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Laser-induced
magnetisation
dynamics
of
a
La0.7 Sr0.3 MnO3 / SrRuO3 superlattice is studied by
means of a single-colour optical pump-probe technique.
Significant differences in the magnetisation dynamics
of a superlattice with respect to the single layers of
constituent materials are demonstrated. Below the
Curie temperature TC of SrRuO3 , laser-induced ultrafast demagnetisation is found to be followed by a
uniform precession of the magnetisation around its new
equilibrium.

The data is described within a simple model based on
a displacive excitation of a precessional magnetisation
dynamics. The model is shown to give a good fit to the
experimental data. As the initial temperature approaches
TC , the oscillations get suppressed and eventually vanish. The magnetisation dynamics is shown to depend on
whether the two distinct magnetisation vectors in the superlattice are ferromagnetically or antiferromagnetically
aligned.
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1 Introduction Complex ferromagnetic oxides demonstrate a large variety of interesting physical properties,
which can become truly peculiar at the interfaces [1–5].
Generally, manganites, as well as other perovskite magnetic materials, allow subtle changes of their magnetic
properties by means of cation doping [6–8]. In order to
exploit the interface properties of these materials, multilayer thin films are often studied [9–11], as they are
capable of providing a much stronger interface response,
as compared to thick homogeneous samples. For instance,
a heterostructure consisting of two magnetic layers often exhibits an exchange interaction across the interface,
leading to the appearance of exchange bias which results
in pinning of the magnetisation of the softer magnetic
material by the harder one [12–15]. Another interesting
feature which is facilitated by the interface exchange is the
existence of an interfacial (two-dimensional) gas of free

carriers, which has been demonstrated by means of Hall
and transport measurements, as well as direct structural
imaging [16–19].
Obviously, an outstanding crystalline quality of the
layers is needed in order to achieve these properties, which
can be obtained in manganite/ruthenate samples. The similar lattice constants of this whole family of materials
are highly beneficial from the point of view of growth of
high-quality heterostructures with epitaxial atomic-abrupt
interfaces. One of the finest examples of these heterostructures is the {La,Sr}MnO3 /SrRuO3 superlattice, studied
extensively in [17] and References therein. In particular,
this manganite/ruthenate superlattice of magnetically soft
(manganite) and hard (ruthenate) layers is considered to
be a model system for the study of interface properties of
strongly correlated materials. Although the static magnetic
properties of these structures are quite well known, little is
Copyright line will be provided by the publisher
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understood regarding the details of highly non-equilibrium
light-matter interactions that result from femtosecond optical excitation [20]. These studies are of great interest in
the light of recent development of optical laser-induced
magnetisation switching in superlattices [21].
In fact, there exists an number of papers discussing
excitation and dynamics of the magnetization in exchangebiased [22–24] or exchange-coupled [25, 26] multilayer
structures. In this paper, we study the magnetisation dynamics of a superlattice of two ferromagnetic oxides,
which are coupled antiferromagnetically by means of
the exchange interaction, driven by a femtosecond laser
pulse. The two components of the superlattice are of a
very different nature: the itinerant ferromagnet SrRuO3 is
coupled to the colossal-magnetoresistive La0.7 Sr0.3 MnO3 .
Because of very dissimilar electronic structures, ultrafast
magnetization dynamics is expected to be very unalike in
the two components. We analyse the collective response
of the La0.7 Sr0.3 MnO3 /SrRuO3 superlattice and show that
the equilibrium of the magnetisations of the two sublattices can be destroyed on the ultrafast timescale, which
triggers magnetisation precession. We discuss the mechanism of the excitation of this precession and analyse it
using a two-sublattice model, which allows us to describe
the experimentally observed dependence upon changing
the external magnetic field. We analyse the timescales of
the magnetisation dynamics and study their temperature
dependence in the vicinity of the TC of the magnetically
hard SrRuO3 .

Fig.1,a, where the antiferromagnetic alignment of the magnetisations in the superlattice is also illustrated. The results
of the MOKE measurements for a temperature of 80 K are
shown in Fig.1,b, where the cw laser radiation with a wavelength of 633 nm was used as a probe.
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ied a superlattice of 15 La0.7 Sr0.3 MnO3 /SrRuO3 bilayers
grown by pulsed laser deposition on a vicinal SrTiO3 (001)
substrate. The thicknesses of the La0.7 Sr0.3 MnO3 and
SrRuO3 were 2.3 and 3.2 nm, respectively. The interlayer
coupling is antiferromagnetic below the TC of SrRuO3
(about 145 K) [11], which results in a large exchange bias
of 4 T for the SrRuO3 magnetisation hysteresis loop. In
this structure, the magnetisation of La0.7 Sr0.3 MnO3 layers is the strongest and thus is aligned along the external
magnetic field, if the latter is applied in the sample plane.
The SrRuO3 magnetisation points thus in the opposite direction. If the magnetic field H is tilted from the in-plane
configuration, the equilibrium condition is determined by
an interplay of this field, the superexchange interaction via
the Mn-O-Ru route across the interfaces [11, 27] and the
magnetic anisotropy of both types of layers.
2.1 Static properties In order to understand the origin of the magneto-optical signal from the sample (see below), we performed magneto-optical Kerr effect (MOKE)
measurements on the superlattice, as well as on single films
of the constituting materials. The thicknesses were chosen to match those of the single layers in the superlattice,
that is, 2.3 and 3.2 nm. In the static MOKE measurements,
the magnetic field was applied in-plane by an electromagnet. The schematic of the experimental setup is sketched in
Copyright line will be provided by the publisher
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Figure 1 (a) Scheme of the static MOKE measurement and struc-

ture of the superlattice. Red and blue arrows correspond to the
magnetisation directions of the La0.7 Sr0.3 MnO3 and SrRuO3 layers, respectively. The crystalline structure image was obtained
with scanning transmission electron microscopy (STEM). Inset shows the spin density at the interfaces, adapted from [11]
(b) Magnetic hysteresis measured by MOKE for the superlattice
(black full dots) and single films (blue open dots and red open
squares) of corresponding materials. The insets illustrate the magnetic state of the superlattice at saturating fields of opposite directions.

The multilayer hysteresis loop shown in Fig. 1,b reproduces the inner loop from Ref. [13] and corresponds
to the inversion of both magnetisations in the multilayer,
while keeping their mutual antiferromagnetic alignment.
It is clearly seen that the magneto-optical response of the
superlattice is dominated by the magnetic moments of
the SrRuO3 layers. The latter was also confirmed as the
MOKE signal disappeared at temperatures above the TC of
SrRuO3 . The origin of the large magneto-optical activity of
SrRuO3 is believed to be the strong spin-orbit coupling of
the ruthenium atoms [28, 29]. Moreover, it is seen that the
sign of the MOKE hysteresis loop from the single SrRuO3
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2.2 Magnetisation dynamics in single films For
the pump-probe measurements we used an amplified laser
system capable of producing 60 fs pulses with a repetition rate of 1 kHz in the near-infrared spectral range. In
the experiment, laser radiation with a wavelength of 800
nm was used for both pump and probe beams, focussed
on the sample into spots of approximately 400 and 200
microns in diameter, respectively. The angle of incidence
of the pump and probe beams was about 45 and 50 degrees, respectively. The pump fluence was kept at a moderate level of 7 mJ/cm2 . The fluence ratio between the two
linearly polarised beams was below 0.01, so that the effect of the probe beam on the magnetic state of the sample
could be considered negligible. The samples were placed
in a superconducting split coil magneto-optical cryostat in
an external magnetic field. Unlike for the static measurements, the external magnetic field was applied at an angle
of 45 degrees with respect to the sample plane. The rotation
of the polarisation plane of the radiation reflected from the
sample was registered with the balance detection scheme.
Each dataset shown below was measured for two opposite fields H+ ,H− and the plotted value θ was obtained
as θ = θ(H+ ) − θ(H− ). This has been done in order to
remove all the contributions to the rotation of the polarisation plane of the probe beam which have a non-magnetic
origin. Further, θ(H+ ) + θ(H− ) signals do not show any
interesting dynamics and will not be discussed below.

For the further characterisation of the sample we performed pump-probe experiments on the La0.7 Sr0.3 MnO3
and SrRuO3 films, both grown on the SrTiO3 substrate
under the same conditions as the superlattice. The result shown in Fig.2 demonstrates drastic differences in
the timescales of the initial demagnetisation. Whereas the
magnetisation of SrRuO3 is quenched after just a few ps,
it takes a few hundreds of picoseconds to demagnetise
the La0.7 Sr0.3 MnO3 film. We note that this observation
is consistent with the previous works on these and similar materials [30–33]. No oscillatory behaviour of the
magnetisation was found in a wide range of applied external fields (from 1 up to 6 T), indicating that the anisotropy
fields Ha are relatively small, and the equilibrium direction
of the magnetisation coincides with the applied external
field. In these conditions, laser-induced effects such as demagnetisation and anisotropy quenching are incapable of
exciting precessional dynamics of the magnetisation.

0
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is different from that of the superlattice. This confirms
the antiferromagnetic alignment of the magnetisations of
the two types of layers and the dominating role of the
La0.7 Sr0.3 MnO3 layers with respect to the SrRuO3 ones
regarding the magnetisation orientation. Thus, in the superlattice the larger magnetic moment of the La0.7 Sr0.3 MnO3
layers governs the magnetisations orientation with respect
to the external in-plane field, while the magnetisation of
the SrRuO3 layers, aligned antiparallel to the external field,
largely determines the total magneto-optical signal due to
their much larger magneto-optical susceptibility.
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Figure 2 Magnetisation dynamics of the single films of SRO

(blue closed symbols) and LSMO (red open symbols) at 80 K
in the external field of 3 T.

3 Magnetisation dynamics in a superlattice Now
we turn to the superlattice consisting of the La0.7 Sr0.3 MnO3
and SrRuO3 layers. Its magnetisation dynamics on the
timescale of tens of picoseconds is shown in Fig.3,a,b for
two values of the external magnetic field, 3 and 6 T. These
values correspond to antiferromagnetic and ferromagnetic
alignment of the magnetisations in the superlattice, respectively (see discussion on Fig. 1 and Ref. [13]). One
can see a fast modulation of the MOKE signal (on the
scale of 1-2 ps), which is probably associated with the
optical state-filling effect [34]. This effect, accompanying
the laser-induced demagnetization, has a short lifetime and
will not be further discussed here. It is also seen (Fig.3,a)
that at lower temperatures the demagnetisation is followed
by oscillations associated with the precession of the magnetisation. This precession is absent at temperatures of 110
K and higher. In what follows we shall discuss the nature
of this oscillatory dynamics and demonstrate the mechanism responsible for its optical excitation on the ultrafast
timescale.
4 Discussion Figure 4 illustrates the transient MOKE
rotation θ measured at 80 K for several values of the external magnetic field H. It is seen that the oscillations
frequency increases with the strength of the applied magnetic field. On the other hand, the frequency was found to
be independent of the temperature in the range from 10
K up to 90 K. No dependence of the oscillations on the
polarisation of the pump beam (in the plane of incidence
or perpendicular to it) was registered. The data were fitted
with the decaying oscillations function starting at the zero
time delay.
These experimental observations, together with the
absence of oscillations at higher temperatures, suggest
that the mechanism for the excitation of the magnetisaCopyright line will be provided by the publisher
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Figure 3 Temperature dependence of the transient MOKE signal

for an external field of (a) 3 T and (b) 6 T, corresponding to the
antiferromagnetic and ferromagnetic alignment of the magnetisations in the superlattice, respectively.

tion precession is based on laser-induced demagnetisation
of the sample. As the Curie temperature of the SrRuO3
TC ≈ 145 K is much lower than that of La0.7 Sr0.3 MnO3
(320 K) [17], it is natural to assume that the laser-induced
demagnetisation acts more severely on the SrRuO3 layers. Thus the absence of oscillations is attributed to the
complete demagnetisation of the SrRuO3 layers due to the
laser-induced heating. The apparent increase of the damping of the oscillations when increasing the external field up
to 6 T is associated with a transition to a state in which the
magnetisations are ferromagneticly aligned, which may
also alter the dynamic properties of the multilayer.
The mechanism of the excitation of coherent precession of magnetisation can be described in the following
way. Since the magnetic field H is applied at an angle of 45
degrees with respect to the sample plane, the equilibrium
directions of both magnetisations M1 , M2 (corresponding
to the La0.7 Sr0.3 MnO3 and SrRuO3 layers, respectively) is
determined by an interplay of this field H, the exchange
interaction between M1 and M2 and the (low) magnetic
anisotropy of the layers. Once the magnetisation M2 is
partly quenched by the pump pulse, the equilibrium conditions are changed, and a torque is exerted on what is left
from M2 . The latter finds itself out of the equilibrium and
starts to precess until the magnetisation (and anisotropy) is
restored. Note that a similar mechanism for the excitation
of the spin precession in ferromagnetically coupled superlattices was proposed in [20]. Of course, the equilibrium
condition for M1 is also changed, and the two magnetisations oscillate together. However, due to the low magnetoCopyright line will be provided by the publisher

F = −H · M1 − H · M2 + λM1 · M2 + Fa1 + Fa2 (1)
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optical sensitivity to the magnetisation of La0.7 Sr0.3 MnO3
(see Fig.1) this dynamics is not detectable in our experiments.
We can write down the free energy for a bilayer
La0.7 Sr0.3 MnO3 / SrRuO3 , assuming that its magnetic
properties are identical to those of the superlattice:

Here λ is the exchange interaction constant between
M1 and M2 , and the last two terms represent the energy
related to the magnetocrystalline anisotropy. In the case
of thin films, when the in-plane direction is favourable,
they can be written as Fai = Mi Hai cos2 θi , where Hai
are the anisotropy fields, θi are the angles between the zaxis normal to the sample and the magnetisation Mi (see
also Fig.4,b), i = 1, 2. As a next step, effective fields
can be found and the system of Landau-Lifshitz equations
[35] yields the eigenfrequencies fj of the system as a function of the external field H, if we know the initial equilibrium conditions. In the equilibrium, the magnetisations Mi
make angles θ10 , θ20 with the z-axis, i.e. the direction normal to the sample surface (Fig. 4,b). These angles θ10 , θ20
∂F
can be found from ∂θ
= 0.
i
When the sample is exposed to a laser pulse, laserinduced demagnetisation occurs on the ultrafast timescale,
as a result of the thermalisation of the heated electrons
with the spins. As noted above, we can safely restrict ourselves to the demagnetisation of the SrRuO3 layers only.
Our measurements of SrRuO3 single films indicate this
happens within the first picoseconds after the laser excitation, which is also in accordance with the literature [30, 31,
33]. The anisotropy field Ha2 also decreases. Both of these
effects displacively shift the equlibrium angle for the magnetisations M1 , M2 , and the system finds itself precessing
around the new equilibrium angles θ1′ , θ2′ . These can be
found by solving the same system with the new values of
the Hai , Mi coefficients.
As such, we can estimate the amplitude of the precession by simply taking the difference between the old and
new equilibrium angles θi0 − θi′ as a function of the external field H and compare it to the experimental data. Here
again we only consider angles θ2 (related to the SrRuO3 ),
as they are the only ones which are detected in the experiment. The best fit for the temperature of 80 K is shown
in Fig.4,c, top panel, and was obtained for a demagnetisation of about 50%. This is a reasonable value given that
the TC of SrRuO3 (≈ 145 K) is relatively close. The nonmonotonous amplitude dependence on the external magnetic field can be understood invoking the shape anisotropy
of the films, which favours the in-plane direction of the
magnetizations for both materials. This anisotropy is about
0.5 T, comparable to the normal projection of the external
magnetic field, at which the largest amplitude of the oscillations is observed. The influence of this anisotropy is also
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Figure 4 (a) Transient MOKE signal measured at 80 K for various magnetic fields (open dots) and the fits to the data with the decaying
oscillations (solid lines). (b) Mechanism of the excitation of the magnetisation precession: Thick solid arrows represent the quenched
magnetic moments right after the ultrafast demagnetisation, and dashed lines show the new equilibrium directions for both magnetisations. (c) Experimental data (points) and fit (solid line) for the dependence of the amplitude (top) and frequency (bottom) of the
oscillations in MOKE signal on the strength of the external magnetic field. The dashed line in (c) shows the result expected for the free
electron spin precession.

seen in Fig. 4,c, bottom panel, at small fields (below 0.5
T).
For the same set of parameters the frequency dependence on the magnetic field is shown in Fig.4,c, bottom
panel, giving a good agreement with the experimental data
too. The relatively large error bar at 4 T is caused by a
very quick damping of the oscillatory dynamics and the
uncertainty of the fit parameters associated with it. The system of Landau-Lifshitz equations in a two-sublattice magnetic system has two solutions [36, 37], which are shown in
Fig. 4,c, bottom panel, with black and dark red solid lines.
These two modes exhibit a pronounced avoided crossing
behaviour. Note that in large magnetic fields (such as 6 T)
the SRO and LSMO magnetisations are aligned parallel to
each other. As such, the only mode present in these conditions is the simultaneous precession of both magnetisations, which is why above 6 T the dashed part of the dark
red line does not correspond to any real physical process.
The thin black dotted line there represents the expected
dependence for the free electron spin precession with the
slope of 28.2 GHz/T.
In addition to that, the high-frequency oscillations
in the SrRuO3 single films reported in [31, 33] were
not observed. Further, no magnetisation precession was
found in the experiments on the single SrRuO3 and
La0.7 Sr0.3 MnO3 films (see Fig.2), probably due to the
following reason. For excitation mechanism proposed it
is crucial that the thickness of the SrRuO3 film is above a
certain threshold which is about 15 unit cells [15, 17]. Then
the magnetocrystalline anisotropy in the bulk of SrRuO3

leads to the easy magnetisation axis at some angle with
respect to the sample plane. This angle was found to be
temperature-dependent, thus shifting the equilibrium condition for the magnetisation upon laser-induced heating.
In our superlattice, the SrRuO3 layers are thin enough and
the easy-axis is always in-plane, which (without applying an additional external out-of-plane field) makes the
aforementioned excitation mechanism irrelevant. On the
longer timescale the SrRuO3 magnetisation demonstrates
no precessional behaviour, in agreement with the previously reported data [30].
5 Conclusions To summarise, we have studied laserinduced magnetisation dynamics in a superlattice of 15
La0.7 Sr0.3 MnO3 /SrRuO3 bilayers, as well as in single
films, by means of optical pump-probe experiments. At
low temperatures, we have found that the femtosecond
laser excitation can displacively trigger coherent magnetisation dynamics. We demonstrated that this coherent
dynamics is absent in the single films of the constituent
materials and can only be excited in superlattices. We
propose a mechanism, where an ultrafast partial demagnetisation of SrRuO3 instantly shifts the equilibrium angle
of magnetisation and the newly appeared torque starts the
precession. For the said mechanism the role of the superexchange Ru-O-Mn interaction across the interface is
truly crucial. The oscillations cease to start at temperatures
above 90 K, which is related to the total demagnetisation of
the SrRuO3 layers. This model allowed us to obtain a good
fit for the dependences of both frequency and amplitude of
Copyright line will be provided by the publisher
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the oscillations as a function of the external magnetic field
strength.
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