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Abstract. Magnetic clusters are often quoted in the context of quantum computation
as promising (qu)bit units. Their properties are ruled by quantum mechanical forces:
the description of the state of the clusters directly implies superposition and interference
effects. Advanced experimental tools like magnetic resonance and neutron scattering are
apt to unravel such issues for the scientists. This short contribution elucidates basic
concepts behind the microscopic characterization of magnetic clusters by the inelastic
neutron scattering technique.

1. Introduction

Magnetic clusters are microscopic objects which behave like large elementary magnets
(spins), according to well–defined quantum mechanical interactions. Each cluster contains
magnetic ions embedded in organic or inorganic ligands. Typically, these ions interact
strongly within the clusters but weakly between the clusters - casting the strength of the
clusters as units which are nearly elemental and which obey well–defined interactions. The
motivation lying behind the study of magnetic clusters is at least twofold. On the one hand,
clusters allow to investigate almost exact theoretical predictions in experiment. They thus
represent the privileged testing ground for basic quantum mechanical theories. On the other
hand, clusters allow to approach the size limit of data storage. They thus bear promising
applications in different fields of technical relevance. Lively topics are connected with both
the fundamental and applied research on magnetic clusters, like quantum computing as
recently exemplified in Ref. [1]. Moreover, whereas conventional microscopic magnets and
high–spin nanoparticles can be obtained by fragmenting bulk magnets, magnetic clusters
naturally provide identical objects which can be assembled in a controlled way, see Ref.
[2].

Arrays of magnetic clusters form interesting structures. Thereby, the resulting structures
feature the cluster signature while supporting collective properties. The evolution of the
local magnetic states (the states characteristic of the cluster) into collective magnetic states
(the states characteristic of the bulk material) is an issue of actual interest, by far not
limited to solid state physics. It encompasses the cross–over of quantum properties from
the microscopic to the macroscopic scale. For the matter of our concern, we illustrate
in the following aspects of bulk quantum coherence in a class of compounds consisting
of linked dimers, see Ref. [3]. We introduce magnetic waves which propagate through
the dimer lattice as quanta of the magnetization, and comment within this framework on
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the experimental observables. In a former contribution, dimers were introduced and their
basic properties were elucidated from the point of view of the inelastic neutron scattering
technique, see Ref. [4]. The present contribution is a step forward along the same line.

2. Background

The spin S of a magnetic cluster is the net sum of the separate spins S1, S2, . . . which build
the cluster and which interact by spin exchange, see Figure 1.

Figure 1. Left: Schematic view of the magnetic interactions in the octanu-
clear iron molecular cluster [Fe8O2(OH)12(tacn)6]

8+, from Ref. [11]. The
large empty circles stand for the Fe atoms, the full circles for O atoms, the
hatched circles for N atoms and the small empty circles for C atoms. Right:
Schematic view of the magnetic interactions in the dimer copper compounds
KCuCl3 and TlCuCl3. The large empty circles stand for the Cu atoms, the
full circles for Cl atoms, the hatched circles for K and Tl atoms, respectively.
Left and right: Arrows denote the spins at the magnetic sites, dotted lines
the spin exchange interactions.

The solution of the underlying quantum mechanical equation of state implies discrete
eigenstates. As a result, the magnetization of clusters is stepwise and not continuous as in
bulk materials. Other unconventional properties regard the magnetic relaxation and the
tunneling of cluster compounds, see for example Refs. [5], [6], [7].

The simplest magnetic clusters consist of two spins: for this reason they are called dimers.
Clusters in general, and dimers in particular have been the object of extensive studies by
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different experimental techniques. Among these, dynamic investigations like magnetic res-
onance, light scattering and neutron scattering provide direct insights in the microscopic
spin–spin correlations, see for example Ref. [8]. The neutron scattering cross–section
unambiguously relates the experimental observables to the spin states of the clusters, ac-
cording to the expression

dσ

dΩdω
(κ, ω) ∼ |f(κ)|2

∑

N,M

pN INM(κ) δ (~ω − ENM)(2.1)

In the above, κ and ω are the wave vector and the frequency, respectively, which are
controlled with the neutron probe during the experiment. f(κ) is the magnetic form
factor, a known quantity corresponding to the Fourier Transform of the spin density of the
magnetic ions. N, M denote distinct eigenstates of the clusters, pN the thermal population
of the eigenstate N . The neutron scattering cross–section measures the transition |N〉 →
|M〉 in terms of the energy transfer ENM = EM − EN and the intensity INM , where

(2.2) INM(κ) =
∑

j,j′

exp (iκ · (Dj − Dj′)) 〈N |Sj|M〉〈M |Sj′|N〉

with Sj, Sj′ the spins within the cluster and Dj , Dj′ their positions. The remaining notation
has already been introduced, see also Ref. [9]. The experimental determination of Eq. 2.1
allows to unambiguously rationalize the microscopic parameters governing the behavior of
the clusters, see Refs. [10], [11], [12] for recent examples. Sum rules further restrict the
transitions allowed by neutron scattering, according to

(2.3) INM(κ) 6= 0 ↔ M = N, N ± 1

if N, M label the net spin quantum number of the states of the clusters. The simplest
experimental outcomes apply in the case the clusters are in the ground–state |0〉. At low
temperatures (e.g. p0 = 1, p1, p2, . . . = 0) the nonvanishing transitions correspond to the
elementary excitation of the eigenstate |1〉. An example of such a transition |0〉 → |1〉 is
presented in Figure 2.

Repeating the measurements as in Figure 2 for a complete set of wave vectors provides the
energy dispersion relation, to be discussed below. This information encodes the complete
dynamic properties of the cluster.

Magnetic clusters can be assembled to concept and to construct useful structures. If the
spin exchange interactions do not remain constrained to the isolated clusters but extend
between the clusters, the bulk properties are truly influenced by quantum mechanic forces.
Spin exchange usually decreases as the distance between the involved sites increases. This
fact justifies the description of the resulting structures in terms of linked clusters, each
retaining a dominant cluster signature. The state of the clusters takes into account the
extended nature of the underlying structure as follows. First, the ground–state is collective
as it now involves the properties of the bulk compound. It can be pictured as a lattice of
correlated clusters. Second, the excited states no longer have a discrete spectrum at fixed
energies E as in the isolated cluster case, see Eq. 2.1, but assume continuous energy values
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Figure 2. Points: Neutron profiles of the transition |0〉 → |1〉 measured as
a function of the excitation energy in KCuCl3, fixed wave vector as indicated.
The profiles reveal the dimer signature of KCuCl3, as addressed in the text.
Line: The fitted center position and integrated intensity of the peak relate to
the quantities E01 and I01, respectively, generally formalized in the neutron
scattering cross–section in Eq. 1.

E = E(κ) which depend upon the wave vector. The continuous dependence of the exci-
tation energy on the wave vector is known as energy dispersion relation. It describes the
propagation of magnetic waves in the lattice, mediated by the spin exchange interactions
between the clusters. Each wave carries a magnetic quantum, so that the process of mag-
netization of linked clusters corresponds to the progressive population of these waves. As a
consequence, the characterization of the energy dispersion is mandatory to microscopically
understand the magnetization curve.

The propagation of magnetic waves in linked clusters is apt to demonstrate aspects of
quantum coherence, which extend from the microscopic scale (the scale of the cluster)
to the macroscopic scale (the scale of the bulk material). This addresses properties at
the borderline between classical and quantum physics. Taking advantage of the neutron
scattering observables, we illustrate in the following selected aspects thereof.
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3. Experiment

KCuCl3 and TlCuCl3 are magnetic model compounds, whose cluster signature is of dimer
nature. The dominant spin exchange interactions involve neighboring Cu sites, which build
(Cu2Cl6)

2− dimers as sketched in Figure 1. The temperature adopted in the investigations
further restricts the neutron cross–section to the elementary transition |0〉 → |1〉. However,
non–negligible spin interactions extend beyond the dimers. As already introduced, the
neutron scattering cross–section consists in this case of magnetic waves. In Figure 3, the
energy dispersion E(κ) of the magnetic waves observed in KCuCl3 and TlCuCl3 is presented
along different directions of the wave vector in the reciprocal space, as measured by neutron
scattering on single crystals. The points correspond to the center of the peaks observed in
the energy scans at fixed wave vector, fitted to a constant background as in Figure 2.

Energy dispersions from linked quantum clusters are periodic because of the underlying
periodic structure. From the periodicity and the amplitude of the measured energy dis-
persion, the spin exchange interactions are unambiguously determined. This experimental
information allows to reconstruct the quantum mechanical forces which rule the magneti-
zation process, the relaxation and the tunnelling properties of the compound. In the case
of our interest, the periodicity of the dispersion relation is common to both systems but
the amplitude (bandwidth) clearly differs: the latter is more pronounced in TlCuCl3 than
KCuCl3. This can be understood from the more active role played by Tl than K in the
spin exchange interactions between the Cu atoms. The results of the neutron scattering in-
vestigation indicate that the spin exchange interactions span a common three–dimensional
network, but that the strength of the network decidedly differs, being more pronounced in
TlCuCl3 than in KCuCl3. The quantitative discussion of the above and the consequences
for the physical properties are summarized in Ref. [3] for the interested reader. The repre-
sentative expectation in the isolated dimer case is illustrated in Figure 3 (top). This case
implies the lack of spin exchange interactions between neighboring dimers, and thus the
lack of energy dispersion. It is shown here for the sake of completeness, as a comparison
to the qualitatively distinct experimental observations.

Coherent quantum states are subject to interference effects similar to those of classical
waves. The constructive and destructive interference as a function of the wave vector
characteristically affects the intensity of the neutron scattering transitions in magnetic
clusters, according to Eq. 2.2. The cross–section for the transition |0〉 → |1〉 in the dimer
compounds KCuCl3 and TlCuCl3 reads to leading order

dσ

dΩdω
(κ, ω) ∼ |f(κ)|2

(

sin
κ · R1

2
± sin

κ · R2

2

)2

δ (~ω − E±(κ))(3.1)

where R1, R2 denote the separation of the spins within the dimers which are at the edges
and in the center of the unit cell, see Figure 1. These build two sublattices of distinct dimer
orientation. In Figure 2, the neutron profiles measured at wave vectors corresponding to
the extrema of Eq. 3.1 are compared, under the simplifying experimental configuration
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Figure 3. Energy dispersion from an ideal dimer compound (up, represen-
tative simulation), from KCuCl3 (mid panel, experiment) and from TlCuCl3
(bottom panel, experiment). Experimental data are from the neutron pro-
files of the transition |0〉 → |1〉 measured along selected directions of the
wave vector in reciprocal lattice units (r.l.u.), lines corresponds to the fits to
the model expectations addressed in the text.

κ · R1 = κ · R2 ≡ κ · R, see also Ref. [3]. The observables confirm in this case the simple
intensity dependence expected for the magnetic waves.

In general, the arrangement of the dimers in two sublattices as in KCuCl3 and TlCuCl3
originates two branches of magnetic waves: their visibility is tuned by the sum and the
difference of the contributions entering the intensity according to Eq. 3.1.
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Figure 4. Neutron profiles of the transition |0〉 → |1〉 measured as a func-
tion of the excitation energy in KCuCl3, along a complete period of the wave
vector κ = (0, x,−1), x = 2 . . . 3 in reciprocal lattice units. Lines: The
peaks behave like mirror images of each other and illustrate the superposi-
tion effect characteristic of bulk quantum coherent compounds. Implications
are addressed in the text.

In Figure 4, the neutron profiles measured under the experimental configuration κ · R1 6=
κ · R2 are compared. They clearly show the quantum superposition of the two magnetic
waves realized in form of counterpropagating branches. The analysis of the energy and the
intensity of both waves further reflects the expectations from Eq. 3.1.
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4. Comments

The propagation of magnetic waves through the cluster lattice implies robust inter–cluster
correlations. As for classical waves, quantum waves have a well defined phase in time and
space. Whereas it is impossible to tell which cluster originates the magnetic wave, it is
possible to keep track of the phase between the clusters as in Eq. 3.1. This illustrates
coherence - i.e. the interference capability - which lies at the basis of interesting applica-
tions. Magnetic clusters and linked magnetic clusters are of current interest as candidate
structures for the storage of elementary information. Due to the superposition degrees
of freedom, such (qu)bits largely overcome the classical bit in terms of reading and stor-
ing capabilities, see Ref. [1]. Moreover, they reduce the algorithm complexity, e.g. the
asymptotic time needed to perform given operations, Ref. [13] for an overview. Quan-
tum algorithms have been presented in the literature, which strikingly demonstrate the
advantages of quantum search against conventional search, see Refs. [14], [15]. What on
paper promises to become the basis for future applications implies accurate experimental
investigation and verification. Along this line, the microscopic investigation of magnetic
clusters by neutron scattering is considered on its own right a powerful means to identify
and fully characterize favorable model compounds. The spallation neutron source SINQ at
the Paul Scherrer Institute, Villigen is the home base for neutron scattering investigations
in Switzerland, see Ref. [16].

5. Summary

This short contribution has been devoted to the discussion of aspects of quantum me-
chanical origin which are characteristic for magnetic clusters. Two model compounds have
been introduced, which illustrate how exchange interactions within and between simple
clusters (dimers) are manifest on a bulk scale in form of quantum coherence. The forces
governing these interactions are determined in experiment by means of inelastic neutron
scattering, as they directly enter the experimental cross–section. The observables show
how interacting magnetic clusters retain quantum properties on a collective scale, and how
can these properties be interpreted in terms of propagating waves. Magnetic clusters are of
importance in the context of quantum computation, where microscopic objects with large
elementary spins are seen as promising (qu)bit units. From investigations like in the above,
the relevant specifications about the candidate qubits are directly extracted.
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