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Since the discovery in 1996 that the magnetization of a
nickel thin film is reduced within a few picoseconds after
femtosecond-laser excitation1, ultrafast demagnetization has
attracted a thriving interest. This attraction is driven by the
twofold challenge of understanding magnetization dynamics
in a strongly out-of-equilibrium regime and controlling the
magnetic properties of materials on the subpicosecond timescale,
with potential applications in spintronics. In the past decade
significant progress has been made in understanding the
microscopic processes that govern ultrafast demagnetization2–7.
The discussion has been particularly focused on the role of
angular-momentum conservation during the demagnetization
process8–10. Here, using the time-resolved magneto-optical Kerr
effect, we demonstrate that interlayer transfer of spin angular
momentum in specially engineered Co/Pt multilayers speeds
up the demagnetization process, bypassing the mechanism
responsible for the conservation of total angular momentum
taking place in a single ferromagnetic layer. This new channel for
spin-angular-momentum dissipation leads to a reduction of the
demagnetization time of up to 25%, accompanied by an increase
of the total demagnetization by almost the same amount.

Recently, spin torque transfer has been heavily used in
spintronics devices to excite or reverse the magnetization of a
ferromagnet (for a review see ref. 11) or to move a magnetic
domain wall within a ferromagnetic nanowire12,13. In these
experiments, the torque is created by a spin-polarized charge
current. On the other hand, theoretical predictions14,15 and
experimental proofs14,16 have shown that a pure spin current
can be created by magnetization dynamics in the absence of
a charge current. This mechanism, known as spin pumping,
appears at the interface between a ferromagnet with a precessing
magnetization and a normal metal, leading to polarization of
the electrons and a spin accumulation in the normal metal.
Spin pumping was first brought to light as a broadening of the
ferromagnetic resonance line due to an increase of the effective
Gilbert damping parameter17,18. Only recently, Woltersdorf et al.19

have shown that the exchange of pure spin current in a
ferromagnet–normal metal–ferromagnet leads to magnetization
dynamics. These two effects might be the source of new paths
for spin-angular-momentum dissipation and therefore influence
the magnetization dynamics of a ferromagnetic metal after pulsed
laser excitation.
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Figure 1 Schematic diagrams of hot-electron localization and spin-momentum
transfer after laser excitation. a, Diagram for an insulating spacer. b, Diagram for
a metallic spacer. c, Schematic parabolic band structure of both Co–Pt multilayers.
For the sake of clarity, only the majority band is shown. δMhe represents the amount
of demagnetization due to hot-electron spin-angular-momentum transfer.

Spin-angular-momentum transfer in ferromagnetic multilayers
relies on spin conservation during electronic transport from one
ferromagnet to another. Hence, it is possible to control the
efficiency of the spin-angular-momentum transfer by inserting
a spacer between the two ferromagnetic layers that is either
transparent or acts as a barrier for spin-polarized carriers. Let
us consider a configuration of two identical ferromagnetic layers
separated by a thin layer as described in Fig. 1. After excitation
of the system by a laser pulse, hot electrons are created in both
ferromagnetic layers. If the spacer acts as a barrier for spin
transport, either insulating or with a very short spin scattering
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Figure 2 Static magnetic properties and geometry of the samples. a, Hysteresis loops measured by static MOKE on samples with a spacer of 0.4 nm of Ru and 1.2 nm of
NiO. b, Schematic representation of the experiment. Configurations 1 and 2 respectively represent the antiparallel (AP) and parallel (P) states.

length, independent of the relative orientation of the magnetization
of the two layers, no spin current is carried from one layer to
the other (Fig. 1a). On the other hand, if the spacer does not
provide a barrier, a spin current can flow from the top layer to
the bottom one and vice versa (Fig. 1b). In this case, the net spin
current depends on the relative orientation of the magnetization
of the two ferromagnetic layers. For a parallel (P) alignment,
spin currents cancel, resulting in a zero net spin current. In
contrast, for an antiparallel (AP) alignment, a net spin current
is induced that can efficiently change the ratio between majority
and minority spins in each layer. Thereby, opening this additional
channel for spin-angular-momentum transfer should lead to a
decrease of the net magnetization of both magnetic layers on the
femtosecond timescale.

To experimentally explore demagnetization by laser-induced
interlayer spin transfer, we have studied specifically chosen identical
[Co–Pt]n multilayers antiferromagnetically coupled through a thin
spacer. This is considered as an ideal system to test this spin-
transfer mechanism. To start with, because of their perpendicular
anisotropy and strong spin–orbit coupling, [Co–Pt]n multilayers
give rise to a large magneto-optic Kerr effect. Moreover, using
two identical ferromagnetic layers simplifies interpretation of the
time-resolved magneto-optical Kerr effect (TR-MOKE) results.
Stabilization of a P or AP magnetization configuration requires
independent switching of both multilayers which can be obtained
by making use of antiferromagnetic coupling. Such a coupling
is obtained by separating two Co–Pt multilayers by a thin Ru
(refs 20,21) or NiO spacer22,23 (see Supplementary Information,
Part I). The use of Ru and NiO as different spacers provides
the necessary contrasting behaviour regarding spin conservation,
because Ru is a metallic spacer thin enough to enable conservation
of spin whereas NiO is an antiferromagnetic insulating material.
Not only do we expect that NiO will have a high efficiency of
blocking the transfer of polarized hot carriers, unlike traditional
non-magnetic barriers, but also we explicitly verified its insulating

Table 1 Demagnetization magnitude measured from the demagnetization curves,
and demagnetization time τM and electron–phonon relaxation time τE obtained
by averaging the results of the fit of separate demagnetization curves (three to
five). The error bars are the standard deviations.

1θ/θ (%) τE (fs) τM (fs)

P AP AP (theory) P AP P AP

1.2 nm −2.0 −4.0 −3.8 396±6 78±2 74±2
NiO

1.7 nm −2.0 −3.9 −3.8 395±6 74±2 72±2

0.4 nm −2.2 −5.2 −4.2 373±4 95±2 71±2
Ru

0.9 nm −2.2 −4.9 −4.2 370±4 95±2 79±2

behaviour when embedded in our multilayered structure (see
Supplementary information, Part II).

Static MOKE hysteresis loops measured on samples with 0.4 nm
of Ru and 1.2 nm of NiO are shown in Fig. 2a (see the Methods
section). The two Co–Pt multilayers are antiferromagnetically
coupled and show two distinct switching fields separated by a
large antiferromagnetic plateau for both Ru and NiO spacers.
The magnetization directions for both Co–Pt multilayers are
depicted in Fig. 2b for different magnetic applied fields. When
the applied magnetic field is large enough to overcome the
antiferromagnetic coupling, the magnetizations of both multilayers
are aligned in the same direction (P state). However, when the
applied magnetic field is smaller than the interlayer exchange
coupling, their magnetization directions are antiparallel (AP state).
The artificial antiferromagnets are fully compensated because of
the two identical Co–Pt multilayers used in every sample. Thereby,
the net magnetization in the AP state is null. However, a non-zero
MOKE signal is observed owing to different Kerr sensitivities of
each layer as a result of the absorption profile in the multilayer.
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Figure 3 TR-MOKE measurements. a, TR-MOKE measured in the parallel and antiparallel states for different thicknesses of NiO (1.2 nm and 1.7 nm) and Ru (0.4 nm and
0.9 nm). b, Normalized TR-MOKE measurement for 1.2 nm of NiO and 0.4 nm of Ru. Curves are normalized at 3 ps, after electron thermalization. The solid lines are fits to the
data (see the Methods section).

The top Co–Pt multilayer is responsible for 60% of the total
Kerr signal. We calculated the absorption profile of our samples
and we found that the ratio between the absorbed light in the
top and the bottom multilayers is for each spacer close to 1.5
(see Supplementary Information, Part III). Thus, the ratio of the
MOKE signal corresponding to the reversal of the magnetization
of both multilayers is similar to the ratio of absorbed light within
these layers.

Typical TR-MOKE measurements showing the pump-induced
change of the Kerr rotation are depicted in Fig. 3a for two Ru
and NiO thicknesses. We used a relatively low laser fluence of
only 0.65 mJ cm−2, enabling us to assume that experiments were
performed in the linear regime, where the change in the Kerr
rotation is directly proportional to the change in the perpendicular
magnetic moment. For every spacer thickness, measurements were
carried out in both P and AP states. Interestingly, a striking
difference between normalized curves measured in the P and AP
states is seen only when a Ru spacer is used (Fig. 3b). In this case, a
larger magnetization loss combined with a faster demagnetization
is observed in the AP state. In general, magnetization dynamics
can be described using the so-called three-temperature model1,7,10

(see the Methods section). This phenomenological model pictures
how energy is redistributed among electrons, spins and the
lattice after the laser power has been absorbed by the electronic
system. The heat flow ultimately leads to an increase of the
spin temperature, and thereby reduces the magnetization. Fitting
our measurements using this model enables us to extract the
characteristic demagnetization time τM and the electron–phonon
relaxation time τE (Table 1). We would like to stress that
the parameter τM incorporates, in an effective way, different
mechanisms responsible for the loss of magnetization, without the
need of previous knowledge of which is dominant7. The averaged
values for the electron–phonon relaxation time are τNiO

E =396±6 fs
and τ

Ru
E = 372± 4 fs respectively for NiO and Ru, and they are

identical for both magnetic configurations. These values are in good
agreement with previous measurements on other ferromagnetic
transition metals24. More interestingly, the demagnetization time

τM depends on both the spacer and the magnetic configuration.
For both thicknesses of NiO, similar τM values were extracted
from the fits with an average value of τNiO

M = 75±2 fs independent
of the magnetic state. In contrast, when a Ru layer is used, a
difference in the demagnetization time is seen between the P and AP
states (Fig. 3b). When both magnetization directions are parallel,
a larger demagnetization time of τRu

M (P) = 95± 2 fs is measured
in comparison with τRu

M (AP) = 71± 2 fs and τRu
M (AP) = 79± 2 fs

in the AP configuration for 0.4 nm and 0.9 nm of Ru respectively.
This decrease by 25% of the demagnetization time in the AP state
can be ascribed to direct spin momentum transfer between the two
Co–Pt layers. The small difference in τM and τE observed between
samples with either a Ru or a NiO spacer might be related to a
change in hot-electron transport and heat diffusion between the
two Co–Pt multilayers24 and effects such as interface-dependent
spin-flip scattering, but it is not of relevance in the present work.

In addition to a faster demagnetization, transfer of spin angular
momentum could also influence the amount of magnetization
loss. To assess this point, we compare the relative change in the
Kerr rotation 1θ/θ at the peak position around 0.2 ps. In the
parallel state, a similar change of (1θ/θ)P '−2.0% is observed
irrespective of the spacer and its thickness. However, this is no
longer the case in the AP state. First, a larger change in the
Kerr rotation is measured for both spacers. As mentioned earlier,
this increase is due to the depth dependence of the Kerr signal
because of the absorption profile of the laser in the sample. Second,
compared with NiO, a larger change of (1θ/θ)AP is seen for both
Ru thicknesses and is clearly visible after normalization of the TR-
MOKE curves (Fig. 3b). Taking into account the absorption profile,
it is possible to estimate (1θ/θ)AP using the value of (1θ/θ)P

(see the Methods section). In the case of NiO, we observe a very
good agreement between measurements and estimates (0.2%). In
contrast, for Ru, a large discrepancy appears with a difference
between measurements and estimates, (1θ/θ)exp

AP −(1θ/θ)
theory
AP , of

−1% and−0.7% for 0.4 nm and 0.9 nm respectively. This increase
in the amount of demagnetization of (5.2−4.2)/4.2 ∼ 25% in
the AP state is in line with the decrease of the demagnetization
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time. These results clearly demonstrate that the demagnetization
time as well as the amount of demagnetization can be tuned in
a ferromagnetic layer by controlling the transfer of spin angular
momentum. We emphasize that after equilibration (∼0.5 ps) the
enhanced demagnetization due to the transfer of spin vanishes, and
as expected thermalized AP and P curves converge.

Finally, we would like to draw attention to the difference in the
amount of demagnetization and demagnetization time observed
in the AP state for both Ru thicknesses. We noticed a reduction
in the amplitude of the demagnetization accompanied by an
enhancement of the demagnetization time when the Ru thickness
was increased from 0.4 to 0.9 nm. This decrease could be attributed
to a less efficient transfer of the spin angular momentum from one
layer to another when the Ru thickness is increased owing to the
short spin diffusion length of Ru (4 nm at 300 K) (ref. 25). Although
this change is clearly measurable and reproducible, care has to be
taken before drawing a final conclusion and more experiments are
needed to corroborate or deny this hypothesis.

METHODS

SAMPLE DESCRIPTION AND PUMP–PROBE EXPERIMENT
Samples are grown by d.c. magnetron sputtering onto Si substrates with a
native oxide. Stacks consist of 10 Pt–[0.4 Co–0.7 Pt]4–0.4 Co–t S–0.4 Co/[0.7
Pt–0.4 Co]4–2 Pt (units in nanometres), with S being either Ru or NiO of
thickness t . Static MOKE experiments were carried out using a HeNe laser with
a wavelength of 632.8 nm. The electrical properties of our NiO were verified
using the technique of current-in-plane tunnelling. These measurements were
carried out on a microprobe tool, using an array of 12 microscopic probes
from CAPRES, specifically developed for this technique26 (see Supplementary
Information I and II). TR-MOKE experiments are realized using a pump–probe
technique. Pump and probe are issued from the same laser. We use a beam
splitter to split the laser into a strong (pump) and a weak (probe) pulse of
70 fs. The two beams hit the sample at almost normal incidence (∼3◦ from the
normal) and they are focused down to the same 8 µm spot. In this geometry, the
Kerr rotation is sensitive only to the variation in the out-of-plane component
of the magnetization. The laser wavelength is 785 nm, corresponding to an
energy of 1.6 eV. Time-resolved measurements are made by adjusting the delay
between the pump and the probe lasers with a minimum step size of 2 fs. In the
P state, samples are saturated under a magnetic field of ±150 mT. In the AP
state, first we take care to reverse the top Co–Pt magnetization before switching
the applied field to zero.

THREE-TEMPERATURE MODEL
The dynamics of the spin fluctuations can be described by a phenomenological
thermodynamic model, the so-called three-temperature model1,7,10. This
model is based on the separation of the system into three subsystems: the
electron, lattice and spin systems. On laser excitation, hot electrons are
instantaneously created. After thermalization by electron–electron interactions,
each system is internally in thermal equilibrium and it can be described by
its own thermodynamic temperature. The relaxation takes place by balancing
the different subsystems’ temperatures, leading to a flow of energy between
them. The set of differential equations describing the heat flow between the
three subsystems is solved ignoring the spin specific heat, assuming that the
measurements are done in the low-laser-fluence limit and that the electron
temperature rises instantaneously on laser excitation7:

−
1Mz

Mz
=

[(
A1

(t/τ0+1)1/2
−
(A2τE−A1τM )e

−
t
τM

τE− τM

−
τE (A1−A2)e

−
t
τE

τE− τM

)
Θ (t)+A3δ(t)

]
⊗Γ (t),

where Γ (t) is the Gaussian laser pulse, Θ (t) is the step function and δ(t) is
the Dirac delta function. The constant A1 represents the value of −1Mz/Mz

after equilibrium between electrons, spins and lattice is restored. The constant
A2 is proportional to the initial electron temperature rise. The constant A3

represents the magnitude of state-filling effects during pump–probe temporal
overlap, which can be well described by a delta function. Although this model

does not take into account conservation of angular momentum, it can prove
useful in analysing experimental data and extracting quantitative information
on the timescales of the different processes taking place during the relaxation.

ESTIMATION OF THE KERR ROTATION VARIATION AFTER LASER PULSE EXCITATION
By analysing static MOKE hysteresis loops shown in Fig. 1a, we can infer that
60% of the signal comes from the top Co–Pt multilayers. Assuming that the
ratio of the absorption in both layers is equal to the ratio of the Kerr rotation, an
assumption justified by calculations (see Supplementary Information, Part III),
and that both layers are independent (that is, no spin transfer), the contributions
to the Kerr signal from the top and bottom multilayers can be calculated:
θtop−1θtop = c×0.6(1−0.6δ) and θbottom−1θbottom = c×0.4(1−0.4δ),
where c is the Kerr rotation of the system and δ accounts for the real
demagnetization. In the parallel configuration, the total Kerr rotation is
θP = c(1−0.52δ), and thus (1θ/θ)P =−0.52δ. From the measurement, we
can extract (1θ/θ)P and then evaluate δ. Thus we can evaluate the relative
change of Kerr rotation in the AP state using (1θ/θ)AP =−1.0δ, which is
almost twice as large as in the P state.
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