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Dynamique	du	moment	magnétique	d’une	particule	

superparamagnétique	
	
Les nanoparticules superparamagnétiques sont des particules de tailles nanométriques et 
fortement aimantées. Elles sont notamment utilisées en imagerie par résonance magnétique (IRM) 
comme agents de contraste : lorsqu’on les injecte, ces nanoparticules peuvent cibler des cellules 
d’intérêts (cancéreuses par exemple) et modifient la « couleur » de ces cellules à l’image, 
permettant aux médecins de mieux visualiser les zones cancéreuses ou faciliter le diagnostic. Elles 
servent également d’agents de contraste pour une nouvelle technique d’imagerie qui s’est 
développée ces dix dernières années : le Magnetic Particle Imaging (MPI). Contrairement à l’IRM, 
cette technique permet de visualiser ces particules en les excitant directement, ce qui rend la 
technique beaucoup plus sensible aux nanoparticules que l’IRM. 
 
Le MPI se base sur la réponse d’une nanoparticule superparamagnétique à une excitation 
magnétique. La modélisation théorique de celle-ci s’avère très complexe : une nanoparticule 
superparamagnétique est à la frontière entre les mondes quantique et classique et est fortement 
dépendante de l’agitation thermique. Or, cette modélisation s’avère importante si l’on veut 
comprendre et optimiser les différents paramètres intervenant dans le MPI. Dans ce stage, nous 
vous proposons de modéliser numériquement la dynamique du moment magnétique d’une 
particule superparamagnétique. Celle-ci consistera à résoudre numériquement l’équation de 
Landau-Lifshitz-Gilbert auquel on a ajouté un terme aléatoire. Le programme sera entièrement écrit 
par l’étudiant et le langage de programmation utilisé est laissé au choix de l’étudiant. Le paramètre 
principal étudié sera l’influence de la température sur le temps de relaxation de ces nanoparticules. 

	

 

Dynamique aléatoire du moment magnétique d’une particule superparamagnétique 
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to a typical stochastic trajectory that starts close to one of the
potential minima (mW 5mẑ) and, after some irregular rota-
tions about it, reaches the potential-barrier ~equatorial! re-
gion, where it wanders for a while, and eventually descends
to the other potential minimum. Concerning the projection of
this motion onto a plane perpendicular to the anisotropy axis,
we have just shown the first stages, after the last potential-
barrier crossing, of the damped precession of mW about the
anisotropy field, when spiraling down to the bottom of the
mz,0 potential well.
From these graphs, the role of the gyromagnetic terms in

the stochastic dynamics of the magnetic moment is shown.
Thus, the projection of mW (t) onto the equatorial plane shows
some of the irregular features of ordinary Brownian motion,
although the rotary character is neatly exhibited. Concerning

the projection of mW (t) onto a plane containing the anisotropy
axis, it is clearly seen that crossing the potential barrier does
not entail an immediate descent to the other potential mini-
mum, but the gyromagnetic terms plus an appropriate se-
quence of fluctuating fields can produce a rapid crossing
back to the initial potential well.
For an ordinary, nongyromagnetic system, i.e., a mechani-

cal system with inertia, this guarantees that, unless the sys-
tem reaches the potential barrier with zero velocity, it will
descend to the other potential well with a large probability.
In addition, the forces, after the potential-barrier crossing,
accelerate the system downward. However, in the gyromag-
netic case the dynamics is ‘‘noninertial’’ ~the equation of
motion is of first order in the time!. Besides, the anisotropy
field BW a5(BK /m)(mW • n̂) n̂ indeed drives mW down to the
bottom of the potential well, but this is effected via a
~damped! precession about the anisotropy axis. Moreover,
the effective precession ‘‘frequency’’ of such motion veff

5(gBK/m)(mW • n̂) is initially rather low because the anisot-
ropy field is low in the potential-barrier region (mW • n̂.0).
Consequently, in the beginning of the spiraling down after a
potential-barrier crossing, the magnetic moment rotates quite
slowly ~say, along a parallel of latitude! not far from the
potential-barrier region, so that an appropriate sequence of
fluctuations can drive mW back to the initial potential well.
What is shown in Fig. 1 is precisely a multiple occurrence

of this phenomenon; more than 10 potential-barrier crossings
can be identified in the overall excursion between the two
potential minima. On the other hand, the magnetic moment
might also have eventually fallen into the original potential
well. As will be shown below, none of these processes are
infrequent. The physical acumen of Brown15 is noteworthy
since, on considering the gyromagnetic nature of the dynam-
ics, he posed the possible occurrence of this kind of phenom-
ena in his criticism of the calculation of Néel1 of the relax-
ation time as the inverse of the rate of equatorial crossings of
the magnetic moment.

C. The effect of the temperature

In order to assess the role of the temperature in the dy-
namics of the magnetic moment, we have displayed in Fig. 2
some typical time evolutions of the projection of mW onto the
anisotropy axis. It is seen that, at low temperatures ~panel
kBT/DU50.12), the dynamics merely consist of the rota-
tions of the magnetic moment close to the bottom of the
potential wells ~intra-potential-well relaxation modes!, with
the overbarrier relaxation mechanism being ‘‘blocked.’’ As
T is increased, the magnetic moment can effect overbarrier
rotations at the expense of the energy gained from the heat
bath, and a number of them do occur during the displayed
time interval ~panels kBT/DU50.18 and 0.28!. Finally, at
higher temperatures ~panel kBT/DU50.4), the magnetic mo-
ment effects a considerable number of overbarrier rotations
during the observation time interval, exhibiting almost the
thermal-equilibrium distribution of orientations.
The curves of Fig. 2 resemble those of the experiments of

Wernsdorfer et al. on individual ferromagnetic nanoparticles
~see Fig. 6 in Ref. 14!. Furthermore, if the same trajectory is
plotted with a larger sampling time interval, in order to

FIG. 1. Two-dimensional projections of the time evolution of
the magnetic moment, as determined by numerical integration of
the stochastic Landau-Lifshitz-Gilbert equation ~2.1!. The
magnetic-anisotropy potential is 2DU(mz /m)2, no magnetic field
has been applied, and the damping coefficient in the dynamical
equation is l50.1. Upper panel: Projection of the trajectory onto a
plane containing the anisotropy axis. Lower panel: Projection onto a
plane perpendicular to the anisotropy axis of the first stages of the
damped precession down to the mW 52mẑ potential minimum, after
the last potential-barrier crossing. The small dashes demarcate the
unit circle.
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