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The ultrafast magnetization and electron dynamics of superparamagnetic cobalt nanoparticles, embedded in a dielectric matrix, have been investigated using femtosecond optical pulses. Our experimental approach allows us to bypass the superparamagnetic thermal fluctuations and to observe the trajectory of the magnetization vector which exhibits a strongly damped precession motion. The magnetization precession is damped faster in the superparamagnetic particles than in cobalt films or when the particle size decreases, suggesting that the damping is enhanced at the metal dielectric interface. Our observations question the gyroscopic nature of the magnetization pathway when superparamagnetic fluctuations take place as we discuss in the context of Brown's model.

Superparamagnetism consists in fluctuations of the magnetization in small ferromagnetic particles, resulting in a zero magnetization when it is averaged over a time scale larger than the typical time of these fluctuations. It occurs when the size of the magnetic particles is small enough so that the anisotropy energy becomes comparable to the thermal energy [START_REF] Aharoni | Introduction to the Theory of Ferromagnetism[END_REF]. The fluctuation time generally varies over a very broad time scale, depending on the size of the particles. Superparamagnetism is relevant in several research fields like geophysics [START_REF] ´el | [END_REF] and biophysics [START_REF] Dickson | Magnetic Properties of Fine Particles[END_REF], as well as in the technology of high density information processing [START_REF] Weller | [END_REF]. According to Ne ´el's model, the fluctuations occur at a rate 1= 1= 0 expÿKV=k B T, where K, V, and T are, respectively, the anisotropy constant, the volume, and the temperature of the particle. Many studies have focused on the statistical aspect of the superparamagnetic fluctuations. The validity of this model of thermal activation over a single energy barrier has been demonstrated for a single ferromagnetic particle [5]. In contrast, little is known on the deterministic trajectory of the magnetization vector which is thought to undertake a gyroscopic motion while the fluctuations occur between the two opposite directions of the magnetization defined by the minima of the total free energy. This is supported by the seminal theoretical works of Ne ´el [START_REF] ´el | [END_REF] and Brown [6] who modeled the superparamagnetic fluctuations using two different approaches. Both models include a gyroscopic part either via random torques acting on the magnetization [START_REF] ´el | [END_REF] or via the Landau-Lifschitz-Gilbert (LLG) equation in the presence of a fluctuating magnetic field [6]. This gyroscopic behavior shows up formally in the expression of the prefactor 1= 0 which, however, is not a well-known parameter (typical published values of 0 are dispersed in the range 10 ÿ8 -10 ÿ12 s, depending on the material or experimental conditions). To our knowledge, there is so far no real time study of the coherent dynamical regime associated with the gyroscopic motion of the magnetization in superparamagnetic systems. Several studies have been performed in the spectral domain [7], using Mo ¨ssbauer spectroscopy, ferromagnetic resonance or neutron scattering [8].

In this Letter we focus on the coherent magnetization dynamics of superparamagnetic cobalt nanoparticles, independently of their thermal fluctuations. Our goal is to provide a method which allows us to determine the pertinent parameters associated with the coherent motion, i.e., the frequency and the damping time of the magnetization precession, and to observe the trajectory of the magnetization for particles of different sizes. From the measured trajectory we deduce that the magnetization reversal cannot be a precessional one during the superparamagnetic fluctuations. To separate the coherent motion of the magnetization from its statistical fluctuations over the anisotropy energy barrier KV is an experimental challenge. It requires two important conditions. First, the temporal resolution of the experiment has to be much better than the characteristic times investigated (typically a few picoseconds). For this reason, the time resolved magnetooptical techniques using femtosecond pulses are well suited [9]. Second, an initial state has to be defined which is not sensitive to the randomness of the magnetization direction both in time (temporal fluctuations) but also from the point of view of a statistical averaging over a large number of independent particles (spatial fluctuations). In that case where a large number of particles is under interest it requires to bypass the thermal fluctuations by applying an external magnetic field which initially aligns the magnetization in a given direction. Naturally, the system under study must return to the initial state when a temporal averaging is necessary as it is the case with a repetitive laser source. In our case we apply a static magnetic field H which can be varied between 4 kOe. Several experimental techniques have been developed during the past ten years to observe the ultrafast magnetization dynamics [10 -17]. In the present work we adopted a configuration which allows us to probe the variation of the amplitude as well as the direction of the magnetization vector M and therefore to retrieve its trajectory in real time from a few femtoseconds up to 1 ns as detailed in Ref. [18]. In what follows, the quantities of interest are the static polar (Pol) and longitudinal (Long) magneto-optical signals, as well as their relative differential variation as a function of the pump-probe delay (Polt=Pol and Longt=Long) (relative difference between the signals with and without the presence of the pump pulse). They are obtained from a combination of Kerr measurements for the complementary angles , ÿ, and ÿ between the external magnetic field and the normal to the sample. In addition to the magnetization dynamics, information on the heating of the electrons and their relaxation to the lattice is obtained by monitoring the time dependent differential probe transmission Tt=T defined as the relative difference between the probe transmission measured with and without the pump pulse.

The cobalt nanoparticles are made by ion implantation of Co in different matrices, at a temperature of 873 K, with different flux F, resulting in different particle diameters d as reported earlier [19,20]. Three different samples have been studied. Sample S1: matrix Al 2 O 3 , F 10 17 cm ÿ2 , d 4 1 nm; sample S2: matrix Al 2 O 3 , F 3 10 16 cm ÿ2 , d 2:5 0:5 nm; and sample S3: matrix SiO 2 , F 10 17 cm ÿ2 , d 10 1 nm. Their implantation profile is determined by Rutherford backscattering spectrometry. For example, for the sample S1 it is a Gaussian peaking at 83 nm from the substrate surface and a width of 70 nm (maximum Co concentration 14%). At room temperature, the sample S3 is ferromagnetic, while S1 and S2 are superparamagnetic as seen in the magnetization curve MH at room temperature represented in Fig. 1(a) for the sample S1. For the same sample, the zero field cooling (ZFC) and field cooling (FC) measurements are displayed in Fig. 1(b), showing that the blocking temperature T B is 80 K.

Let us first focus on the diagonal part of the time resolved magneto-optical response which does not depend on the magnetization. The differential transmission of the sample S1 is represented in Fig. 2 for short [Fig. 2(a)] and long [Fig. 2(c)] temporal delays and for two different densities of laser pump energy (I 1 5:1 mJ cm ÿ2 full line and I 2 1:7 mJ cm ÿ2 open circles). The normalization factor for each curve is indicated. In Fig. 2(a) the cross correlation (normalized to ÿ1) between the pump and probe beams is also displayed. From femtosecond optical studies of metal films and nanoparticles [21] it is known that the temporal variation of Tt=T contains several contributions associated with different relaxation mechanisms. The first one, which occurs within a few hundreds of femtoseconds, corresponds to the thermalization of the electrons excited high above the Fermi level by the pump pulse. This process is not instantaneous in metals due to the Pauli exclusion and it manifests by a delayed response of the differential transmission with respect to the pump excitation. The delayed response clearly shows up in Fig. 2(a) where the minimum of Tt=T occurs 350 fs after the cross correlation. The next important step in the dynamics is the equilibrium between the lattice and electron temperatures, a process which occurs via the electronphonon interaction. The electron-lattice relaxation time el increases when the density of pump energy increases because the electronic specific heat increases with the temperature. This is the case for the cobalt nanoparticles as seen in Fig. 2(a) where the time constants are, respectively, 1.6 ps and 0.8 ps for the excitation densities I 1 and I 2 . The variation of el over one decade of pump intensity is displayed in Fig. 2(b). When the electrons and the lattice are in equilibrium, the thermal energy is transferred to the environment. This process can be decomposed into several steps depending on the nature of the environment. For a thin film of metallic particles with a diameter of a few nanometers isolated in a dielectric matrix (Al 2 O 3 in the case of sample S1), the energy transfer from the particles to the dielectric is fast while the overall thermal diffusion outside the spatial region probed within the laser spot is much longer as seen in Fig. 2(c). The fast component is 7 ps for the two densities of pump energy. This thermal relaxation process depends on the relative heat capacities between the metal and the dielectric as shown for silver particles embedded in different matrices [22]. The longlived thermal diffusion occurs with a relaxation time of 730 ps.

The dynamics of the magnetization is quite different. As shown in Fig. 3 for the sample S1, it displays an oscillatory behavior characteristic of a strongly damped motion of precession. It is clearly present in the projection of the magnetization trajectory displayed in the longitudinal/ polar plane up to 1 ns [see Fig. 3(a)]. Figure 3(b) shows the corresponding time dependent differential polar (Pol=Pol) and longitudinal (Long=Long) components of the magnetization (displayed only up to 125 ps). The overall magnetization dynamics results from the ultrafast raise and subsequent decrease of the electron-spin temperature induced by the laser pump pulse, two processes which occur with time scales much faster than the motion of precession. In other words, the ultrafast change of temperature depicted in Fig. 2(a) acts as a function excitation of the magnetization which induces a change of both its modulus and orientation. The reorientation of the magnetization vector is due to a dynamical change of the effective field related to the time dependent anisotropy and exchange interactions as shown recently in the case of thin cobalt films [23]. The period and damping of the precession are respectively 1= 5 10 ÿ11 s and 9 10 ÿ11 s, for an applied field H 2:8 kOe. We find that varies from 14 to 25 GHz when H varies from 2.1 to 3.3 kOe). The correlation between the magnetization and the electron dynamics comes out by comparing Fig. 3(a) and Fig. 2(a). It is seen that the maximum of the demagnetization at 400 fs coincides with the thermalization of the electrons. Next, a partial remagnetization occurs within 1 ps when the electrons cool down to the lattice via the electron-phonon interaction. Simultaneously, the orientation of the magnetization changes and starts precessing.

Let us examine how the precession damping varies with the size of the particles. To do so, we have measured and compared for the three samples S1, S2 (superparamagnetic with respectively 4 and 2:5 nm average diameter), and S3 (ferromagnetic 10 nm average diameter) to the precession damping of a 16 nm thick cobalt epitaxial film grown on a Al 2 O 3 substrate. In each case, we deduce the equivalent Gilbert damping obtained from an approximate solution for the LLG equation valid for small damping [24]: 2 M S 0 where 0 2:4 10 5 mA ÿ1 s ÿ1 is the gyromagnetic factor and M S is the magnetization at saturation which is also measured for each sample. We get film 3 10 ÿ10 s (or film 0:02 using M S;film 1:37 10 6 A m ÿ1 ); 10 nm 1:2 10 ÿ10 s (or 10 nm 0:43 using M S;10 nm 1:6 10 5 A m ÿ1 ); 4 nm 0:9 10 ÿ10 s (or 4 nm 0:46 using M S;4 nm 2 10 5 A m ÿ1 ); 2:5 nm 0:6 10 ÿ10 s (or 2:5 nm 3 using M S;2:5 nm 4:5 10 4 A m ÿ1 ). In that last case, the oscillation becomes hardly observable, the precession being critically damped and the above expression we use to estimate is questionable. For each sample, we have checked that the precession period varies with the external static magnetic field H 0 . Also, we have observed that the contrast of the oscillations decrease as we decrease the amplitude of H 0 , showing that the effective field is dominated by H 0 . The damping is therefore much larger in the nanoparticles than in the bulk and, in addition, it consistently increases when the particle size decreases. The exact mechanisms of this enhanced damping observed in nanoparticles are still unknown but these results suggest that the metal dielectric interface plays an important role to damp the precession motion. It confirms previous studies of the magnetization damping in -Fe 2 O 3 or cobalt nanoparticles. Using ac susceptibility and Mo ¨ssbauer spectroscopy measurements, Dormann et al. [25] have reported a value of close to unity for -Fe 2 O 3 particles. Respaud et al. [26] have studied the ferromagnetic resonance of cobalt particles and reported values of of 0.3 and 0.55 for particles containing respectively 310 and 150 cobalt atoms. They also attribute these large damping values to surface spin disorder. Another important conclusion which can be drawn from our measurements is that the damping of the precession is not affected by interparticle interactions for implantation densities up to 10 17 cm ÿ2 . Indeed, the cobalt particles of samples S1 and S2 are implanted in the same matrix, with a lower concentration for the smaller particles (sample S2) which nevertheless exhibit a larger Gilbert damping . This result is not compatible with a strong interaction between particles which in the contrary should contribute to an increase of the damping when the concentration is larger [25]. It comforts the interpretation of a magnetic disorder at the particle-matrix interface as a source of damping for the magnetization precession. Our study questions the possibility of the existence of a fully coherent pathway during the statistical superparamagnetic ''jumps.'' Even though our experiment is designed to prevent the fluctuations, for obvious reasons regarding the experimental methodology explained in the introduction, it turns out that the coherent part of the magnetization dynamics vanishes much faster than the average fluctuation time. This can also be deduced straightforwardly in the context of Brown's description of superparamagnetism [27]. In his Langevin-like model, a transverse fluctuation is added in the LLG equation. The superparamagnetic fluctuations result both from the random torque exerted by this fluctuating field and the deterministic pathway of the magnetization under the action of the effective field. Following Brown, one obtains for the prefactor 0 :

1 0 2M s M s 2 ÿ2 0 0 VM s H 3 c 2k B T s ; H c 2K 0 M s : (1) 
In this expression, two terms, which we name ''coherent'' and ''incoherent'' hereafter, contribute to 1= 0 . The coherent term contains the parameters and 0 of the gyroscopic motion and it is given by 2M s H c M s 2 ÿ2 0 while the incoherent term contains the ratio between the anisotropy energy barrier and the thermal energy and it is given by 0 VM s H c 2k B T q

. For the sample S1 one obtains at 300 K for K 0:57 10 5 J m ÿ3 : ( 0 55 10 ÿ12 s with a coherent contribution of 21 10 ÿ12 s and an incoherent one of 2.6. Of course changes of K with particle size and/or embedding matrix can lead to different estimates of 0 . In conclusion, the present work shows that femtosecond magneto-optical techniques allow to investigate the coherent regime of the magnetization dynamics in superparamagnetic nanostructures. A comparison between different particles allows us to stress the drastic influence of the particles sizes on the damping of the precession. Within the simplified Brown's model, all three temporal parameters 0 (prefactor in the magnetization relaxation), 1= 0 H c (precession period), and (damping) can have values of the same order of magnitude. In particular, for the smallest particles (d < 4 nm) the precession motion is critically damped preventing the magnetization reversal to occur coherently. A complete gyroscopic pathway during the magnetization reversal is therefore unlikely to occur in such small superparamagnets.
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 1 FIG. 1. Magnetization of 4 nm superparamagnetic cobalt particles in Al 2 O 3 matrix at room temperature (a). Temperature variation of the magnetization for the field cooling (FC) and zero field cooling (ZFC) configurations (b).
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 3 FIG. 3. Magnetization dynamics of 4 nm superparamagnetic cobalt particles in Al 2 O 3 . (a) magnetization trajectory in the polar/longitudinal plane. (b) Dynamical polar and longitudinal Kerr signals.