combinations of the four
measurements as represented in Eq. 1, we can quantita-
tively determine δM, thus the MCD, and eliminate the
helicity-independent and -dependent non-magnetic con-
tributions ∆R and δR (see. supplemental materials [27]).
The convention used in Eq. 1 yields δM proportional to



3

[A(σ-, ↑) - A(σ-, ↓)] (equivalently to [A(σ+, ↓) - A(σ+,
↑)]) with A corresponding to the light absorption.
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FIG. 2. Time-resolved magneto-optical Kerr effect measure-
ments after a single left- (σ+) or right- (σ-) circularly polar-
ized laser pulse for a magnetization pointing (a) up or (b)
down.

In Figs. 2(a) and 2(b) are displayed the TR-MOKE re-
sults following a single laser pulse excitation in the CoTb
alloy obtained for different combinations of light helicity
and magnetization direction. Each ultrafast magnetiza-
tion dynamics measurement was repeated 10 times and
obtained with a temporal resolution of 35 fs. The er-
ror bars represent the standard error. The laser fluence
was set to 4.87 mJ cm-2 with a magnetic field of 700
mT to re-set the magnetization. Due to the difference
of absorption resulting from the MCD, for one satura-
tion direction, one circular polarization will demagnetize
more. By symmetry, the difference of the magnetiza-
tion dynamics between the two helicities should remain
the same when reversing the initial saturation direction.
Thus, Figs. 2(a) and 2(b) should be equivalent in ab-
solute value. Yet, this is not the case when comparing
the difference of the dynamics between the two helici-
ties in Figs. 2(a) and 2(b). This indicates the pres-
ence of a helicity-dependence of the reflectivity. Conse-
quently, to quantitatively determine the MCD from dy-
namics measurements, it is necessary to remove the HD
non-magnetic contributions (see. Supplemental materi-
als [27]).

Fig. 3(a) presents the helicity-independent (HI) ul-
trafast magnetization change (∆M ). As previously dis-
cussed, ∆M can also be extracted from a linear combina-
tion of the data acquired as defined in Eq. 1 and shown
in Figs. 2(a) and 2(b). Fig. 3(a) reveals an ultrafast
quenching of the magnetization of about 50% character-
ized by a demagnetization time τM ≈ 500 fs. Then the
magnetization slowly relaxes back in a ps-timescale. No-
tably in Figs. 2(a), 2(b) and 3(a) the error bars are
smaller than the symbol size. This HI-magnetization
change behavior would be equivalent to pumping the ma-
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FIG. 3. (a) Helicity-independent (∆M ) and (b) helicity-
dependent (δM ) magnetization change extracted from ultra-
fast magnetization dynamics induced by circularly polarized
light. δM is proportional to the magnetic circular dichroism.

terial with linear polarization. Similar results were pre-
viously reported for several CoTb alloys [26].

The difference between the two magnetization dynam-
ics arising from the MCD is represented by δM. This
helicity-dependent (HD) magnetization change derived
from the TR-MOKE measurements after subtracting the
non-magnetic effects is shown in Fig. 3(b). First, the
light helicity has no impact on the characteristic demag-
netization time. Indeed the quenching of the magneti-
zation occurs in a similar timescale as observed in Figs.
2(a) and 2(b). On the other hand, we report a clear
variation of the demagnetization rate of about 0.8%-1%
as seen in Fig. 3(b). Importantly, in our femtosecond
laser system we measured a fluence fluctuation of less
than 0.5%. Hence, we exhibit a MCD in the order of
/ 1% in a CoTb ferrimagnetic alloy that demonstrates
multishot AO-HDS. So far, the MCD was experimentally
investigated only in GdFeCo alloys that show single-pulse
switching [28] and in a Co/Pt trilayer [23] to explain the
AO-HDS. Moreover, Fig. 3(b) unveils that δM < 0, thus
the MCD is negative. These findings implies that when
pumping with σ- polarization (resp. σ+) more light is
absorbed by the magnetic medium for the magnetization
pointing down (resp. up) leading to a higher demagneti-
zation efficiency.

In order to fully understand the consequence of the
MCD on the mechanism of AOS, it is crucial to per-
form a comparison with AO-HDS experiments as well as
helicity-dependent domain wall motion as it was demon-
strated in some cases that the laser-induced switching
involves domain wall propagation [15, 17, 18]. For this
purpose, we used the same linear polarizer and quarter
wave plate that allowed us to generate circular polariza-
tion in the pump-probe setup. The thin film was sat-
urated with the electromagnet used in the TR-MOKE
measurements. This enabled us to avoid any error for
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the light handedness and magnetization direction. The
results are displayed in Fig. 4. In Fig. 4(a) and 4(b), a
circularly-polarized laser beam is swept over the sample
surface at 40 µm s-1 with a fluence set to 10 mJ cm-1

for a magnetization pointing up and down, respectively.
We see that σ- (resp. σ+) polarization reverses the mag-
netization when the sample is initially saturated in the
down (resp. up) direction. In light of the previous mea-
surements of the MCD, this means that laser-induced
magnetization switching occurs when the magnetization
is initially in the most absorbent state according to the
light helicity. Thus, AO-HDS ends up in the least ab-
sorbent magnetization configuration which was hypothe-
sized in the thermal models describing this phenomenon
[16, 21].
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FIG. 4. (a) and (b) Magneto-optical Kerr (MOKE) images
taken after sweeping circularly polarized fs laser beam over
the CoTb surface for a magnetization initially saturated up
(↑) or down (↓). (c) MOKE images taken before and after
exposure to a static laser beam centered (white star) on the
domain wall and with a fluence below the switching threshold.

Moreover, in Fig. 4(c) we present the results of the
helicity-dependent domain wall (HD-DW) motion mea-
surements. Details about the experimental setup can be
found in Ref. [18]. The left (resp. right) column in-
dicates the initial (resp. final) domain wall configura-
tion before (resp. after) femtosecond laser irradiation.
The laser beam was centered on the DW and the fluence
was set below the switching threshold to avoid domain
nucleation. We report that σ+ (resp. σ-) polarization
induces an expansion of the magnetization-down (resp.
-up) domain. Hence, the direction of the domain wall
propagation depends on the light helicity. So far, HD
all-optical DW motion was reported only in Co/Pt mul-
tilayers [17, 18]. Here, we demonstrated that CoTb alloy
that shows multishot AO-HDS [15] also exhibits HD-DW
propagation, which provides further evidence of the im-
portant role of DW motion in the reversal mechanism in
AOS. Besides considering a centered circularly-polarized
laser beam, the MCD will lead to an absorption (hence
temperature) difference between the two magnetic do-
mains, thus creating a temperature gradient across the
DW. By comparing the results of the MCD with the DW

motion experiments [Fig. 3(b) and Fig. 4(c)], we can say
that the DW moves towards the hotter regions. There-
fore, the direction of the laser-induced DW propagation
is directly related to the direction of the temperature gra-
dient. As it was proved that multishot AO-HDS involves
a HI-domain nucleation followed by a HD-DW motion
[15, 17, 18], it results that thermal effects, e.g. the tem-
perature gradient arising from the MCD, may govern the
reversal process in AOS.
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FIG. 5. (a) Magneto-optical Kerr ellipticity spectroscopy
measurements. (b) MOKE hysteresis loops obtained with 400
nm and 800 nm light.

In order to further investigate the role of MCD and
thermal processes in AOS, we carried out spectroscopic
Kerr ellipticity measurements. Indeed, when circularly-
polarized light is reflected onto an anisotropic magnetic
medium, the light electric field’s direction experiences a
rotation (Kerr rotation) but also a change of the ampli-
tude of its x- and y- components (Kerr ellipticity) due to
the circular dichroism. Therefore, the sign of the Kerr
ellipticity (εK) gives information about the difference of
absorption between left- and right- circular polarization.
To measure εK, we used a custom-made magneto-optical
spectrometer based on a photoelastic modulator. More
details about this experimental technique can be found in
Ref. [29]. The Kerr ellipticity is plotted against the light
wavelength in Fig. 5(a). The most striking feature is
that the sign of εK changes at 450 nm as seen also in the
MOKE hysteresis loops obtained at 400 nm and 800 nm
(see Fig. 5(b)). This result indicates that the difference
of absorption between left- and right- circular polariza-
tion, i.e. the MCD, is wavelength dependent and reverses
at 450 nm. Therefore, the direction of the temperature
gradient across the DW in the previously discussed ex-
periment would change. It is thus expected that the DW
would move in the opposite direction than in Fig. 4(c).

In conclusion, in this study we were able to resolve the
role of the MCD in AOS by extracting its sign from ul-
trafast magnetization dynamics in a CoTb alloy that ex-
hibits AO-HDS. Removal of the HI and HD non-magnetic
contributions in the TR-MOKE measurements is cru-
cial to accurately determine the MCD. We found out
that AOS occurs when the magnetization is initially in
the most absorbent state according to the light helicity.
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Moreover, we proved that a ferrimagnetic alloy can also
exhibit laser-induced DW motion. This would tend to
confirm a pure thermal mechanism based on the MCD
that can be described in two steps. First, a multi-domain
state is formed by thermal demagnetization. Then, due
to the temperature gradient across DWs arising from the
MCD, some domains will shrink or grow depending on
the magnetization direction and light helicity. Finally,
our experimental results validate the assumptions made
in the thermal models of multishot AO-HDS [16, 21].
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project ”Lorraine Université d’Excellence”, reference
ANR-15-IDEX-04-LUE.
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