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We report about the magnetization dynamics of a ferromagnetic nickel film at room temperature excited

by acoustic pulses generated with femtosecond laser pulses. The ultrafast change of magnetization is

detected from both the front and back sides of the nickel film. The propagating strain associated with the

acoustic pulses modifies the magnetic anisotropy and induces a precession of the magnetization. We

model the time-dependent magnetoacoustic response of the metallic film by combining a three tempera-

ture model for the temperatures of the charges, the spins, and the lattice, the wave equation for the strain,

and the Landau-Lifshitz-Gilbert equation for the magnetization. It is shown that the precession dynamics

can be controlled by matching the precession period with the round trip time of the acoustic echoes. The

calculation of the time-dependent precession torque � ¼ jM�Heff j allows understanding the underlying

physics.
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The technology of information and communication con-
stantly needs to improve the speed and density of memory
devices. Towards that goal, intense research is being car-
ried out for manipulating the spin in magnetic materials
using various excitation methods like the use of external
magnetic field pulses [1–3]. Alternatively, femtosecond
laser pulses have been utilized to induce an ultrafast de-
magnetization [4–10] or the inverse Faraday effect [11,12].
This new field of magnetism, named ‘‘femtomagnetism’’
[13–15], uses photons to directly manipulate magnetic
structures with a temporal resolution of a few femtosec-
onds. The demagnetization can then be used to modify the
anisotropy of the magnetic material [16] which leads to a
reorientation of the magnetization vector followed by its
precession and damping [7,17,18]. Sherbakov et al. have
shown an alternative way of controlling the magnetization
using picosecond acoustic pulses in a ferromagnetic semi-
conductor at 1.6 K [19]. Acoustic pulses in metals and
semiconductors have been extensively studied [20–26] and
their extension to ferromagnetic systems is very promising
for applications. Indeed for ferromagnetic metals, it is
worthwhile manipulating the magnetization at room tem-
perature over a few hundreds of nanometers as it corre-
sponds to the typical distance for the propagation of
surface plasmon polaritons in nanostructures [27].

In the present work we explore the magneto-optical
dynamics measured at the front and back sides of a ferro-
magnetic Ni film at room temperature. We show that the
acoustic pulses induce a transient reorientation and a pre-
cession of the magnetization which is controlled by mod-
ifying the torque. Our results are well explained by using
three dynamical equations describing the temperatures of
three baths (Te: electrons, Ts: spins, and Tl: lattice), the
strain, and the magnetization dynamics. The primary goal
is not about the generation of the acoustic pulses, already

very well known in metals and semiconductors [20–25],
but we studied it with details for the quantitative modeling
of magnetoacoustic effects.
The experiment consisted in generating longitudinal

acoustic waves from the front side of Ni with femtosecond
pump pulses (150 fs, 397 nm) and detecting the dynamics
on both sides of the film with probe pulses pfront and pback

(120 fs, 794 nm), using the time-resolved magneto-optical
Kerr effect. They are focused onto the sample within a spot
diameter (200 �m) twice larger than the two probe beams.
The reflectivity RðtÞ, polarization rotation �ðtÞ, and ellip-
ticity "ðtÞ of both sides of the sample are probed with
polarization bridges as a function of the pump and probe
delay time t. We used a polycrystalline 200 nm thick Ni
film, deposited either on a glass or on a sapphire substrate
by electron-beam evaporation.
Figure 1 shows the differential reflectivity �RðtÞ=Rs on

the front [Fig. 1(a)] and back [Fig. 1(b)] sides of the
Ni/glass for a pump energy density Ip ¼ 1:7 mJ cm�2.

For pfront, in addition to the well-known thermal dynamics
associated with a heating of the electrons and lattice, four
acoustic echoes with a period of T ¼ 98 ps are observed.
For pback �RðtÞ=Rs shows echoes and oscillations for
Ni/glass. These oscillations are due to interferences be-
tween the probe beam reflected at the Ni-glass interface
and secondary beams reflected by the strain pulse propa-
gating in the substrate [28]. They disappear for Ni/sapphire
[dotted line in Fig. 1(b)] because Sapphire has a negligible
piezo-optic coupling at 800 nm [22].
We model �RðtÞ=Rs by taking into account the dynami-

cal changes of the thermo-optic and piezo-optic properties
affecting the complex refractive index ~n as follows: �~n ¼
@~n
@Te

�Te þ @~n
@���, where �ðz; tÞ is the strain and z the

direction of propagation perpendicular to the film surface.
The partial derivatives are the thermo-optic and piezo-optic

PRL 109, 166601 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

19 OCTOBER 2012

0031-9007=12=109(16)=166601(5) 166601-1 � 2012 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.109.166601


coefficients, respectively. The thermo-optic part involves

�Teðz; tÞ [29], while the piezo-optic part occurs via @Tlðz;tÞ
@t

[21]. As we are ultimately interested in the magnetoacous-
tic response, we add Tsðz; tÞ and solve the following
coupled temperature equations:

CiðTiÞ @Ti

@t
¼ �ie

�
@

@z

�
�i

@Ti

@z

�
þ Pðz; tÞ

�
� gijðTi � TjÞ;

(1)

where i, j ¼ e, l, s stand for electrons, lattice, and spins
and �ie is the Kronecker symbol. Ci and �i are the heat
capacity per unit volume and the thermal conductivity of
bath i. gijð¼ gjiÞ is the coupling constant between two

baths i and j, and Pðz; tÞ the laser source term. The pa-
rameter values which we used are listed in Ref. [30]. We
first obtain Tlðz; tÞ from Eq. (1) [dotted line in the inset of
Fig. 1(c)]. This is taken into account in computing the
following one-dimensional wave equation [21].

�
@2uðz; tÞ

@t2
¼ �v2 @

2uðz; tÞ
@z2

� 3�B
@�Tl

@z
: (2)

u (� ¼ @u=@z) is the lattice displacement, � the mass
density, v the sound velocity, � the linear thermal expan-
sion coefficient, and B the bulk modulus of Ni. The full
strain profile obtained with Eq. (2) for t ¼ 30 ps is shown
in Fig. 1(c). It consists of a quasistationary part near the
surface of the film and a propagating part which is partially
transmitted to the substrate and partially reflected back to
the film with a reflection coefficient rac ��0:39, obtained
from successive echoes in Fig. 1(a). For the forward propa-
gation of the strain pulse the tensile part arrives first at the
film surface, while for the backward propagation the com-
pressive part arrives first at the Ni-glass interface.
Therefore, the sign of the echoes are reversed on the front
side [Fig. 1(a)] and back side [Fig. 1(b)]. Figure 1(d) shows
the differential reflectivity calculated (full line) with the

strain pulse of Fig. 1(c) and Eq. (6) in Ref. [25], together
with the experimental result (dots). This good quantitative
agreement is the primary step to understand and simulate
the magnetoacoustic dynamics described in the following.
Let us now focus on the ultrafast magnetoacoustic

properties of Ni. To investigate the effect of the coupling
between the strain pulse and the magnetization, we
measured the differential magneto-optical Kerr response
��=�s and �"="s from the front side [Figs. 2(a) and 2(b)]
and back side [Figs. 2(c) and 2(d)] for two angles of the
static magnetic field 	 ¼ 25� and 45�, with respect to the
normal to the sample. The pump excitation is Ip ¼ 2:0 for

Fig. 2(a) and 1:7 mJ cm�2 for Figs. 2(b)–2(d). The oscil-
lations correspond to a precession of the magnetization
around the effective field as already reported in several
ferromagnetic materials [7,16–18]. It results from the ini-
tial demagnetization of the Ni film induced by the pump
pulse which occurs within the thermalization time of the
spins [6]. Twoweak magnetoacoustic pulses show up at the
same delays T and 2T as those present on the reflectivity
curves [Fig. 1(a)]. It shows that the acoustic pulse induces a
modification of the magnetocrystalline anisotropy as men-
tioned by Scherbakov et al. [19]. The magnetoacoustic
echoes are more contrasted on �"="s [Fig. 2(b)] where
they are observed up to t ¼ 3T.
Figures 2(c) and 2(d) show the dynamic signals on the

back side of the film ��=�s and �"="s for 	 ¼ 25� and
45�. Note that the static Faraday contribution due to the
substrate has been removed. In contrast to the front side
measurements [Figs. 2(a) and 2(b)], the precession is now
induced only by the strain pulse. The magnetization is first
brought out of equilibrium by the strain pulse when it
arrives on the back side of the film at T=2, initiating the
motion of precession. Similarly to the reflectivity echoes
[Fig. 1(a)], subsequent echoes of magnetoacoustic pulses

FIG. 2 (color). Differential Kerr rotation ��=�s (a) and ellip-
ticity �"="s (b) probed on the front side of Ni/glass for	 ¼ 25�
(closed circle) and 45� (open circle). The temporal scale is cut
on (a) to better show the early demagnetizing signal and the
curves on (a) and (b) are shifted along the ordinate axis for
clarity. (c) and (d) same quantities probed on the back side of
Ni/glass.

FIG. 1 (color). Dynamics of reflectivity and strain on 200 nm
thick Ni sample. (a) �RðtÞ=Rs on the front side of Ni.
(b) �RðtÞ=Rs on the back side of Ni/glass (closed circle) and
Ni/sapphire (dotted curve). (c) Modeling of the strain profile at
t ¼ 30 ps. Inset: electron (full), spin (dashed), and lattice (dot-
ted) temperatures profiles calculated with Eq. (1). (d) Fit of
�RðtÞ=Rs on the front side of Ni/glass using the model.
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occur at ð2mþ 1ÞT=2, (m ¼ 1, 2). They are also much
better contrasted on �"="s.

Three main temporal features are present in the dynam-
ics of the rotation and ellipticity: the sharp magnetoacous-
tic echoes, the dynamics of precession, and an overall slow
increase of the signal. First, the sharp echoes are directly
induced by the strain pulse. Therefore, the corresponding
temporal shape is similar to that of strain echoes as shown
in Fig. 3(a). Second, the motion of precession results from
a dynamical change of the magnetic anisotropy. From that
point of view the relative amplitude of the effect is similar
on ��=�s and �"="s. Third, the slow increase of the
rotation and ellipticity at long time delays (several hun-
dreds of picoseconds) is due to a slow increase of the strain
due to the temperature increase associated with the thermal
diffusion within the film depth.

Regarding the sharp magnetoacoustic echoes, their dif-
ference of amplitude in the rotation and ellipticity signals
results from the difference of the real and imaginary parts
of the magneto-optical response upon exerting the strain.
More specifically, the real and imaginary parts of the linear
magneto-optical response, which are related by Kramers-
Kronig relations, are usually different due to the particular
band structure of the material [34]. When modifying the

lattice parameter their local spectral shapes may differ (for
example, due to the shift and broadening of the resonances
associated with the interband transitions). In the case of Ni
at 1.5 eV the static rotation �ð!Þ is almost flat while "ð!Þ
has a slope [35]. Consequently, under the dynamical strain,
��ðtÞ=� varies much less than �"ðtÞ=".
To model the magnetoacoustic dynamics quantitatively

we use the Landau-Liftshitz-Gilbert equation [36] taking
into account the effect of the strain pulse.

dM

dt
¼ �
�0ðM�HeffÞ þ �

Ms

�
M� dM

dt

�
: (3)


 is the gyromagnetic ratio, Heff the effective magnetic
field, and � Gilbert damping parameter. We consider the
magnetoelastic energy equation: Eme ¼ �3=2�s
s cos

2’,
where �s is the magnetostriction coefficient of a polycrys-
talline Ni, 
s ¼ 3ð1� �Þ=ð1þ �ÞB� the stress [24], �
the Poisson’s ratio, and ’ the angle between the strain
direction and the magnetization vector. We choose an
effective strain pulse �eff , which takes into account the
reflected pulse �ref , the incoming strain pulse �inc, and
the absorption length � of the probe beam. The effective

strain is then given by: �effðtÞ¼ 1
�

R1
0 e�ðz=�Þ½�incðzþvtÞþ

�refðz�vtÞ�dz, where �ref ¼ rac�inc. By using the strain
pulse profile obtained from Fig. 1(c), the two effective
strain pulses on both sides of the film are shown in
Fig. 3(a). The full curve stands for the 1st order echo on
the front side and the dashed one represents the 0th order
echo on the back side at t ¼ T=2. Here, þ and � values
signify tensile and compressive parts of the pulses, respec-
tively. The main features of the magnetization dynamics on
the back side are well reproduced for 	 ¼ 25� and 45� as
seen in Fig. 3(b). The calculated quantity is the differential
magnetization �Mz=Mz projected on the z axis. As it is
well known in linear magneto-optics,Mz is proportional to
�s and "s. The precession dynamics as well as the tem-
perature at the back side continuously increases like in the
experimental results (Fig. 2). From the three temperatures
model calculation the corresponding temperature raise is
�10 K at t ¼ 300 ps.
Importantly, one can control the magnetization dynam-

ics by an appropriate choice of the echo period T and the
period of the precession TP. To model such an effect we
extract from Eq. (3) the torque � ¼ jM�Heffj. Due to the
strain, the torque � changes for a given sample thickness l
as shown in Fig. 3(c). For each echo, � presents a maxi-
mum due to the strain and then oscillates around an aver-
age value. We define the change of torque �� as the
difference between the average value after the 0th and 1st
order echoes [see Fig. 3(c)]. To see the influence of the
torque on the precession dynamics, we then calculate�� as
a function of the sample thickness l [dashed curve in
Fig. 3(d)], which is proportional to the round trip time TR

of the echo (TR ¼ 2l=v). On Fig. 3(d) we compare �� to
the precession dynamics �Mz=Mz [full curve in Fig. 3(d)]

FIG. 3 (color). Modeling of magnetoacoustic response.
(a) Effective strain pulse profiles at the front side (full curve)
and back side (dashed curve). (b) �Mz=Mz for 	 ¼ 25� (full
curve) and 45� (dashed curve). (c) �� induced by the acoustic
echoes for l ¼ 200 nm Ni/glass. (d) Dashed curve: �� calcu-
lated as a function of l (bottom abscissa) or round trip time TR

(top abscissa). Full curve: �Mz=Mz calculated for l ¼ 200 nm
and 	 ¼ 25� as a function of time (expressed in numbers of
round trip time TR, top abscissa). (e) �Mz=Mz for 3 round trip
times TR (or sample thicknesses l) corresponding to the points
(A, B, and C) in Fig. 3(d). (f) �Mz=Mz, on the front side,
calculated with (full curve) and without (dashed curve) acoustic
echoes for l ¼ 200 nm and 	 ¼ 25�.
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for a fixed sample thickness l ¼ 200 nm (like in the ex-
periment), where the arrival time of the 0th order echo is
set as a zero for comparison with TR. Clearly the maximum
change of �� occurs when the echo arrives in a minimum
of the precession �Mz=Mz, that is, TR ¼ mTP, (m ¼
1; 2; . . . ). On the contrary �� is minimum when the echo
coincides with a maximum of precession, that is, TR ¼
ð2m� 1ÞTP=2. Therefore, depending on the ratio TR=TP

between the round trip time of the echo and the precession
period, one can enhance or decrease the amplitude of the
oscillations. This is shown in Fig. 3(e) where the preces-
sion dynamics is shown for the three points (A, B, and C)
pointed out in Fig. 3(d), the sample thickness being set at
200 nm. Instead of changing the sample thickness to act on
TR one can modify TP by changing the angle 	 of the
magnetic field as we did in the experiment (see Fig. 2). ��
can also be controlled with rac by choosing appropriate
interfaces. For example, the change of precession by the
1st order echo on the front side is not as prominent as on
the back side because of different rac as seen in Fig. 3(f)
showing �Mz=Mz in the presence (full curve) and absence
(dashed curve) of the strain echo. Our analysis on the
precession torque shows that a particular sequence of strain
pulse echoes allows manipulating the precession dynam-
ics, either by reducing or increasing the amplitude of the
oscillations. This new effect could be used either to realize
a magnetoacoustic modulator or to switch a thin soft
magnetic layer deposited on a thick hard magnetic one
excited by the femtosecond laser pulses.

In conclusion, we have studied the magnetoacoustic
dynamics in a nickel film excited with femtosecond laser
pulses at room temperature. We have shown that the
acoustic pulse propagation to the back side of the film
modifies the magnetoelastic energy due to the large lattice
deformation. It induces a motion of precession which can
be controlled by matching the round trip time of the strain
pulse echoes with the period of precession. Our model
accounts quantitatively for the observed magnetization
dynamics and manipulation of the precession. These re-
sults open a new way of controlling magnetoacoustic
devices at room temperature.
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