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Abstract. We investigate the excitations induced by the diffusion of a spin polarized projectile on a fer-
romagnetic spin polarized cluster. The interaction between the projectile and the target is described with
a Heisenberg Hamiltonian which excludes the charge degree of freedom during the process. The repulsion
between the nucleus has a Born-Meyer form. Our calculation includes both a real time description of the
spins of the two interacting systems and also the atomic motion of the cluster atoms. The spin excitations
induced are studied versus the cluster size and the trajectory conditions. The effects of the phonons on
the spin excitations will be discussed. The collision transfer energy between the target and the projectile
presents some resonances versus the velocity of the projectile. The nonadiabatic behaviour during the
collision has been characterized by the spin temperature at the end of the the collision.

PACS. 36.40.-c Atomic and molecular clusters – 36.40.Cg Electronic and magnetic properties of clusters

1 Introduction

A lot of papers have been devoted to the experimental
study of the interaction between a fast atomic particle
with a metallic cluster. The collisions could induce frag-
mentation and various kinds of non-adiabatic effects such
as electronic excitation, ionization and capture [1]. Theo-
retical papers on these various phenomena have been pub-
lished [2].

Up to now spin diffusion have been only performed on
magnetic bulk targets. Similar experiments could be made
in the next future on finite media or aggregates. The spin
transfer induced by collision has not been intensively stud-
ied. Let us mention a previous work on the spin transfer in
low-energy collisions of a colinear meta-stable Na+

3 with a
Na atom [3].

In this paper we intend to develop a theoretical de-
scription of this kind of phenomenon. The spin diffusion on
a ferromagnetic cluster induces electronic, spin and vibra-
tion excitations which have different dynamics time scales.
We restrict to low target velocity to avoid in this work
the electronic excitations. We will use a time dependent
Heisenberg formalism which will be presented in Section 2.
The atomic motion in the cluster is treated classically and
the forces are derived with the Hellmann theorem. In Sec-
tion 3 we discuss our results on the spin diffusion on cluster
and on the coupling between the magnetic excitation and
the vibration in the cluster induced by the collision.
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2 The Heisenberg Hamiltonian

The Heisenberg Hamiltonian has been widely used in solid
state physics, it has also been employed for aggregates, in
particular to investigate the π electron magnetic proper-
ties in polyenes [4]. It can be written

HHeis = −
∑

i,j

JijSiSj (1)

where Si refer to the spin of particle i. In the present study
of a spin diffusion on a spin polarized system, one of the
sites, say site 1, is moving along a given trajectory. Before
collision the target atoms are frozen. At the beginning
of the collision the target has only magnetic excitations.
Then in a second step the magnetic energy stored in the
cluster leads to the target nucleus motion. Before the colli-
sion, between two nearest target atoms the Jij interaction
term is constant and worth Jo. The dependence of Jij on
the rij distance between the atoms i and j can taken as:

Jij = J
′
o exp

(
−rij

ro

)
(2)

J
′
o has been chosen in our calculation such that when rij is

equal to the nearest target distance before collision, Jij is
equal to Jo. ro

∼= 1 Å is a typical interaction length. In the
first collision step, only the various r1i distances between
the incident and the target particles depend on time t.
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To the Heisenberg magnetic energy obtained from equa-
tion (1), a repulsion energy term between nucleus is added
and is assumed to have a Born-Meyer potential form:

ERep =
∑

i,j

A exp
(
−rij

r′
o

)
(3)

A is a constant obtained by assuming that the bond
length in the cluster before collision is 2 Å and more-
over r

′
o = 2ro. We will assume that in the studied speed

range, the particle 1 motion has a linear trajectory with
an initial velocity vo before collision. The atom motions
are treated classically and no constrain is assumed on
their motions. The force on them are the repulsion forces
and the attractive component which is derived from the
Heisenberg Hamiltonian using the Hellmann theorem like
in the CarrParrinello procedure.

3 Results of the Heisenberg model for small
aggregates

We consider the collision of an up incident spin on a
ferromagnetic down spin target both initially polarized
along the z-axis. Before the collision the cluster atoms are
frozen. Hence in the first collision step only the magnetic
excitations in the target are created and by consequent
the interaction between target atoms could be considered
constant and worth Jo. Notice that the initial state of the
target is the groundstate of the Hamiltonian. The target,
called Cn is a linear chain of n atoms along the y-axis.
Before collision the nearest neighbour distance in the tar-
get is 2 Å. The target atoms are located at sites 2, 4, ...
2(n + 1) Å. The projectile trajectory is parallel to the
initial chain direction.

The wave function |Φ〉 is written as:

|Φ〉 =
∑

i

αi|φi〉 (4)

{|φi〉} are the states | ↑; ↓, ..., ↓〉, | ↓; ↑, ↓, ..., ↓〉 ... with
only one up spin for the projectile and cluster system (the
first spin is referred to the projectile one). The time de-
pendence of the coefficients αi are obtained by solving
numerically the Schrödinger equation with for the initial
configuration | ↑; ↓, ..., ↓〉. At every time of the dynam-
ics the conservation of the total spin Sz and S2 of the
projectile and cluster has been checked. In Figure 1 we
report 3 different behaviours of Si

z for the projectile and
atom cluster spin versus the projectile initial velocity vo

corresponding to an energy for a silver atom of 20 keV,
2 keV and 400 eV (i.e. respectively vo = 1.88 × 105 m/s,
vo = 0.597 × 105 m/s and vo = 0.26 × 105 m/s) with an
impact parameter b = 2 Å. During a first phase T1, the
projectile spin and the cluster spins are in interaction. In
a second phase T2 the projectile is no more in interaction
with the cluster, so only the excited cluster has its spins
varying. The T1 and T2 phases are marked in Figure 1. No-
tice that for this velocity range, during T1 the cluster atom

  

Fig. 1. Evolution of the z spin component Sz for the pro-
jectile and the atoms of the 5 atom chain C5 versus different
initial projectile velocity vo. Y is the projectile position for an
arbitrary trajectory parallel to the y-axis with an impact pa-
rameter b = 2 Å. The phases T1(T2) during which the projectile
is (no more) in interaction with the target are reported.

positions are still frozen and by consequent J between
chain atoms is still constant. For discussing these results
we need two characteristic times τ = �/Jo = 4.6×10−14 s
which describes intra atomic cluster spin propagation and
τ

′
(vo) the travelling time along one atomic distance. For

τ
′

< τ (Fig. 1a), the target spins vary when the projec-
tile is above them. Each site behave as if it were isolated.
For τ

′ ∼= τ (Fig. 1b), the spin amplitudes of variation
are larger due to a larger projectile-site interaction. For
τ

′
> τ (Fig. 1c), the incident spin flip almost completely.

The target spin has a complex evolution. The projectile is
interacting with a fully excited target.

The excitation potential energy Ex is defined as E −
Ead where E is given by 〈Φ|H |Φ〉 and Ead is the potential
energy of the adiabatic state associated to the initial con-
figuration state. In Figure 2a the time evolution of Ex is
displayed during the T1 phase. Its time evolution is quite
complex. At some moment the projectile gives (receives)
energy to (from) the cluster. It is showed that the system
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Fig. 2. Excitation potential energy evolution during collision
between a 3 atom chain cluster and a projectile (Fig. 2a) and
transfer excitation energy (in Jo unit) in the cluster due to the
collision versus the initial projectile velocity vo(m/s) (Fig. 2b).
The initial spin configuration is displayed in Figure 1. The
impact parameter b = 2 Å (2.5 Å) in a (b).

is perturbated nonadiabatically. In Figure 2b the transfer
potential energy from the projectile to the cluster at the
end of the collision shows versus the initial projectile ve-
locity some peaks at vo = 17100 m/s, vo = 6750 m/s, and
vo = 3000 m/s (for time computing problems we limit
our work to vo > 2300 m/s). This peaks are associated
to resonances. The peak at vo = 17100 m/s is associated
to the spin flip between the projectile and each isolated
chain atom spin. The others are linked with resonances
associated to the flip between the projectile spin and the
full spin system in the cluster. The Ex behaviour is a rem-
iniscence of the spin evolution given in Figure 1.

The spin temperature in the cluster at the end of the
phase T1 is another way of characterizing the excitation
in the system. Let Efs be the energy stored in the cluster
at the end of the phase T1, the spin temperature T1 is
obtained from:

Efs =
∑

i

Ei exp
(
− Ei

kT1

)
/

∑

i

exp
(
− Ei

kbT1

)
(5)

where Ei are energy eigenvalues of the system. In Fig-
ure 3. the spin temperature is displayed versus the impact
parameter. The spin temperature is increasing when b is
decreasing. For large b, at high velocity, as the transfer is
small, the spin temperature is also small. In the case of the
10 atom chain the temperature is significant for b < 4.5 Å
as for for the 3 atom chain it is for b < 10 Å. It is due to
the fact that when n is increasing the number of adiabatic
levels is increasing and the difference between two levels is
decreasing. For small b the collision is highly nonadiabatic
and leads to two remarks firstly the spin temperature is
large even for intermediate velocity and secondly the en-

Fig. 3. Spin temperature in the cluster at the end of the col-
lision in the 3 or 10 atom chain atoms versus the impact pa-
rameter b and versus the projectile velocity vo. The initial spin
configuration is displayed in Figure 1a.

Fig. 4. The full excitation spectrum of the Heisenberg Hamil-
tonian produced in the cluster at the beginning of phase T1

versus the size of the cluster (ωo = Jo/4�).

ergy transfer has not smooth behaviour with respect to
the number of atoms in the chain what explains the larger
spin temperature in C3 than in C10 for b ∼= 2 Å.

For the studied range of initial projectile velocity, at
the end of phase T1, the cluster is only spin excited if
the projectile is too small. The full excitation spectrum
of the Heisenberg Hamiltonian produced in the cluster is
reported in Figure 4 versus the cluster size. Increasing n,
the excitation spectra forms a band varying between 0 and
8ωo (ωo = J/4�) which is associated to the classical chain
spin wave dispersion εk:

εk = 4JS(1 − cos(ka)). (6)

The lowest frequency ωmin of the spectra goes to zero
with n. ωmin could be derived from equation (6) by intro-
ducing an infrared cut-off kc = 2π/L (L being the cluster
size).

Depending on the collision conditions (trajectory, ...),
during the collision a part of the spectrum is only
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Table 1. Ratio of the excitation frequencies ω6/ω2 at the end
of the phase T1 in the 3 atom chain versus the impact param-
eter b and the projectile velocity vo (in ×105 m/s unit). The
collision trajectory is parallel (perpendicular) to the cluster
axis in a (b).

(a)

ω6/ω2 b = 2 Å b = 3 Å b = 4 Å b = 5 Å b = 6 Å
V = 0.26 00.52 00.57 00.23 00.15 00.11
V = 0.59 00.35 00.52 00.30 00.25 00.23
V = 1.88 00.00 00.00 00.00 00.00 00.00

(b)

ω6/ω2 b = 2 Å b = 3 Å b = 4 Å b = 5 Å b = 6 Å
V = 0.26 0.20 0.10 0.09 0.05 0.00
V = 0.59 0.22 0.21 0.18 0.17 0.16
V = 1.88 0.24 0.24 0.29 0.24 0.21

excited. Let us illustrate this fact with the 3 atom chain.
In this case only two frequencies are possible ω2 = 2ωo

and ω6 = 6ωo for the spin excitations of the two atoms lo-
cated at the two ends of the chain and only the frequency
ω6 for the atom in the centre of the chain. In Table 1 the
contribution ratio of the excitation frequencies ω6/ω2 for
the atoms at the ends of the chain is reported versus the
collision impact parameter and the initial projectile ve-
locity vo (either for a trajectory along the chain axis or
perpendicular but always in the cluster plane). For large
vo, if the the trajectory is along the chain axis only the
frequency ω2 is involved in the process. It is not the case
for the perpendicular case. In fact in the first case each
spin of the cluster is excited by projectile nearly at the
time in the same way and as it were isolated, hence only
ω2 is involved. But in the perpendicular case at the begin-
ning of the collision only one of the atom located at the
cluster end is excited and the excitation is propagated to
the 2 other atoms and provokes the presence of ω6. Note
that the ratio ω6/ω2 is increasing when b is decreasing.

Let us discuss what is happening in the cluster dur-
ing the phase T2. For our studied vo-range, during the
phase T1 the cluster is only spin excited. During the phase
T2 the excess of excitation energy of the spin system is
distributed to the vibration degrees of freedom i.e.: the
nucleus are no more frozen. This phenomena generate a
coupling between the magnon and the phonon. In our cal-
culation the nucleus have been treated classically. A part

Table 2. Phonon pulsation ωph (×1012 s−1) and spin temper-
ature T 2in(T 2f ) just at the beginning of the phase T2 or after
thermalisation for a 3 atom chain versus the impact parame-
ter b with an initial projectile velocity vo = 0.44 × 105 m/s.
The initial collision configurations are reported in Figure 1.

b = 2 Å b = 3 Å b = 4 Å b = 5 Å b = 6 Å

T 2in(K) 293 172 121 87.5 65.5
T 2f (K) 268.5 166 118.5 86 64
ωph 1.39 1.46 1.49 1.495 1.5

of the spin excitations is transformed into vibration. The
effect of the phonon-magnon is to induce stretching vi-
bration mode in the cluster for our trajectory. The main
feature is that the atoms are no more oscillating around
their stable positions before the collision but their bond
length is increasing: the larger the transfer energy Ex the
longer the bond length. The first consequence is that the
atomic vibration pulsation is decreasing when Ex increase
or when b is decreasing see Table 2. An other conse-
quence of the increasing of the bond length is that the
time-average J in the target is decreasing as the magnetic
energy and the spin temperature. In Table 2 we report the
spin temperature T 2in at the beginning of the phase T in

and T 2f the spin temperature when the spin system has
reached its new equilibrium. Note that the temperature
difference T in − T 2f is decreasing when Ex decreases.

4 Conclusion

The present article has shown the importance of the cou-
pling of the magnetic excitation to the cluster atomic vi-
bration.
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