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Abstract
This paper reviews the effect of organic and inorganic coatings on magnetic nanoparticles. The
ferromagnetic-like behaviour observed in nanoparticles constituted by materials which are
non-magnetic in bulk is analysed for two cases: (a) Pd and Pt nanoparticles, formed by
substances close to the onset of ferromagnetism, and (b) Au and ZnO nanoparticles, which
were found to be surprisingly magnetic at the nanoscale when coated by organic surfactants.
An overview of theories accounting for this unexpected magnetism, induced by the nanosize
influence, is presented. In addition, the effect of coating magnetic nanoparticles with
biocompatible metals, oxides or organic molecules is also reviewed, focusing on their
applications.

(Some figures may appear in colour only in the online journal)
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1. Introduction

When the particle sizes of materials are reduced to the
nanoscale level, their physical properties change as particle
dimensions (at least one dimension, as in the case of thin
films) become comparable to the characteristic lengths of
certain physical phenomena. Consequently, nanostructures
exhibit properties that are different from their bulk
counterparts, thus nanomaterials are attracting a great deal
of interest due to their potential uses in different disciplines
such magnetic recording [1–3], magnetic resonance imaging
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and related technologies [4–6], catalysis [7, 8], analytical
chemistry [9, 10], and biomedical applications [11–13].

By decreasing particle size to the nanoscale, new
magnetic phenomena appear [14, 15]. As is known,
the spacing between adjacent conduction energy states
increases with a decrease in the volume of the particle;
therefore, changes in the electronic energy spectrum take
place as the particle size decreases and the continuum
that describes the band of allowed energy states of
the bulk material becomes a discrete set of states for
nanoparticles (NPs). In particular, the density of states
N(εF) at the Fermi level, the parameter that governs
electronic properties, is strongly affected by the nanoscale
and, therefore, the properties of NPs differ significantly
from bulk-like systems of the same material [16, 17].
A nice example of this size effect can be found in the work of
Billas et al [18], which reports an increase in magnetization
as the number of atoms in clusters of Fe, Ni and Co atoms is
reduced.

Local enhancement of N(εF) could promote ferromag-
netism in nanoscale clusters of systems that do not exhibit
ferromagnetic ordering in the bulk. The factors that increase
N(εF) are (i) the confinement effects associated with a reduced
coordination number [19, 20]; (ii) local symmetry changes
due to the effect of vacancies [21] or by increasing the
percentage of atoms at the grain boundaries or interfaces;
and (iii) changes of the lattice constant at the surface that
induce a narrowing of the d band. For instance, in the case
of Pd, the onset of ferromagnetic behaviour should take place
at a lattice expansion of about 5%, according to theoretical
calculations [22–24]. Other examples are the shift of the Curie
temperature due to changes in the lattice parameter [25].
Mössbauer spectroscopy studies on nanophase Fe have
shown two sextets, bulk and surface, also due to lattice
constant changes [26, 27]. The local enhancement of
N(εF) is responsible, for instance, for the occurrence of
ferromagnetism in Rh clusters with 9–31 atoms [28]. Also,
clusters of Pd and Pt with particle sizes below 2 nm have been
reported to exhibit ferromagnetism [29, 30].

Another aspect that should be considered, when dealing
with NPs, is the enormous ratio of surface-to-volume numbers
of atoms, which has important consequences. Whereas for
an ideal solid the surface can be thought of as a defect,
for NPs the surface atoms have a larger contribution as
the particle size decreases. At the nanoscale, translational
symmetry is broken, giving rise to different local physical
properties. Electronic states change to surface states, magnetic
anisotropy is modified to surface anisotropy and crystalline
short-range order undergoes a sharp discontinuity as the
surface is approached from the internal volume. Therefore, all
the physical properties sensitive to short-range order exhibit
surface behaviour that is different from that observed in the
volume.

The high surface-to-volume ratio makes NPs highly
sensitive to the environment. In general, metallic NPs are
chemically very active and, in most cases, become surface
oxidized when exposed to air. Thus, it is necessary to create
a coating for stabilizing the particles, which can be made of

organic or inorganic compounds. In some cases, the coating
merely acts as a barrier protecting the NP against external
agents, but in other cases it can drastically affect the electronic
properties of the NP.

The modification of the NP surface by means of bonding
specific molecules to the surface atoms plays a crucial role
in the minimization of the energy and, consequently, in the
stabilization of the system. Capping has been demonstrated as
a valid method for tuning physical properties at the nanoscale.

Due to the large number of atoms at the NP surface,
the sample as a whole is dramatically sensitive to the atoms
coating the particle. This influence has been experimentally
found to be as important as that previously discussed above, as
for instance through the effect of the coating on the magnetic
properties. It seems to be obvious that covalent bonds of
surface atoms are going to dramatically affect their electronic
and, consequently, their optical and magnetic properties. In
other words, the extremely sensitive electronic structure at the
nanoscale will also be deeply modified by chemical bonding
of the atoms. Note that the covalent bond of the surface
atoms to the coating atoms gives rise to unusual types of
chemical compounds that are very different to those in the
bulk scale. For instance, Au NPs coated with thiol bonding
are not expected to behave as gold sulfide, even though a large
number of covalent Au–S bonds would be identical for both
types of materials [31].

The experimental observation of a ferromagnetic-like
behaviour in NPs of non-magnetic materials when they
are coated by organic molecules has generated widespread
interest. For instance, ferromagnetic behaviour up to room
temperature (RT) in ZnO NPs has recently been reported,
induced by capping with dodecylamine and dodecanethiol,
whereas bulk ZnO is a semiconductor [32]. Ferromagnetism
has also been reported in functionalized Pd NPs [33]. More
surprising is the observation of ferromagnetic-like behaviour
in Au NPs capped with thiol-derivatized molecules, because
bulk gold is a diamagnetic material with a large diamagnetic
susceptibility. Magnetic hysteresis up to RT was observed
for the first time in alkanethiol-capped gold NPs using
a superconducting quantum interference device (SQUID)
magnetometer [34]. Several papers have since reported
ferromagnetic behaviour in Au NPs capped with different
thiol-derivatized molecules [35, 36]. The intrinsic magnetism
has been corroborated by means of x-ray magnetic circular
dichroism (XMCD) [37–40]. In addition to thiol-capped Au
NPs, ferromagnetic-like behaviour has also been observed in
capped Au NPs with other protective molecules [41–44] that
do not bind to the Au surface by means of a thiol group.

Unfortunately, despite all the experimental work, the
magnetic properties of these nanoscale clusters are currently
not well understood. In order to account for the fact that
magnetic hysteresis is observed at RT, it has been suggested
that induced orbital magnetism in conduction electrons may
come into play [45, 46]. The confinement of electrons in a
2D gas around the particle surface and the associated orbital
magnetic moment is proposed to be the origin of the observed
magnetic behaviour [47–49]. The main experimental results
concerning induced ferromagnetic behaviour in NPs of Pd,
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Pt and Au, as well as ZnO (semiconductor in bulk) will be
reviewed in some detail.

On the other hand, coating of NPs with inorganic
material enables the combination of two materials with
different electronic properties, which can give rise to the
enhancement of the chemical and physical properties of
each, making these nanostructures useful in applications that
would otherwise be inaccessible to their single component
counterparts. These core–shell nanostructures offer a series
of functionalities depending on the nature of the core and
shell. For instance, metallic iron, which has large magnetic
moment but oxidizes easily at the nanoscale, can be stabilized
by passivation of the surface (an iron oxide shell) or by
coating with gold or silica, making these NPs water stable and
useful for biomedical applications. Thus, core/shell structures
are multifunctional nanomaterials that can show enhanced
optical, catalytic and magnetic properties compared to their
individual single-component counterpart [50–56].

Besides, biological applications of magnetic NPs as new
contrast agents for magnetic resonance (MR), diagnostic
imaging and hyperthermia treatments of tumours requires
a high degree of biocompatibility and colloidal stability.
Organic coatings which improve the colloidal properties and
samples biocompatibility could have a bearing on magnetic
properties due to the formation of chemical bonds at the
magnetic NP surface or the formation of different aggregates.
Aggregation affects the spatially inhomogeneous particle
distribution, leading to collective magnetization in order to
decrease the magnetostatic energy. The effective field acting
on a particle is the sum of the applied field and the field
produced by the surrounding particles in the cluster. The
organic coating can also affect the Brownian relaxation
time due to its dependence on the hydrodynamic size, thus
modifying the heating efficiency of magnetic NPs [57–61].

These nanostructures, exhibiting novel physical and
chemical properties, are essential for future technological
applications, but the material structure and interface coupling
interactions must be finally well understood and adequately
controlled [54]. In this paper, the coupling interactions
between domains of coexisting materials, which are of
relevance in defining multicomponent features, will be
reviewed.

In summary, in this paper we describe the main
experimental results obtained and reported over recent years
in the field of surface-modified non-magnetic and magnetic
NPs, emphasizing new experimental findings as well as the
promising application of such nanostructured systems.

2. The onset of ferromagnetism at the nanoscale: the
case of Pd and Pt NPs

From the point of view of nanoscale magnetism, one of the
most attractive topics is the possibility of inducing a drastic
modification of magnetic behaviour by reducing the particle
size to nanoscale dimensions. In particular, the possibility of
inducing ferromagnetic behaviour in normally non-magnetic
systems is a hot topic in nanoscale magnetism.

Among those systems that have been reported to
exhibit ferromagnetism at the nanoscale, 4d Pd and 5d Pt

transition metals have attracted special attention since some
theoretical calculations predicted ferromagnetic behaviour in
low-dimensional systems, such as clusters or ultrathin films.

Bulk samples of Pd and Pt are paramagnetic; however,
they exhibit enhanced Pauli paramagnetism. These two
transition metals are close to ferromagnetic instability and
consequently the appearance of traces of ferromagnetism
at the NP scale does not seem extremely surprising. The
experimentally detected magnetism in Pd [19, 20, 22, 30,
62–66] and Pt [29, 67–71] NPs has been interpreted in the
framework of the overwhelming influence of the surface in
nanosized particles.

The magnetic moment of a single NP is that obtained by
adding the individual magnetic moments of the total number
of electrons in the sample. If, in the absence of any applied
magnetic field, this resultant moment is different from zero
it is known as permanent magnetic moment. Ferromagnetic
exchange interactions can promote the appearance of a
spontaneous magnetic moment when the density of states
at the Fermi level is sufficiently high. As the electronic
energy structure is dramatically affected at nanometre sizes
it is possible to observe permanent magnetism in NPs with
compositions that are not magnetic in the bulk configuration.
This is the case for the Pd NPs, as described below.

In particular, it has been demonstrated that small
Pd NPs show ferromagnetic behaviour. Bulk Pd (fcc
structure) presents a high paramagnetic susceptibility value
and a high density of states at the Fermi level N(εF) =

1.23 eV−1/spin/atom, although not high enough to satisfy
the Stoner criterion for ferromagnetism (for Pd the Stoner
parameter is J = 0.71 eV, and therefore N(εF)J = 0.87 <
1). Surprisingly, in these NPs the magnetic behaviour is
almost independent of T in the range 5–300 K, without
superparamagnetic effects, as usually observed in NPs of bulk
ferromagnetic materials. Giant orbital moments generated at
the Fermi level that carry an associated giant orbital magnetic
moment, up to that temperature for which kBT becomes of the
order of the distance in energy between the Fermi level and the
first level above, could be the origin of this behaviour [47].

Experiments carried out by Taniyama et al [72] in 1997
demonstrated the appearance of a magnetic moment in Pd
clusters with an average radius below 7 nm. Furthermore,
these authors found ferromagnetic behaviour of Pd particles
of 5.9 nm average radius with an atomic moment of 0.23 µB
per surface atom. Later, Hori and collaborators reported
unexpectedly large magnetic moments in Au and Pd NPs [73],
with diameters ranging between 2.5 and 4 nm and protected
with poly-N-vinyl-2-pyrrolidone (PVP) that works as a kind
of matrix for the metal particles. In the latter, the magnetism
of the Pd NPs was described by the size-dependent Stoner’s
enhancement model in combination with the surface effects.

Ferromagnetism up to RT of Pd NPs of 2.4 nm size
was reported by Sampedro et al [30]. Pd NPs were obtained
by a redox-controlled size-selective method, using R4N+X−

as the surfactant in tetrahydrofuran [74]. Figure 1 shows
the magnetization curves at low and high temperature. The
thermal dependence of the magnetization is also shown. It is
evident that the NPs exhibit a ferromagnetic-like behaviour at
temperatures close to RT.
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Figure 1. Magnetization curves of 2.4 nm Pd NPs measured at two
different temperatures, 100 and 275 K. The inset shows the thermal
dependence of the magnetization measured under an applied field of
1000 Oe. Notice that the magnetization exhibits almost no
temperature dependence. (Reproduced with permission from [30].
Copyright 2003 American Physical Society.)

Besides the careful magnetic characterization performed,
high-resolution transmission electron microscopy (HR-TEM)
studies showed the presence of twin boundaries in the NPs.
The detailed analysis performed by HR-TEM on these NPs
showed that most of these NPs exhibited twin boundaries
in order to reduce their energy: fcc metals present a highly
anisotropic surface energy. In a spherical NP, all the possible
surface orientations are present. However, the presence of
twin boundaries allows the most energetic orientations to
be avoided, therefore reducing the surface energy. The twin
boundary formation energy for fcc metals is quite low, and
thus, in the energy balance, its formation reduces the total
(surface plus volume) energy. In this situation, NPs exhibit
a large fraction of atoms without cubic symmetry: those at
the surface (representing a significant percentage of the total)
and those close to the twin boundaries. The lack of cubic
symmetry prevents the splitting of the d band into the t2g and
eg sublevels and, therefore, it results in an overall narrowing
of the band. Hence, in the vicinity of such atoms there is a
higher density of states, which could be enough to satisfy the
Stoner criterion. The strong surface energy anisotropy acts as
the driving force for twinning in small Pd clusters.

Shinohara et al [62] also observed ferromagnetism in Pd
NPs obtained by gas-evaporation. The Pd particles are found
to have a magnetic heterostructure: the surface of the particle
is ferromagnetic and the remainder is paramagnetic. The size
dependence of the magnetic saturation component reveals that
the ferromagnetic ordering occurs only on (100) facets of the
particle. The onset of ferromagnetism is associated in this case
with local enhancement of N(εF) at the NP surface.

Later, Litran et al [33] conducted a study that
demonstrated not only the influence of size effects on the
magnetism of NPs but also the possibility of tuning the
magnetic behaviour of Pd NPs with appropriate capping
in a similar way to that reported by Crespo et al for Au
NPs [34], as will be outlined below. Magnetization curves

Figure 2. (a) HR-TEM image of a twinned Pt nanocrystal along the
[101̄] zone; (b) HR-TEM image of a Pt NP with the fcc structure
clearly visible.

for all the samples showed hysteresis loops, demonstrating
ferromagnetic or permanent magnetism in the NPs.

Among the late 4d transition metals, nanoscale Pd is
not the only one that exhibits ferromagnetic behaviour.
Ferromagnetism has also been reported in small carbon-
coated platinum NPs (2–5 nm in size) [29]. In a similar way
to that reported in the case of Pd NPs, electron microscopy
studies confirmed that the NPs exhibit a large concentration of
twin boundaries reducing the surface energy. Figure 2 shows
representative HR-TEM images of Pt NPs.

The lack of cubic symmetry at the twin boundaries in
combination with the large spin–orbit coupling of platinum
could account for the huge magnetic anisotropy and,
therefore, for the surprisingly high blocking temperature,
above 300 K. More recently [67] it has been reported that
thiol-coated Pt NPs showed ferromagnetism above RT. By
means of XMCD measurements it was demonstrated that
the ferromagnetism is inherent in the Pt. The appearance
of ferromagnetism is mainly interpreted as being based on
two mechanisms. One mechanism is the electronic band
mechanism, i.e., the increase in the number of holes in the
5d band through charge transfer from the coating thiol and
the change in electronic structure peculiar to the NP, with
which the Stoner criterion for ferromagnetism is satisfied. The
other one is orbital ferromagnetism due to electrons captured
in the atomic-like orbital at the boundary of the surface region,
which is coated with thiol molecules.

It can be concluded that the onset of ferromagnetism
in systems that are close to ferromagnetic instability may
be associated with a local increase of N(εF) due to the
overwhelming influence of the surface.

3. The onset of ferromagnetic-like behaviour in NPs:
the effect of the organic coatings

3.1. Magnetic properties of Au NPs

Among those systems that exhibit a peculiar magnetic
behaviour when they are reduced to the nanoscale, NPs of
noble metals occupy an outstanding position. The observation
of ferromagnetic-like behaviour in surface modified Au
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[34, 39, 75], Ag [39, 76] and Cu [39] NPs have attracted
much attention, not only for their potential in nanotechnology
applications but also from the point of view of fundamental
physics. It should be mentioned that the observation
of ferromagnetism in Au NPs adds an important new
functionality to this nanoscale system that, whether magnetic
or not, exhibits broad potential in biology, catalysis and
nanotechnology [10].

In this section we summarize the main results obtained
from the experimental magnetic characterization of Au
NPs stabilized with different protective agents, since most
experimental as well as theoretical work has been devoted to
gold. In addition, recently, element-selective techniques such
as XMCD and 197Au Mössbauer spectroscopy have clearly
demonstrated that ferromagnetic behaviour is intrinsic to the
Au atoms that form the NPs [39, 77].

As XMCD analysis shows that the magnetic moment lies
in the Au atoms, it can be inferred that this moment arises
as a consequence of the bonding of the Au atoms at the
NP surface with the capping molecules. The bonding may
somehow modify the electronic structure of the Au surface.
Therefore, the first objective is to reach a better understanding
of the intrinsic details of the bonding.

Since Brust and co-workers reported a synthesis method
for the preparation of gold nanocrystals passivated with
covalently bound alkanethiols [78], an enormous effort has
been made to functionalize these particles with alkanethiols
or arenethiolates, as well as polymers [79], amines [42, 80],
and different organic compounds. Some of these gold
functionalized NPs have shown a new kind of magnetic order.
Although bulk Au is diamagnetic, it was reported in 2004 that
monodispersed Au NPs capped with dodecanethiol exhibited
ferromagnetic-like behaviour even at RT [34, 37].

Bulk Au exhibits an electronic structure [Xe]4f145d106s1

with negligible d–s hybridization and an fcc crystal structure.
In contrast to Pd, Au is diamagnetic with a very low density
of states at the Fermi level, n(εF) = 0.29 eV−1/atom, low
enough to promote noticeable Pauli paramagnetism [81].
Consequently, the weak 5d band paramagnetism is overcome
by the combination of Landau and core diamagnetism and,
as result, bulk gold is diamagnetic with a susceptibility of
χ = −1.4× 107 emu gOe−1 [82].

In 1999, Hori et al [73] reported unexpectedly large
magnetic moments in Pd and Au NPs with particle sizes below
3 nm and embedded in poly(N-vinyl-2-pyrrolidone). Whereas
the behaviour of Pd NPs was attributed to a size-dependent
Stoner’s enhancement, no explanation was given concerning
Au NPs. By means of x-ray absorption near-edge structure
(XANES) studies carried out at the Au L3,2-edge, Zhang
and Sham [83, 84] pointed out the influence of the capping
system on the electronic structure of Au NPs. It was shown
that Au atoms in NPs gain 5d electrons (relative to the
bulk) when capped with weakly interacting dendrimers and
lose 5d electrons when capped with strongly interacting thiol
molecules. Thus, the d-electron distribution in the Au NPs can
be tuned by selective capping.

In this way, dodecanethiol-capped Au NPs as well as Au
NPs stabilized with a surfactant were synthesized by chemical

routes [34]. This work reported the observation of magnetic
hysteresis up to RT in gold NPs capped with dodecanethiol
(CH3–(CH2)11–SH). This behaviour contrasted with that
exhibited by Au NPs with similar size but stabilized by means
of the surfactant. In the latter, a diamagnetic behaviour similar
to that of bulk Au was observed.

The thiol-derivatized gold NPs were prepared following
essentially the Brust method [78], although the route was
modified by increasing the thiol:gold ratio to decrease the
average particle size. The second set of samples were
tetraalkylammonium (R4N+X−) protected gold NPs with
a weakly interacting dipole capping molecule. Tetraoctyl
ammonium bromide is the surfactant molecule and the
particles were obtained following the Reetz method [74].

As an example, the magnetization curves of Au NPs
capped with different thiol-containing molecules (Au–SR
dodecanehiol and Au–SR maltose) are shown in figure 3.
The magnetization corresponding to Au NPs stabilized with
tetraoctyl ammonium bromide is also shown.

It should be noted that the hysteresis observed up to RT
seems to indicate that the magnetic moments are blocked
by high anisotropy. Since the blocking temperature may lie
above 300 K this requires a value of the anisotropy constant,
K, higher than 7 × 107 J m−3 or 10 meV/atom for this
particle size. Such an enormous value could be reasonable on
considering the high strength of the spin–orbit coupling for
gold (1.5 eV) [85, 86].

Further information concerning the electronic structure
of the NPs was obtained by combining XANES (x-ray
absorption near-edge structure) with EXAFS (extended x-ray
absorption fine structure) at the Au-L3 edge. Of particular
interest is the so-called white line that arises from the
2p3/2,1/2 → 5d dipole transition, since the area under the
white line gives information concerning the density of holes
in the 5d band of Au [83, 84]. According to the area under
the white line, charge transfer from gold to sulfur atoms is
extremely large in the dodecanethiol-capped sample, as can
be observed in figure 4.

Since gold NPs dispersed by a surfactant are diamagnetic,
the ferromagnetic-like behaviour observed for thiol-capped
Au NPs must be associated with the modification introduced
in the Au electronic structure by the Au–S bond. This result
indicates that the origin of the magnetic behaviour lies in
the different interaction degrees between Au atoms and the
protective molecule, and is in agreement with previous results
published by Sham et al [84].

Another difference between both sets of samples is
illustrated by means of surface plasmon resonance (SPR)
measurements. Interaction of light with NPs could give
information of the changes that occur in the electronic
structure of the NP with decreasing particle size. SPR is one
of the most remarkable optical properties of metallic NPs.
The SPR is due to the collective oscillations of the electron
gas inside the NPs that is correlated with the electromagnetic
field of the incoming light, i.e., the excitation of the coherent
oscillation of the conduction band. The excess of charge
produced at the surface because of electron movement acts
as a restoring force, while the electron movement is damped,
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Figure 3. Magnetization curves of Au stabilized with different
protective molecules: (a) Au-NR samples correspond to Au NPs
stabilized by means of tetraoctyl ammonium bromide. TEM shows a
bimodal particle size distribution centred at 1.5 and 5.0 nm;
(b) Au–SR dodecanethiol, Au NPs with an average particle size of
2.0 nm capped with dodecanethiol; (c) Au–SR maltose,
thiol-capped Au glyconanoparticles stabilized by maltose
neoglycoconjugate and with an average particle size of 1.8 nm. The
inset also shows the thermal dependence of the magnetization
measured under an applied field of 500 Oe. ((a) and (b) reproduced
with permission from [34]. Copyright 2004 American Physical
Society. (c) reproduced with permission from [93]. Copyright 2006
American Physical Society.)

mainly because of electron interactions with atomic cores and
NP surface. The system behaves as a damped oscillator with a
resonance frequency, which for most of the transition metals,
lies in the ultraviolet–visible part of the spectrum. As the
damping depends strongly on the particle size, the shape of the
SPR also depends on the particle size. Therefore, the analysis
of SPR gives information about the particle size and electronic
configuration of the NP. The presence of SPR is a fingerprint
for free electrons inside the NP (and, therefore, of its metallic
character), while its absence indicates the localization of
electrons. The SPR band is normally analysed within the
framework of the Mie theory [87, 88]. As for capped Au NPs,
Garcı́a et al [89] have proposed a modified expression that
takes into account that the region where electrons can oscillate
freely is reduced by the chemical interface damping due to the
Au–S bond. The thickness of the superficial layer depends on

Figure 4. Au-L3-edge XANES spectra for gold NPs compared to
bulk gold.

the intensity of the interaction between the capping agents and
the Au atoms at the surface, i.e., the degree of localization of
the electrical charges at the NP surface [35, 89]. In this work
it was shown that the SPR is partially absent for thiol-capped
samples, indicating that due to the Au–S bonding the 5d
electrons of the gold NP have lost itinerancy and behave as
localized or partially localized carriers, whereas the shape of
the absorption curve for Au NPs stabilized with the surfactant
is characteristic of isolated NPs without showing aggregation
effects. The different shape of the SPR band for Au NPs with
different stabilizing molecules is shown in figure 5.

Thus, the main conclusion that comes out of this work
is that surface modification can deeply alter the magnetic
properties of systems by changing the electronic structure of
the NPs. Thiol bonding in Au NPs induces not only hole
localization, but also permanent magnetic moments associated
with the spin of extra d charge localized near the Au–S bonds.
It was suggested that the strong spin–orbit coupling of Au,
associated with high local anisotropy, freezes the magnetic
moments along the local easy axis and gives rise to the
appearance of permanent magnetism at the NP scale.

Guerrero et al [36] carried out a study trying to
assess the influence of the metallic character of the NP on
magnetic behaviour. Two sets of Au NPs functionalized with
dodecanethiol with sizes of 2.0 and 2.2 nm were produced
following the Brust method, although the Au:thiol ratio was
modified to vary the particle size. Since this is a two-step
method, an intermediate phase Au-thiol (polymeric) phase
was isolated for study. The electron diffraction pattern of
this sample showed the diffuse diffraction rings of an almost
amorphous phase, i.e. no NPs were formed at this step
of the reaction. Information about the electronic structure
was obtained by means of XANES performed at the Au
L2-edge. The white line intensity corresponding to both sets
of NPs decreased with respect to that of the polymeric
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Figure 5. Upper panel: UV–visible absorption spectra for two sets
of samples stabilized with thiol-containing molecules (Au–Sr
dodecanethiol, Au–SR maltose). The spectrum of Au NPs stabilized
by a surfactant (Au-NR) is also included (Reproduced with
permission from [34, 93]. Copyright 2004 and 2006 American
Physical Society.). Lower panel: (a) scheme of Au NP stabilized
with weak interacting surfactant molecules, and (b) scheme of
thiol-capped Au NP showing the external shell where electron
movement is damped by interactions with thiols, and an inner
metallic core where non-localized charges can oscillate.

sample. In addition, the Au-thiol (polymeric) sample showed
Au–S distances and coordination numbers congruent with the
formation of a –Au–S–Au–S– polymeric network and the
absence of Au–Au metallic bonds. As regards the magnetic
behaviour, both sets of NPs exhibited ferromagnetic-like
behaviour, whereas the magnetization curve of the polymeric
phase resembled that of a diamagnetic system. Thus, the
presence of ferromagnetic-like behaviour is associated with
the formation of NPs with the simultaneous presence of
Au–Au and Au–S bonds.

The fact that not only Au–S bonds are required
to observe ferromagnetism in capped Au NPs was also
pointed out by Guerrero et al in 2008 [75]. In this
study the magnetic behaviour of Au NPs capped with two
different thiol-containing molecules but with different spatial
configurations was compared, indicating that the way the
chemisorbed molecules at the surface arrange is also a
key factor. In this work, tiopronin-protected gold NPs were
synthesized following the method developed by Templeton
et al [90] and their magnetic behaviour was compared
with that of dodecanethiol-capped Au NPs. Tiopronin is
a thiol-containing biomolecule. Although Au–S bonds are
present in dodecanethiol and tiopronin-capped Au NPs, the

magnetic behaviour was quite different. In contrast to the
ferromagnetic behaviour exhibited by thiol-capped Au NPs,
the magnetization of the tiopronin-capped NPs exhibited a
paramagnetic response at 5 K and at 300 K, which indicates
that the magnetic moments induced through binding to S
atoms fluctuate in orientation. In this case, the differences
may arise from the geometry of the bonded molecules,
since there are significant differences concerning their spatial
arrangement possibilities: whereas dodecanethiol chains are
well known to self-assemble [91], the self-organization of
tiopronin is not a straightforward issue.

The dependence of the magnetic properties on particle
size has been also studied. Dutta et al [77] reported the
observation of a superparamagnetic blocking temperature of
around 50 K in 5 nm diameter NPs but only diamagnetism
was observed in 12 nm NPs. The samples under study were
Au NPs capped with dodecanethiol. A magnetic moment
0.006 µB/Au atom was reported for 5 nm particles, which
is attributed to holes in the 5d band of Au produced by
charge transfer from Au to S atoms in dodecanethiol, as
first suggested by Crespo et al [34]. The progressive loss
of ferromagnetic-like character of thiol-capped Au NPs with
increasing particle size has also been recently reported [40].

The presence of impurities is always a point to be
considered. In most works, elemental chemical analyses
have been carried out by means of inductively coupled
plasma (ICP) analysis in order to estimate the amount
of ferromagnetic impurities, essentially Fe. The level of
ferromagnetic impurities found was, in all cases, too low to
account for the magnetization values obtained.

Besides elemental analysis, some more specific studies
have been conducted to elucidate whether the ferromagnetic-
like behaviour observed in thiol-capped Au NPs is intrinsic
to the NP. Au(Fe) glyconanoparticles (GNPs) with particle
sizes below 2 nm were prepared by introducing a controlled
amount of Fe impurities. The behaviour was compared to
that of Au GNPs without Fe impurities. GNPs were prepared
in aqueous solution by a one-step synthesis developed by
Penadés et al [92, 93]. Thiol-capped AuFe and Au GNPs
stabilized by maltose and lactose neoglycoconjugates with
different Au:Fe ratios, as well as with different Au:S ratios,
were studied by means of SQUID magnetometry and surface
plasmon resonance [93]. The Fe content of the samples ranged
between 0.06 wt% Fe and 2.8 wt% Fe.

In contrast to what was expected, spontaneous mag-
netization of AuFe GNPs exhibited a fast decrease with
temperature that contrasted with the almost constant value
of the magnetization observed in Au NPs, i.e. Fe-free NPs.
Moreover, Au(Fe) NPs did not exhibit magnetic hysteresis at
300 K. In addition, SPR studies indicated that the absorption
band became broader for the AuFe GNPs, whereas it was
almost suppressed in the case of Au GNPs, indicating an
increase of the damping of electrons due to charge localization
at the surface promoted by the strong interaction between
surface Au atoms and thiol capping molecules. Thus, the
presence of Fe promotes delocalization with respect to Au
GNPs.

The intrinsic magnetization of thiol-capped Au NPs was
later confirmed by means of element-selective techniques
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such as XMCD and Mössbauer spectroscopy [38, 39, 94].
These studies have clearly shown that the origin of
ferromagnetic behaviour is not related to ferromagnetic
impurities but it is intrinsic to the NP.

It should be mentioned that XMCD is a powerful
technique allowing detection of magnetic moments of a
particular element through sensitivity to the difference
between the up- and downspin densities around the Fermi
level. It is an element-selective technique that allows the
evaluation of the magnetic signal originating from a particular
element. XMCD is based on the fact that the absorption of
light by matter may depend on the relative light polarization
and the spin orientation of the atomic magnetic moments.
Thus, when an electron has a certain polarization of the spin,
the absorption of light at a certain edge will be different
for right-handed polarized or left-handed polarized light. By
measuring the absorption for both light polarizations, it is
possible to calculate the magnetic moment of the electron
by means of the so-called summation rules. Furthermore,
the technique allows us to separate the spin and orbital
contributions of the magnetic moment.

Garitaonandia et al [39] have combined XMCD
measurements with 197Au Mössbauer spectroscopy to
determine the origin of magnetization in thiol-capped NPs.
The NPs were prepared following the already mentioned
Brust method. Their results demonstrated that magnetization
in thiol-capped Au NPs is localized in the 5d orbital of Au
atoms. Although the values of the magnetic moment per Au
atom, 0.3 µB, were higher than those reported by others,
the main conclusion of this study is that the gold atoms in
the NP surface are carriers of the magnetic moment. Later,
de la Venta et al [94] conducted a similar study on
thiol-capped Au NPs embedded in polyethylene. Their results
also showed that show that the magnetism observed in
thiol-capped Au NPS is magnetism that is intrinsic to the
NP and that cannot be attributed to para- or ferromagnetic
impurities.

Ferromagnetism has not only been observed in Au NPs
capped with thiol-derivatized molecules. Hori et al [43] have
also reported ferromagnetic behaviour in Au NPs stabilized
with polyacrylonitrile and poly(allylamine hydrochloride)
(PAAHC). The ferromagnetic spin polarization of Au NPs
protected by PAAHC with a mean diameter of 1.9 nm
was measured by XMCD [37]. Au NPs coated with oleic
acid and oleylamine with sizes below 7 nm and a narrow
size distribution were also reported to exhibit ferromagnetic
behaviour [42, 44]. High-resolution electron microscopy
showed that the NPs exhibit fcc structure where multiple
twinned planes are present. The calculated optical absorption
spectrum is narrower than the experimental one, indicating
that the oleic acid and oleylamine do not merely passivate the
metallic NP but modify its electronic structure. The covalent
bond of the organic molecules to the gold atoms of the surface
induces ferromagnetic-like behaviour of the NPs similar to
that of the thiol-capped counterparts, the features of which are
an invariant temperature dependence of magnetization from 5
to 300 K and a noticeable coercive field.

More recently, ferromagnetic-like behaviour has also
been observed in phosphine-capped Au NPs [41, 95]. It

has been proved almost impossible to obtain subnanometer
gold clusters using the Brust synthesis method. To obtain
smaller Au clusters, Muñoz Marques et al [41] followed
the method developed by Weare et al [96] to obtain small
phosphine-stabilized Au NPs (diameter < 2 nm) and the
procedures established by Bartlett et al [97] to obtain
phosphine-capped undecagold clusters.

Two different types of gold nanomaterials were chem-
ically synthesized: triphenylphosphine-capped undecagold
clusters labelled as Au11-TPP and with a composition
estimated to be Au11(PPh3)7Cl3 and gold NPs with a
composition of Au225(PPh3)80Cl1. Hysteresis loops showed
ferromagnetic-like behaviour of the phosphine-stabilized
gold NPs (nAu-TPP) whilst the phosphine-capped clusters
(Au11-TPP) did not present any magnetic features, being
diamagnetic at low and high temperature. These preliminary
results indicate that is possible to induce ferromagnetic
behaviour by capping with ligands that do not contain a thiol
group.

Theory and experiment have shown that the coverage of
magic gold clusters by thiols of well-defined compositions
is rather complicated [98, 99]. Sulfur atoms are attached
with a single bond to a gold atom of the cluster [100, 101].
These magic or closed-shell clusters are highly ordered
arrangements with full electronic sp shells, as in noble metal
clusters in general [102]. Additionally, alkenethiols with
longer chains on Au surfaces have been the focus of detailed
theoretical studies [103] and the presence of several different
metastable states are known. In these cases the sulfur atoms in
the gold layers become arranged in a bridge configuration for
the ground state.

The experimental findings in capped Au NPs are now
supported by theoretical total energy calculations. Gonzalez
et al [104], based on the results on thiol-capped Au NPs,
presented a simple model that addresses the induction of
magnetic behaviour in gold clusters on chemisorption of one
organic molecule with different chemical linkers (nitrogen
and sulfur linkers). The system under consideration was
a small cluster of 13 gold atoms and one chemisorbed
molecule. It was found that the interaction between S and Au
orbitals was ultimately responsible for the onset of magnetism
in thiol-capped gold nanoclusters, in agreement with the
proposal of Crespo et al [34]. This model showed that,
for a sulfur linker, energetic stabilization is accompanied
by the development of spin localization preferentially in
the gold atoms closest to the chemisorption site, whereas
for a nitrogen linker, no spin symmetry-breaking leading
to lower energy states is found. Later, different theoretical
models have reported size-dependent magnetization and
spin symmetry-breaking that would explain the experimental
results found for thiol-capped gold and silver NPs [105–107].

Recent ab initio calculations show that the S–Au bond is
such that an electron is transferred to the Au cluster. Therefore
in the previous theoretical proposal the appearance of the
magnetic moment in Au was always associated with either
electrons or holes transferred from the capping molecules.

Thus, a second challenge is to account for RT
ferromagnetism. In general the presence of hysteresis in
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the magnetization curve of a sample indicates that the
atomic magnetic moments are coupled to each other
through exchange interactions. In fact hysteresis is due to
magnetic anisotropy rather than to exchange interactions.
In ferromagnetic NPs as small as 1.6 nm in diameter, the
expected behaviour at RT is superparamagnetic, provided the
usual values of anisotropy hold. For instance, Fe NPs are
blocked if their diameters are larger than 30 nm. Then the
question is: what is the strength and origin of giant anisotropy
that forces a 6 nm diameter Fe (or Au) NP to remain blocked
at RT?

Different proposals have been made. Vager et al [108]
suggested that the applied magnetic field would induce a
giant paramagnetic moment on those electrons involved in the
bonding to the capping molecules.

The high magnetic anisotropy suggests that an orbital
contribution to the magnetic moment cannot be disregarded.
Hernando et al proposed a model that reasonably explains
the orbital magnetism observed in different nanostructured
films [109, 110]. This model [45, 46, 111] assumes the
induction of orbital magnetism by motion of surface electrons
around ordered arrays of Au–S bonds.

Thus, for the induction of an orbital magnetic moment,
two requisites must be fulfilled. Firstly, it is necessary that
the NP exhibits a metallic character (i.e. free electrons)
and, secondly, Au–S regions at the surface exhibit some
organization (i.e. the magnetic moment is proportional to the
radius of the thiol-capped regions). It should be noted that
at least a fraction of the surface electrons have to keep their
mobility or delocalization in order to be available for being
captured in the orbits.

This lacking accordance on the size and temperature
dependence of the ferromagnetic behaviour is mainly due to
the large dispersion of rather uncontrollable parameters which
affect the onset of magnetism for these materials:

• The relationship surface atoms to volume atoms: the
smaller this relationship is the more hindering the
ferromagnetic-like behaviour is. This relation depends
on particle size and, therefore, size dispersion has
a huge influence on the onset of ferromagnetism.
Small differences in size dispersion could induce
different magnetic behaviour, favouring the occurrence of
ferromagnetism as the monodispersion limit is reached.
• The energy binding of organic molecules to surface atoms:

surface modification influences the magnetic properties of
systems by changing the electronic structure of the NPs,
and the thickness of the superficial layer depends on the
intensity of the interaction between the capping agents
and surface atoms [35, 36, 89]. The way the chemisorbed
molecules at the surface arrange is also a key factor [75].
These factors are difficult to quantify.
• The number of organic molecules bonded to the surface

atoms: the presence of ferromagnetic-like behaviour is
associated with the formation of NPs with the simultaneous
presence of Au–Au and Au–S bonds [36]; therefore, the
real number of organic molecules bonded to the surface
atoms play a key role and has not been yet precisely
determined.

• The experimental limit: the very low magnetic signal of
these materials forces the present experimental equipment
to work at the resolution limits, hampering the distinction
between the magnetic signal from the samples and any
spurious signal from the experimental setup [112].

In summary, the existence of permanent magnetic
behaviour in thiol-capped Au NPs has been well established
by means of different experimental techniques, including
element-selective techniques (XMCD and Mössbauer spec-
troscopy), showing that the observed behaviour is intrinsic
to the NP. The phenomenon, however, is far from being well
understood.

3.2. Magnetic properties of ZnO NPs

The potential applications of magnetic semiconductors
in spintronics have motivated the research work of a
large number of groups around the world [113–118].
The main objective was concentrated on diluted magnetic
semiconductors (DMS), consisting of a semiconductor matrix
in which some small fraction of ferromagnetic impurities
is embedded [119, 120]. After obtaining some promising
results using ZnO [115] as the host semiconductor, some
controversy marked the subsequent discussion on the origin of
the magnetization [121], as we will overview in section 3.3. A
large number of theoretical as well as experimental results are
available in the literature of nitride and oxide semiconductors,
with conflicting results on RT ferromagnetism [122–124].

On the basis of quantum confinement effects there is
also a tremendous interest in the behaviour of oxide and
semiconductor NPs. Ferromagnetism at RT in some oxide
NPs such as CeO2, Al2O3, ZnO, In2O3 and SnO2 has
been reported. These observations lead to the conclusion of
the universal character of ferromagnetic behaviour in oxide
NPs [125, 126].

It was shown [32, 127] that Mn:ZnO NPs exhibit RT
ferromagnetism when capped with molecules that introduce
p-type defects, while when capped with molecules that
introduce n-type defects, no RT ferromagnetism is observed.
By contrast, for CoZnO films, n-type defects favour the
appearance of RT ferromagnetism whereas p-type defects
do not result in RT ferromagnetism. These experiments
indicated the importance of the electronic structure of the
semiconductor (modified by the presence of the magnetic
impurities and defects) in the appearance of the observed
magnetism. To ascertain the relative influence of both
magnetic impurities and defects in the appearance of
ferromagnetism, a study on ZnO NPs capped with different
molecules was carried out. In this case ferromagnetic
impurities were not introduced. Garcı́a et al [32] prepared
ZnO NPs by the sol–gel method and subsequently capped with
three different organic molecules: tryoctylphosphine (TOPO),
dodecylamine (AMINE) and dodecanethiol (THIOL), which
bind to the particle surface through O, N and S atoms
respectively. X-ray diffraction and transmission electron
microscopy indicated for all three cases the formation of
hexagonal ZnO NPs (wurtzite structural type) with average
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Figure 6. (a), (b) Experimental hysteresis loops from ZnO NPs capped with different molecules. (c), (d) The loops after subtracting the
diamagnetic/paramagnetic background. (Reproduced with permission from [32]. Copyright 2007 American Chemical Society.)

particle sizes of around 10 nm. High-resolution electron
microscopy confirmed the hexagonal structure. No differences
in structure were observed in the NPs. However, the
XANES spectra at the Zn–K-edge measured at RT were
clearly different for the three cappings. The Zn–K-edge
corresponding to the 1s→ 4p Zn transition was found to be
more sensitive to the Zn chemical bonding than the L edges.
The intensity of the first maximum of the XANES spectra
was associated with the amount of charge transfer between
the Zn atoms and the surrounding atoms. Photoluminescence
(PL) spectra of the three types of ZnO NPs also showed a
remarkable dependence of the PL visible emission on the
type of capping molecule: 2.3 eV emission (corresponding
to photons with 550 nm wavelength) is clearly observed for
the TOPO sample, being weaker for the AMINE sample and
absent in the spectrum for the THIOL sample (see figure
3(b) [32]). This is in agreement with a surface origin of this
effect, as the molecules can alter only the surface electronic
structure. These results can be understood by assuming that
the binding energy associated with a type of molecule controls
the number of deep-level recombination centres or that it
induces new surface states that provide alternative decay
paths, hence, quenching the PL emission. These differences
in both XANES and PL spectra indicate differences in
the electronic structure of the NPs despite their identical
atomic distribution structure observed by x-ray diffraction and
electron microscopy.

The magnetization curves shown in figure 6 indicate that,
besides the diamagnetic signal characteristic of bulk ZnO, a
ferromagnetic component appears for the NPs capped with

Figure 7. Magnetization versus temperature for ZnO NPs capped
with thiol and amine under an applied field of 500 Oe. The
corresponding constant diamagnetic background has been
subtracted. (Reproduced with permission from [32]. Copyright 2007
American Chemical Society.)

amine and thiol. The ferromagnetic component became more
evident when the diamagnetic contribution was subtracted, as
also illustrated in figure 5. For both cases the average sizes of
the NPs were 10 nm and the magnetic moments per surface
atom, obtained from the saturation value, were 2 × 10−3 µB

and 0.5×10−3 µB for thiol and amine samples respectively. A
remarkable point is the constant value of the magnetization in
the range 5–300 K, as shown in figure 7. These characteristics
of magnetic behaviour are very similar to those found for
functionalized Au NPs, as discussed in section 3.1, and for
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the NPs of different oxides as reported by Sunderasan [126]
and other authors [128].

The perfect correlation in the evolution of the electronic
structure, modified by the capping molecule, with the
magnetic response of the sample is worth noting. Those NPs
showing the highest XANES absorption (thiol) also exhibit
the highest magnetic moment.

Two conclusions, as indicated in Nature Materials
Highlights [129], were derived from this study: (a) a magnetic
moment is induced in ZnO independently of the presence of
ferromagnetic impurities and (b) this component comes from
the modification of the electronic structure induced by the
capping molecules.

The similarity of magnetization dependence on both field
and temperature as well as in the value of the magnetic
moment per atom between the capped ZnO and Au NPs
suggest that such magnetism should originate at the surface
of the NPs when subject to different modifications of their
electronic configuration.

Deeper experimental studies on the magnetism of ZnO
NPs, capped with the same molecules as in the previous
Garcı́a et al article [32], were later performed by Chaboy
and others [130, 131]. XMCD was used to analyse the origin
of the magnetism, leading to the conclusion that this exotic
magnetism arises at the hybridized band formed between Zn
and the bonding atom of the molecules. The formation of a
well-defined interface between ZnO and the capping molecule
was observed. Therefore, two different types of Zn atoms
can be distinguished. It is obvious that the magnetism is not
induced in the 3d band of Zn, because in the measured energy
region no XMCD signal could be observed. By contrast, a
clear XMCD signal is found at the Zn–K-edge. This result
indicates that the magnetization is intrinsic and, furthermore,
that it relies on the 4sp Zn conduction band. This finding
represented a break from the commonly accepted point of
view that the 3d band plays an important role in the magnetism
of semiconductor oxides.

Ferromagnetic-like behaviour at RT was also observed in
other semiconductor NPs such as CdSe:Cu and thiol-capped
CdSe [129]. Sundaresan et al [126] reported the ferromagnetic
character of CeO2, Al2O3, ZnO, In2O3 and SnO2 at RT
in 2006. More recently, Taylor et al reported a hyperfine
magnetic field of around 11 T at RT in HfO2 and ZrO2 NPs
measured by the 181Ta perturbed angular correlation technique
for particle sizes lower than 5 nm [132–134].

Magnetism in oxide NPs, as in any other type of NPs
formed by substances that are not magnetic in bulk, presents
several common features, such as a low dependence on the
temperature, a low saturating field (around 0.5 T), a magnetic
moment of the order of 10−2 µB/atom, a low coercive field
and low remnant magnetization. Due to the low magnetization
values, special care must be taken to estimate the possible
influence of magnetic impurities [112]. It can be concluded
that the analysis performed by XMCD is the only definitive
test to ensure the intrinsic character of the magnetization
measured macroscopically.

3.3. Efforts in understanding anomalous magnetism of NPs

Observations of ferromagnetic behaviour in NPs made of
substances that are not magnetic in bulk clearly indicated
that a nanoscale intrinsic source of magnetization is
present. From the previous overview of the experimental
results it can be concluded that this component of the
magnetization of NPs seems to be universally induced
at the surface. As experimentally found using XMCD,
modification in the surface electronic structure results in
modifications of the surface magnetic properties. Note,
however, that in ferromagnetic NPs the surface component
of the magnetization is masked by the core contribution.
A characteristic of this surface component is that it is
almost independent of temperature up to RT and that it
saturates at relatively small fields of around 0.5 T. It is also
obvious that the relative importance of this surface component
should decrease with increasing NP size. Therefore,
independently of the effects that have been customarily
used to account for ferromagnetism in metals and diluted
magnetic semiconductors, there may be a characteristic
surface physics effect underlying the surface magnetization
of NPs. For instance, surface magnetism in oxide NPs
may only be partially explained in the framework of the
well-known models proposed to account for magnetism in
diluted magnetic oxide and semiconductors [115, 121–124].
It should be indicated that the origin of the magnetism
observed in bulk semiconductors, doped with either magnetic
or non-magnetic atoms, and even undoped, is far from being
well understood.

As concerns the experimental values of the magnetization
in NPs, it must be remarked that a large variation in the
reported values of the saturation magnetization appears in
different articles. The influence of the capping coverage
factor, the nature of the capping molecule and the size
of the NPs might explain these differences. However, the
contribution of magnetic atoms diluted as non-detectable
impurities together with the low values of intrinsic
magnetization must also be considered as a tremendous
drawback to the accuracy of the magnetization measurements.
In an interesting article, Sundaresan and Rao [135] have
invoked the universality of ferromagnetism in inorganic
NPs. They propose that the observed ferromagnetism is
a surface effect due to the presence of defects. As is
known, point defects in insulators can create localized
electronic states within the band gap with different electron
occupancies and different electric charge and magnetic
moments. A short-range ferromagnetic interaction with a
correlation length of four neighbours have been shown to
allow ferromagnetic percolation for 4.9% of vacancies in
CaO [136]. Consequently, the surface component of the
magnetization in NPs may then originate from short-range
exchange interactions acting among the magnetic moments
induced at surface point defects.

In particular, TiO2 magnetism has been extensively
studied for bulk and nanostructured samples for a long
time [137–139]. Ferromagnetism of TiO2 thin films, without
the introduction of ferromagnetic impurities, could be neatly

11



J. Phys.: Condens. Matter 25 (2013) 484006 Topical Review

explained by a double exchange mechanism [137]. However,
Coey et al [140] have revisited the magnetism of oxide
NPs and focused on TiO2 (rutile). They proposed a new
theory that corrected the first impurity band model that
included effective Heisenberg exchange interaction between
3d local moments within magnetic polarons [141]. In
this new theory they invoke inhomogeneous Stoner-type
ferromagnetism associated with percolating defect structures.
Charge transfer to or from a charge reservoir into a narrow
band, associated with defects, can induce inhomogeneous
Stoner-type wandering axis magnetism.

An important theoretical analysis was based on the
observation that in low-dimensional ZnO, RT ferromagnetism
appears for non-magnetic doping and even for undoped
samples. This analysis carried out by Sánchez et al [142]
showed that the spin polarization of the polar (0001) oriented
surfaces of wurtzite ZnO was enhanced even in the absence of
magnetic ions.

Even though many different contributions have been
reasonably invoked, it seems clear that a characteristic
contribution comes from the nanoscale as regards the
magnetism of NPs. The similarity observed between the
magnetic behaviour of very different types of NPs, such as
functionalized Au and ZnO, strongly suggests that a common
source of magnetization may be contributing in any NP.

In recent publications, Hernando et al [49, 143] have
shown that large orbital magnetic moments can be found in
the framework of the quasi-free electron approximation for
the electrons of the surface band of NPs. Electrons forming
a two-dimensional gas on a spherical surface of nanometre
radius behave in a way that is intermediate between atoms and
solids. They showed that, depending on the NPs radius, NPs
can behave as atomic systems for sufficiently small radius.

The eigenstates of free electrons confined on a spherical
surface, such as those donated by the capping molecules
or any impurity, are spherical harmonics instead of being
plane waves. Free electron eigenstates are kinetic energy
eigenstates. The spherical symmetry gives rise to free electron
wavefunctions characterized by the angular momentum, l, and
quantum number [144].

If the number of electrons confined on the NP surface
is Nb, it can be seen that they distribute over the energy
spectrum to reach a Fermi level, lF, given approximately
by the square root of Nb. According to the Hund rules, the
electrons occupy successively different states of their Fermi
level, reaching the maximum spin and the maximum orbital
momentum compatible with the maximum spin condition. In
an assembly of NPs, due to radius and Nb fluctuations, there
should be a uniform distribution of the occupation number of
the Fermi level as well as a distribution of the Fermi level
itself. It is straightforward to see that for a constant Fermi
level and a uniform distribution of its occupancy, the average
magnetic moment associated with NPs for which their Fermi
level is unfilled is given by the square of lF times the Bohr
magneton. Therefore, the spontaneous magnetic moment of
the surface band of an assembly of NPs for which the average
Fermi level corresponds to lF = 20 becomes of the order
of 400 Bohr magnetons. The Zeeman splitting, for a 1 T

applied field, should be of the order of 5× 10−2 eV, twice the
thermal energy at RT. These considerations explain the main
characteristics of the experimental magnetization observed in
NPs.

The strength of the paramagnetism is expected to be
giant, since an applied magnetic field of 1 T would induce
a maximum Zeeman splitting of 2 µBl2F that is larger than the
thermal energy at RT for any lF > 10. It can be concluded that
the Langevin or Brillouin curves depicting the paramagnetism
of NPs is close to saturation, i.e., µB(

1
3 l2F)B/kBT ≥ 1, for

B = 1.5 T and T = 300 K if lF is larger than 10, which is
a very reasonable value for the size of the NPs experimentally
studied.

It can be concluded that the anomalous magnetism
observed in NPs that are not magnetic in bulk has its source
at the NP surface, and its contribution decreases relatively to
that of the bulk as the size of the NPs increase. Its strength can
be modified by tuning the electronic and atomistic structure
of the surface. Its intrinsic origin is not well understood.
However, the use of selective techniques, such as Mossbauer
and XMCD, has neatly indicated that the magnetism is
intrinsic to the NP atoms and not only due to possible
magnetic impurities.

4. Biocompatible coatings on ferromagnetic NPs

The use of magnetic NPs for biomedical applications requires
NPs without toxic or injurious effects on biological systems.
Due to synthesis procedure or atomic composition, most of
the as-synthesized particles are non-biocompatible; therefore,
it is necessary to coat them with a biocompatible organic or
inorganic shell. Sometimes, the coating merely gives colloidal
stability, but sometimes it can drastically affect the NPs
magnetic properties.

4.1. Inorganic coatings on ferromagnetic NPs

Surface modification of nanometre ferromagnetic cores with
different inorganic shell-like metals or oxides to form
core/shell-type nanostructures has become an important
route to producing multifunctional nanomaterials. Such
modifications bring about interesting physical and chemical
properties of nanostructured materials that have important
technological applications.

4.1.1. The metallic coatings. The interest in gold-coated
ferromagnetic NPs lies in their potential biological applica-
tions. The gold coating allows easy conjugation of DNA,
proteins and diverse biomolecules [145, 146]. Since gold is a
conducting metal, the gold coating allows inductive heating by
applying an alternating magnetic field (AMF) and the heating
power can be increased by hysteresis losses in ferromagnetic
materials, thus resulting in promising materials for hyperther-
mia treatments. However, the coating does not merely act as
a barrier protecting the NPs against external agents; it also
modifies the material structure and plays a fundamental role
in the interface coupling interactions [54, 147].

Equiatomic FePt has a high Curie temperature, large
magnetic moment and magneto-crystalline anisotropy and
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Figure 8. (A) Z potential of the MUA ligand-exchanged FePt (open circles) and FePt@Au (full circles) NPs. (B) Magnetization curves of
FePt (open circles) and FePt/Au core–shell (full circles) at 5 K. The inset shows the change in the coercive field. (Reproduced with
permission from [61, 149]. Copyright 2008 IEEE and copyright 2008 American Institute of Physics.)

excellent chemical stability. Despite the effort to synthesize
small monodisperse FePt NPs in the hard phase, most of
the synthesis methods produce FePt NPs in the disordered
fcc phase, i.e., a soft material which is ideal for biomedical
applications [51, 145, 146, 148]. Besides, several authors
have reported that small FePt NPs are subject to corrosion
due to the inhomogeneous concentration of Fe atoms, which
is higher at the NP surface [148–150]. By protecting the
FePt NPs with a gold shell it is possible to prevent the NPs
from oxidation in addition to taking advantage of coatings
that can be widely functionalized, making the FePt-based
core–shell nanostructures excellent candidates for biological
applications [151].

When ferromagnetic NPs are coated by Au [50, 51, 53],
the magnetic properties are affected not only by the presence
of a diamagnetic compound but also because the gold atoms
interact at the interface with the core atoms. De la Presa
et al [50] reported that both the FePt and FePt@Au NPs are
superparamagnetic at RT, and the saturation magnetization
Ms, coercive field Hc and blocking temperature TB are
reduced due to the presence of a few nanometres of
diamagnetic gold shell (see figure 8(B)). Similarly, Yano
et al [51] showed that the FePt and FePt@Au NPs
synthesized in this way have a disordered fcc structure and
are superparamagnetic at RT. Since TB and Hc are related
to magnetic anisotropy, and assuming the bare FePt NPs are
monodomain, then TB is proportional to the anisotropy energy
TB = KV/25 kB and, below TB,Hc can be approximated

by Hc ≈ 2 K/Ms [152–154]. Therefore, the decrease of
coercive field and blocking temperature reflect the decrease in
magnetic anisotropy. Although the interaction between FePt
and Au atoms at the interface is not well understood, these
results suggest that the presence of the gold atoms leads to a
reduction in surface anisotropy [50].

De la Presa et al [61] showed that FePt@Au NPs
which have oleic acid and oleylamine as surfactants and
are dispersed in hexane, can be ligand-exchanged to
mercaptoundecanoic acid to get water-stable FePt@Au NPs
(see figure 8(A)), without affecting the magnetic properties
of the original NPs. On the other hand, Hartling et al
reported [53] that a thin gold layer formed on the FePt NPs
strongly increases the stability of their magnetization under
ambient conditions in the long term: the gold coated NPs
still showed magnetic contrast after for four months ageing,
while the naked FePt NPs lost their magnetic properties
completely [149]. Gold coatings can also prevent the NPs
from sintering when thermal annealing at high temperature
is performed: FePt@Au NPs partially transform from a
disordered fcc phase to an ordered L10 phase, which has
stronger magnetic anisotropy [51].

Whereas gold coating prevents the ferromagnetic metallic
cores from oxidation, the coating of iron oxide by gold brings
the possibility of producing very efficient nanostructures. The
influence of a gold shell on gold coated superparamagnetic
iron oxide NPs (Fe3O4@Au) has been investigated by several
authors [145, 155–161]. Wang et al [155] reported that
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Fe3O4@Au NPs retain superparamagnetic behaviour at RT;
however, TB and Hc are reduced after gold coating, reflecting
the decreased coupling of the magnetic moments as a result
of the increased inter-particle spacing of the magnetic cores.
Their findings are also supported by other authors [145,
159–161].

On the other hand, an enhancement of the magnetic
moments in Fe3O4@Au NPs has been recently reported, in
which large magnetic cores of about 100 nm size are coated
with a thick gold shell of 50 nm thickness [156–158]. Banerjee
et al [157] attribute this effect to the chemical potential
gradient at the interface of the Fe3O4@Au, which could be
enough to trap the conduction electrons from the Au particle,
inducing a large orbital moment at the interface, similarly to
thiol-capped Au NPs [34]. Therefore, the increase in magnetic
moments would come from the metallic electrons at the
Au–Fe3O4 interface, with the moment being predominantly
orbital. A large interface in the core–shell NPs is necessary to
cause an increase in net magnetic moments.

To summarize, gold coatings provide not only a versatile
cover for functionalization with different biomolecules but
also modify the magnetic properties by isolating the magnetic
cores or by the interaction of the interface atoms.

4.1.2. Oxide coatings. Most important requirements
for biomedical applications can be achieved by core–shell
NPs with a controllable thickness of biocompatible silica
shell in the form of completely non-aggregated, single-core
nanocomposites and stable suspension [162].

Silica coatings also offer a platform to obtain thermally
stabilized FePt NPs in the hard magnetic phase. The silica
coat can prevent sintering when NPs are subject to thermal
annealing and make the FePt NPs behave as non-interacting
single domains due to the increase in the inter-particle
spacing. Even though the sizes of the NPs can be below
10 nm (well below the critical size) and the silica coat
thickness can vary from 5 to 25 nm, they are able to totally or
partially transform from the disordered fcc soft to the L10 hard
magnetic phase and can therefore be permanently magnetized
at RT [163–165]. Different parameters must be considering
for getting the FePt@SiO2 NPs to transform to the hard phase:
(i) the thermal temperature must be higher than 700 ◦C, (ii) a
reducing atmosphere is required and (iii) the silica thickness
also plays a role in the phase transformation [163–165].

The silica coatings are another way of protecting NPs
against corrosion. Aslam et al [166] were the first to coat
FePt NPs with silica, stabilizing the metallic NPs and
making them water dispersible after silica functionalization.
The magnetization behaviour of silica coated FePt NPs
indicates a diamagnetic contribution from the shell to the net
magnetization of the FePt NPs. In addition, a convenient and
efficient method of reversible phase transfer of ferromagnetic
silica coated L1(0)-FePt NPs from aqueous to organic phases
was developed by Yamamoto et al [167], in which the
magnetic properties remained unaltered. Chen et al [162] also
reported the advantages of synthesized FePt@SiO2 NPs for
in vivo imaging applications, although the NPs have reduced
magnetic saturation and lower relaxivity parameter compared

to the uncoated FePt NPs. However, biocompatibility studies
showed the absence of cytotoxicity during seven days at
concentrations below 30 µg ml−1, which was attributed to the
strong surface coating. In addition, 7 T magnetic resonance
imaging (MRI) studies showed that both FePt and FePt@SiO2

NPs are strong T2 contrast agents, which in addition to the
high degree of biocompatibility makes FePt@SiO2 NPs an
ideal platform for the design of diagnostic and therapeutic
agents as MRI contrast agents or hyperthermia treatments.

The silica coating of iron oxides can improve the water
stability since this kind of surface provides additional steric
repulsion. Furthermore, it can be easily functionalized with
active groups such as amine, carboxyl, aldehyde and thiol
groups. Gonzalez-Fernandez et al [168] produced highly
stable Fe3O4@SiO2 core–shell NPs with magnetic core sizes
ranging from 20 to 50 nm. The control of the ferromagnetic
core size allows fitting the size around 30 nm to reach the
maximum specific absorption rate (SAR) for hyperthermia
application. The specific absorption drops rapidly for sizes
that differ from this value by a few nanometres. The silica
coating decreases the isoelectric point to a half, from pH =
5–2.5, making the Fe3O4@SiO2 water stable in a wider
pH range than uncoated NPs (see figure 3 from [168]).
However, the SiO2 coating plays a significant role in the
SAR mechanism by hindering the heat flow, thus decreasing
the heating efficiency. A compromise must be made between
the surface functionality and the heating efficiency, probably
making the shell thickness as thin as possible.

Vogt et al [169] synthesized Fe3O4@SiO2 core–shell
structures for biomedical applications. The silica shell
thickness ranged from 5 to 13 nm thick and the
Fe3O4@SiO2 showed a superparamagnetic character with
high magnetization, rendering the material useful for
biological applications. The drawback lies in the limited
amount of material that can be synthesized in one batch;
however, for biomedical applications such as drug delivery
systems, MRI contrast agents, cell separation, etc, small
amounts of high-quality samples are required.

The treatment of tumours by hyperthermia is based on
the fact that there exist a temperature window at which
tumour cells are more susceptible to heat than normal
ones [13]. By taking advantage of this temperature window,
it is possible to kill tumours selectively by applying an AMF
to a magnetic colloid in a tumour, thus inducing a selective
heating. However, if the temperatures exceed 60 ◦C, serious
damage can be caused on the normal tissues as well as risk
an increase of severe or persistent side effects. To overcome
the obstacle of temperature control, new materials of tunable
Curie temperature (Tc) are being intensively investigated
[52, 170–174]. The new materials must satisfy strict
conditions such as biocompatibility (nontoxicity), stability
in aqueous solution and possess high thermal efficiency as
heating elements. Magnetic particles with tunable Tc will
prevent the temperature of the whole tumour or the hottest
spots around the particle rising over Tc, avoiding the use of
any local temperature control system.
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Figure 9. Magnetization curves versus temperature for
La0.56(CaSr)0.22MnO3, as prepared (open circles) and silica coated
NPs (full circles). The vertical lines indicate the Curie temperature
for both silica coated (Tc = 317 K) and uncoated NPs (Tc = 341 K).
(Reproduced with permission from [52]. Copyright 2010 American
Chemical Society.)

In complex cationic compositions such as LaxSr1−xMnO3
it is possible to have fine control of Tc; however, the Sr and La
content can be toxic for in vivo experiments. Water stability
at high concentrations and biocompatibility are achieved by
coating the magnetic manganese oxide NPs with 10 nm
thick silica. However, the silica coat significantly affects
the magnetic properties: (i) Tc decreases and (ii) the total
magnetization is reduced by the presence of diamagnetic
silica [52, 171].

Villanueva et al [52] reported that, at RT, magnetization
at 1 kOe is decreased by about 32% for the coated particles.
The large amount of diamagnetic silica can account for the
decrease in the total magnetization values. This reduction in
magnetization is expected to reduce the heating efficiency of
the material, as has been observed for iron oxide NPs [168].

On the other hand, Tc reduction is better related to the
interaction of silica with atoms at a manganese oxide surface.
The presence of silica reduces Tc by only 7%, from 341 K
(68 ◦C) to 317 K (44 ◦C) (figure 9). However, considering the
narrow temperature range at which hyperthermia treatments
are performed, the decrease from 68 to 44 ◦C is relevant.

The application of an AMF of 15 mT and 100 kHz
for 30 min to HeLa cells after incubation with silica coated
manganese oxide NPs induced cellular damage that finally
led to apoptotic cell death even though the temperature
increase in the cell culture was lower than 0.5 ◦C (see
figure 10) [52]. Recently, in vitro studies in magnetic NP
loaded dendritic cells have demonstrated also the feasibility
of inducing dramatic cell death without increasing the
macroscopic temperature during AMF exposure [175]. These
results indicate that local effects (such as local heating or
morphological cell damage) are relevant for the apoptotic cell
mechanism and that the heat is not the only agent responsible
for triggering cell death following hyperthermia treatment.

Therefore, a compromise needs to be achieved for the
silica coating, which should be thick enough to assure
water stability at high NP concentrations while keeping the
magnetization as high as possible to preserve the heating
efficiency.

Figure 10. (A) HeLa cells incubated with 0.5 mg ml−1 silica coated manganese oxide for 3 h observed in bright-field microscopy and
fluorescence overlay. (B) Interphase cells treated only with silica coated manganese oxide and stained with Hoechst-33258.
(C) Morphological changes of attached HeLa cells induced by applying an AMF 24 h after treatment. (Reproduced with permission
from [52]. Copyright 2010 American Chemical Society.)
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Figure 11. (a), (b) HR-TEM images and size distribution for 11 and 14 nm γ -Fe2O3 NPs. (c), (d) SAR values as a function of field
amplitude for γ -Fe2O3 NPs dispersed in water (blue circles) and agar (red triangles); the SAR of the smaller NPs is independent of the
carrier viscosity indicating that the relaxation mechanism is mainly due to Neel relaxation. (e) Neel–Brownian relaxation times τR as a
function of size for water and agar carriers. (Reproduced with permission from [59]. Copyright 2012 American Chemical Society.)

4.2. Biocompatible organic coatings: the effect of aggregates
on the magnetic properties

The investigations on the heating efficiency of magnetic NPs
under an AMF for tumour hyperthermia applications have
increased exponentially in recent years [52, 176–181]. The
present challenge is to find biocompatible magnetic NPs with
high SAR values that can be synthesized in large quantities
in an easy, cheap and reproducible procedure, looking for the
assessment of the scalability limits of the treatment. In the
frame of the linear response theory, SAR varies as the square
of field amplitude H0 and linearly with the frequency f of
the AMF. However, more systematic studies as a function of
particle size, coating and concentration are highly desirable
in order to yield progress in the prediction and optimization
of the heating efficiency of magnetic NPs under an AMF for
applications in magnetic hyperthermia [182].

The heating efficiency is expected to be influenced by
any parameter affecting the magnetic interactions between
particles and therefore the magnetic moment rotation. In fact,
magnetic interactions have been observed to significantly
diminish the dipolar magnetic field outside a capsule when
particles are highly packed [58]. In the same sense, SAR has
been observed to increase with magnetic NPs size up to a
certain value [183], but the dependence of this parameter with
the viscosity of the medium is not so clear [178, 184–186].
The NPs shape is another parameter to be considered in
the optimization of the heating efficiency. For example,
ferromagnetic nanocubes seem to exhibit superior magnetic
heating efficiency compared to spherical particles of similar
sizes [181, 187]. The cubic shape resembles magnetostatic
bacteria, and the beneficial role of surface anisotropy could be
recognized as an important mechanism for the development
of magnetic hyperthermia for cancer treatment.

Recently, de la Presa et al [59] showed that surface
modification by aminopropylsilane (APS) coating of γ -Fe2O3

does not affect the NPs heating efficiency, making these NPs
good candidates for hyperthermia treatment as well as model
samples for the standardization of hyperthermia apparatus.
The NPs synthesized by the co-precipitation method, with
sizes ranging from 6 to 14 nm, showed low polydispersity
(0.2) and a high degree of crystallinity [188]. Neel–Brown
relaxation times about 10−7 s are obtained from the SAR field
frequency dependence (figure 11). However, if the particles
are immobilized in agar, the larger particles became less
effective than the smaller ones due to the viscosity increase.

In summary, organic coatings which improve the
colloidal properties and sample biocompatibility could have
a bearing on the heating efficiency since magnetic properties
can be altered by the formation of the chemical bonds at
the NP surface or the formation of different aggregates. The
organic coating can also affect the Brownian relaxation time
due to its dependence on hydrodynamic size.

Magnetic NPs are also interesting contrast agents for
MRI thanks to their ability to affect the relaxation rate
of water protons, causing a decrease in signal intensity
that results in a darkening effect in the corresponding MR
image [189]. Particles synthesized by different procedures
exhibit differences in their physicochemical characteristics
and hence in their imaging efficacy, which is not yet fully
established.

The scientific interest in the field of magnetic carriers has
shifted from colloidal suspensions of coated ferromagnetic
NPs, forming aggregates sized between 7 and 200 nm, to
multicomponent nanocapsules produced by self-assembly of
molecular components in which magnetic and/or metal NPs
constitute key components [60, 190, 191]. General aspects
such as particle size, morphology, composition, chemical
structure and processing methodology will determine the
capsule mechanical properties and, finally, the performance
[192, 193]. New interactions are expected to appear within
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Figure 12. TEM images of iron oxide NPs encapsulated into the walls of polyelectrolyte capsules. (a) Capsules with a low concentration of
γ -Fe2O3. (b) Capsules with a high concentration of γ -Fe2O3 NPs. The upper row shows low-magnification images of an individual capsule.
The lower row shows high-resolution images zoomed into the capsule wall showing the distribution of the γ -Fe2O3 particles in the capsule
wall. The scale bars in the upper and lower row correspond to 1 µm and 100 nm, respectively. (Reproduced with permission from [58].
Copyright 2011 American Chemical Society.)

the different components inside these systems and with the
surroundings.

Among the important parameters that influence the
relaxivity, the distance between the magnetic particles and
external water molecules plays a key role. For example,
proton transverse relaxivity measured for LbL-encapsulated
Au–Fe2O3 and Au–CoFe2O4 DNA template nanostructures
decreased significantly when compared to relaxivity for bare
nanostructures [194]. On the other hand, aggregation of
magnetic NPs into micelles has been shown to enhance NMR
relaxivity in spite of the fact that water accessibility is reduced
due to the reduction in specific surface area [195, 196].
Recently, MRI results of FePt NPs encapsulated into the walls
of polyelectrolyte multilayer capsules have shown that the
relaxivity increases as the FePt concentration increases [57]
whereas the contrary occurs for γ -Fe2O3; the relaxivity
decreases as the NPs concentration increases [58].

The magnetic and relaxivity responses of iron oxide
NPs incorporated into the walls of polyelectrolyte multilayer
capsules (see figure 12) has been investigated by Abbasi
et al [58]. This configuration differs from that of particles
embedded into a volume which are virtually equivalent with
respect to their interaction with water protons. Therefore,
these different configurations offer a unique opportunity for
understanding the relationship between water accessibility

and intrinsic relaxivity of the entrapped particles, which
depend finally on their magnetic properties.

By considering the ensemble of NPs as interacting
macrospins, Abbasi et al [58] performed the calculation of
the average dipolar field. The authors found that the absolute
value of the dipolar field averaged over the overall space
was smaller for the capsule than for the uniformly distributed
ensemble, leading to a smaller r2 value for the former.
Ensembles of free NPs have low packing densities and are
in the regime of individual energy barriers; therefore, the TB
decreases as a function of packing fraction. On the other
hand, NPs on capsules have locally large packing densities
and their behaviour belongs to the regime of collective energy
barriers. Consequently, the TB increases with concentration.
The latter is also true for aggregated arrays of NPs such
as those present in commercial samples, where the packing
density is high; however, in these cases, the TB as well as
the r2 values increase with concentration, as observed in
figure 13. Aggregation affects the spatially inhomogeneous
particle distribution, leading to collective magnetization.

From these results it is clear that the geometrical layout of
magnetic NPs also plays a role as important as the magnetic,
structural or colloidal properties of the particles (magnetic
saturation, anisotropy, homogeneous size and aggregate size).
For low NP concentrations, relaxivity values are comparable
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Figure 13. Average absolute value of the dipolar field in modelled
systems as a function of the packing fraction. (• free NPs and � NPs
in capsules). (Reproduced with permission from [58]. Copyright
2011 American Chemical Society.)

for both free and encapsulated NPs. However, for high NP
concentrations, the NP arrangement on the capsule wall
leads to a minimization of the dipolar energy, favouring a
magnetization distribution parallel to the surface. This fact,
together with lower water accessibility due to the increase
in the distance between magnetic capsules at the same Fe
concentration, results in lower relaxivity values (see table 1
in [58]).

The design of complex materials that serve simulta-
neously as diagnostic and therapeutic agents requires the
optimization of each component. Thus, for example, capsules
for drug delivery would be better if they contain large
quantities of magnetic NPs to produce an efficient local
heating under an AMF [12]. However, in the light of these
results, NMR imaging contrast produced by this system would
be diminished if the particles were encapsulated at high
packing density in the capsule wall. NPs with larger magnetic
anisotropy could enhance the image contrast.

5. Conclusions

For systems close to ferromagnetic instability, such as Pd
and Pt, the size reduction is enough to produce an increase
in N(εF) due to the surface atom contributions. However,
for materials that have diamagnetic behaviour in bulk, such
as metallic Au or semiconductor ZnO, ferromagnetic-like
behaviour at RT can be induced if the size is reduced to the
nanoscale and the NPs are coated by organic surfactants.

The nature of the interactions between the surface atoms
and the organic surfactant is also relevant for the onset
of ferromagnetic-like behaviour. For instance, thiol bonded
covalently to Au NPs induces permanent magnetic moments
associated with the spin of the extra d charge localized
near the Au–S bonds. The strong spin–orbit coupling of
Au, associated with a high local anisotropy, may freeze the
magnetic moments along the local easy axis and give rise to
the appearance of permanent magnetism at the NP scale.

Similar behaviour has been observed in thiol or amine
coated ZnO NPs with a magnetic moment per surface atom of
2 × 10−3 µB and 0.5 × 10−3 µB, respectively. A correlation

in the evolution of the electronic structure, which is modified
by the capping molecule, with the magnetic response of the
sample is observed in ZnO NPs. Those NPs showing the
highest XANES absorption (thiol) also exhibit the highest
magnetic moment. From this study two conclusions can
be derived: (a) a magnetic moment is induced in ZnO
independently of the presence of ferromagnetic impurities
and (b) this component comes from the modification of the
electronic structure induced by the capping molecules.

It can be concluded that the anomalous magnetism
observed in NPs which are far from ferromagnetic instability
has its source at the NP surface and its contribution
decreases as the size of the NP increase. Its strength can
be modified by tuning the interactions of the surface atoms
and the coating molecules. Although the intrinsic origin is
not well understood, the use of selective techniques, such
as Mossbauer and XMCD, has neatly indicated that the
magnetism is intrinsic to the NP atoms.

The coating of ferromagnetic NPs such as FePt and
Fe3O4 by inorganic shell-like Au or SiO2 can enhance the
physical and chemical properties of the core, making these
nanostructures useful in applications otherwise inaccessible
to their single-component counterpart. For instance, coating
FePt by an Au shell improves the biological applications,
whereas a SiO2 shell additionally offers a platform to obtain
thermal stabilized FePt NPs in the hard magnetic phase.
Silica coatings of iron oxides can improve water stability
since the silica surface provides additional steric repulsion.
By coating magnetic NPs with silica, the biocompatibility can
be improved and cellular damage can be induced in incubated
HeLa cells by applying an AMF. However, the interaction
at the core–shell interface plays a relevant role in the
modification of the magnetic properties. The organic coatings
of magnetic NPS can in addition improve the colloidal
properties and sample biocompatibility; however, they could
bear on the heating efficiency, since magnetic properties
can be altered by the formation of the chemical bonds at
the NP surface or the formation of different aggregates.
The Brownian relaxation time and, consequently, the heating
efficiency are affected also by the organic coating due to the
increase of the hydrodynamic particle size.

On the other hand, the average dipolar field produced
by ferromagnetic NPs encapsulated into the walls of
polyelectrolyte multilayer capsules of microsize depends not
only on the magnetic, structural or colloidal properties of the
particles (magnetic saturation, anisotropy, homogeneous size
and aggregate size) but also on the geometrical layout of the
magnetic NPs.

In summary, it has been well established that selective
coating of NPs provides an excellent way of controlling
their magnetic properties and tailoring their characteristics for
applications.
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J. Phys. Chem. C 116 17880

[194] Jaganathan H, Gieseck R L and Ivanisevic A 2010 J. Phys.
Chem. C 114 22508

[195] Mulder W J M, Strijkers G J, van Tilborg G A F,
Griffioen A W and Nicolay K 2006 NMR Biomed. 19 142

[196] Seo S B, Yang J, Lee T I, Chung C H, Song Y J, Suh J S,
Yoon H G, Huh Y M and Haam S 2008 J. Colloid
Interface Sci. 319 429

21

http://dx.doi.org/10.1103/PhysRevB.85.155202
http://dx.doi.org/10.1103/PhysRevB.85.155202
http://dx.doi.org/10.1016/j.nantod.2008.10.002
http://dx.doi.org/10.1016/j.nantod.2008.10.002
http://dx.doi.org/10.1103/PhysRevLett.96.107203
http://dx.doi.org/10.1103/PhysRevLett.96.107203
http://dx.doi.org/10.1088/0953-8984/18/27/L01
http://dx.doi.org/10.1088/0953-8984/18/27/L01
http://dx.doi.org/10.1016/j.ssc.2007.08.034
http://dx.doi.org/10.1016/j.ssc.2007.08.034
http://dx.doi.org/10.1063/1.2999501
http://dx.doi.org/10.1063/1.2999501
http://dx.doi.org/10.1088/1367-2630/12/5/053025
http://dx.doi.org/10.1088/1367-2630/12/5/053025
http://dx.doi.org/10.1038/nmat1310
http://dx.doi.org/10.1038/nmat1310
http://dx.doi.org/10.1103/PhysRevLett.101.067206
http://dx.doi.org/10.1103/PhysRevLett.101.067206
http://dx.doi.org/10.1088/1742-6596/292/1/012005
http://dx.doi.org/10.1088/1742-6596/292/1/012005
http://dx.doi.org/10.1103/PhysRevB.65.195418
http://dx.doi.org/10.1103/PhysRevB.65.195418
http://dx.doi.org/10.1103/PhysRevB.65.195418
http://dx.doi.org/10.1021/jz101202a
http://dx.doi.org/10.1021/jz101202a
http://dx.doi.org/10.1039/b911175a
http://dx.doi.org/10.1039/b911175a
http://dx.doi.org/10.1039/c3nr33374d
http://dx.doi.org/10.1039/c3nr33374d
http://dx.doi.org/10.1021/ar200090c
http://dx.doi.org/10.1021/ar200090c
http://dx.doi.org/10.1063/1.2931947
http://dx.doi.org/10.1063/1.2931947
http://dx.doi.org/10.1039/b614209e
http://dx.doi.org/10.1039/b614209e
http://dx.doi.org/10.1007/s12274-011-0140-y
http://dx.doi.org/10.1007/s12274-011-0140-y
http://dx.doi.org/10.1109/TMAG.1991.1183750
http://dx.doi.org/10.1109/TMAG.1991.1183750
http://dx.doi.org/10.1088/0022-3727/41/13/134003
http://dx.doi.org/10.1088/0022-3727/41/13/134003
http://dx.doi.org/10.1063/1.1599959
http://dx.doi.org/10.1063/1.1599959
http://dx.doi.org/10.1021/jp0543429
http://dx.doi.org/10.1021/jp0543429
http://dx.doi.org/10.1021/jp105807r
http://dx.doi.org/10.1021/jp105807r
http://dx.doi.org/10.1063/1.3596760
http://dx.doi.org/10.1063/1.3596760
http://dx.doi.org/10.1039/c0nr00621a
http://dx.doi.org/10.1039/c0nr00621a
http://dx.doi.org/10.1016/j.jnoncrysol.2010.04.022
http://dx.doi.org/10.1016/j.jnoncrysol.2010.04.022
http://dx.doi.org/10.1166/jnn.2009.206
http://dx.doi.org/10.1166/jnn.2009.206
http://dx.doi.org/10.1021/ja106543j
http://dx.doi.org/10.1021/ja106543j
http://dx.doi.org/10.1088/0957-4484/18/5/055704
http://dx.doi.org/10.1088/0957-4484/18/5/055704
http://dx.doi.org/10.1021/jp060974z
http://dx.doi.org/10.1021/jp060974z
http://dx.doi.org/10.1109/TMAG.2009.2026628
http://dx.doi.org/10.1109/TMAG.2009.2026628
http://dx.doi.org/10.1016/j.jcis.2005.04.050
http://dx.doi.org/10.1016/j.jcis.2005.04.050
http://dx.doi.org/10.1246/cl.2012.1581
http://dx.doi.org/10.1246/cl.2012.1581
http://dx.doi.org/10.1016/j.jssc.2009.07.047
http://dx.doi.org/10.1016/j.jssc.2009.07.047
http://dx.doi.org/10.1007/s11051-009-9661-7
http://dx.doi.org/10.1007/s11051-009-9661-7
http://dx.doi.org/10.1109/TMAG.2008.2005329
http://dx.doi.org/10.1109/TMAG.2008.2005329
http://dx.doi.org/10.1088/0957-4484/20/27/275610
http://dx.doi.org/10.1088/0957-4484/20/27/275610
http://dx.doi.org/10.1039/c0jm03963b
http://dx.doi.org/10.1039/c0jm03963b
http://dx.doi.org/10.1080/02656730802713565
http://dx.doi.org/10.1080/02656730802713565
http://dx.doi.org/10.1039/c2nr30667k
http://dx.doi.org/10.1039/c2nr30667k
http://dx.doi.org/10.1038/cddis.2013.121
http://dx.doi.org/10.1038/cddis.2013.121
http://dx.doi.org/10.1016/j.jmmm.2003.09.001
http://dx.doi.org/10.1016/j.jmmm.2003.09.001
http://dx.doi.org/10.1016/j.biomaterials.2004.10.012
http://dx.doi.org/10.1016/j.biomaterials.2004.10.012
http://dx.doi.org/10.1021/ja067457e
http://dx.doi.org/10.1021/ja067457e
http://dx.doi.org/10.1007/s11095-012-0710-z
http://dx.doi.org/10.1007/s11095-012-0710-z
http://dx.doi.org/10.1021/nn2048137
http://dx.doi.org/10.1021/nn2048137
http://dx.doi.org/10.1002/adfm.201101243
http://dx.doi.org/10.1002/adfm.201101243
http://dx.doi.org/10.1016/j.jmmm.2008.12.017
http://dx.doi.org/10.1016/j.jmmm.2008.12.017
http://dx.doi.org/10.1088/0953-8984/20/20/204133
http://dx.doi.org/10.1088/0953-8984/20/20/204133
http://dx.doi.org/10.1088/0953-8984/18/38/S27
http://dx.doi.org/10.1088/0953-8984/18/38/S27
http://dx.doi.org/10.1088/0953-8984/18/38/S26
http://dx.doi.org/10.1088/0953-8984/18/38/S26
http://dx.doi.org/10.1038/srep01652
http://dx.doi.org/10.1038/srep01652
http://dx.doi.org/10.1021/la203428z
http://dx.doi.org/10.1021/la203428z
http://dx.doi.org/10.2174/156802610791384207
http://dx.doi.org/10.2174/156802610791384207
http://dx.doi.org/10.1039/b809696a
http://dx.doi.org/10.1039/b809696a
http://dx.doi.org/10.1002/adma.200700418
http://dx.doi.org/10.1002/adma.200700418
http://dx.doi.org/10.1039/b812553h
http://dx.doi.org/10.1039/b812553h
http://dx.doi.org/10.1021/jp302758h
http://dx.doi.org/10.1021/jp302758h
http://dx.doi.org/10.1021/jp109131q
http://dx.doi.org/10.1021/jp109131q
http://dx.doi.org/10.1002/nbm.1011
http://dx.doi.org/10.1002/nbm.1011
http://dx.doi.org/10.1016/j.jcis.2007.11.026
http://dx.doi.org/10.1016/j.jcis.2007.11.026

	Magnetism in nanoparticles: tuning properties with coatings
	Contents
	Introduction
	The onset of ferromagnetism at the nanoscale: the case of Pd and Pt NPs
	The onset of ferromagnetic-like behaviour in NPs: the effect of the organic coatings
	Magnetic properties of Au NPs
	Magnetic properties of ZnO NPs
	Efforts in understanding anomalous magnetism of NPs

	Biocompatible coatings on ferromagnetic NPs
	Inorganic coatings on ferromagnetic NPs
	The metallic coatings.
	Oxide coatings.

	Biocompatible organic coatings: the effect of aggregates on the magnetic properties

	Conclusions
	Acknowledgments
	References


