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In this paper, we reviewed some relevant aspects of the magnetic properties of metallic 
nanoparticles with small size (below 4 nm), covering the size effects in nanoparticles of 
magnetic materials, as well as the appearance of magnetism at the nanoscale in 
materials that are nonferromagnetic in bulk. These results are distributed along the text 
that has been organized around three important items: fundamental magnetic properties, 
different fabrication procedures, and characterization techniques. A general introduction 
and some experimental results recently obtained in Pd and Au nanoparticles have also 
been included. Finally, the more promising applications of magnetic nanoparticles in 
biomedicine are indicated. Special care was taken to complete the literature available on 
the subject. 
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GENERAL REMARKS 

Introduction 

As has been recently pointed out, the new measuring techniques — as well as the refinement in synthesis 
and preparation methods allowing the fabrication of nanometric particles — are in the basis of the 
explosion of this interdisciplinary branch known as nanoscience[1]. However, the study of the physical 
properties of “small” systems has been of interest to many scientists for a long time. The term “small” 
should be understood as small in dimensions relative to the typical lengths of some physical phenomenon. 
For instance, as concerns magnetism, the term “small particle” can account for particles with dimensions 
smaller than the domain wall thickness, but also can account for particles with volume small enough to 
enhance the importance of surface energy terms (wall energy) respective to those proportional to the 
volume (magnetostatic energy), giving rise to a single domain structure. For both cases, the dimensions 
are measured in length units that represent typical magnetic lengths. The study of this type of small 
particles was driven in the 1950s by the interest in finding magnets with ideal hardness, i.e., samples 
without domain walls that are responsible for a significant softness[2].  

In this review, we focus on magnetic properties of extremely small-sized metallic particles, i.e., 
smaller than 4 nm. Reviews on nanocrystalline materials as well as on magnetic nanoparticles (NPs) 
inserted in a different kind of matrix are available in the recent literature[3,4]. In particular, magnetic 
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properties of NPs capped with oxide layers have been thoroughly studied and reported[4,5,6]. Along with 
this introductory section, the general concepts underlying the experimental results recently found in 
magnetic NPs and described below are discussed. 

Electronic Structure and Size 

A more general scaling of metal particle dimensions can be defined from the discreteness of the electronic 
energy spectrum. As is known, the spacing between adjacent conduction energy states increases inversely 
with the volume of the particle. Therefore, the continuum that describes the band of allowed energy states 
becomes a discrete set of states for NPs, as Fig. 1 illustrates. The spacing between adjacent states 
becomes an energy unit inverse to the cubic root of the particle dimensions. For particles 100 Å in size, 
the energy-level spacing corresponds typically to 1 K[1]. The discreteness of the spectrum leads to 
profound modifications in those physical properties depending on the solid electrons, as optical, 
conduction, and magnetic properties. In particular, the density of states at the Fermi level, the parameter 
that governs these types of properties, is strongly affected by the nanoscale.  

 

FIGURE 1. Evolution of electronic levels from a single atom to the bulk state. 

Influence of Surface on the Physical Properties of Nanoparticles 

Another important characteristic of NPs is the enormous surface-to-volume number of atoms. There are 
two important consequences related to this ratio. For an ideal solid, the surface can be thought of as a 
defect. The breaking of translational symmetry gives rise to different local physical properties. The 
electronic states change to surface states, the magnetic anisotropy is modified to surface anisotropy, and 
the crystalline or amorphous short-range order undergoes a sharp discontinuity as the surface is 
approached from the internal volume. Thereby, all the physical properties sensitive to short-range order 
exhibit surface behavior different to that observed in the volume. The solid properties can be roughly 
envisaged as an average of the surface and volume properties, the relative weights being the surface and 
volume atoms number fraction. The number fraction of surface atoms, ns, for a solid with dimension L 
and average interatomic distance a is given by αa/L, where α is a sample geometry-dependent parameter 
(α = 6 for a cubic shape). The number fraction of volume atoms, nv, is then given by 1-αa/L. For bulk 
samples, nv is much grater than ns and the macroscopic properties are those corresponding to volume 
atoms slightly modulated by surface contribution. For instance, for a cube-shaped particle with a = 1.5 Å 
and L = 1 mm, ns is about 10–6. However, for L = 1.5 nm, ns is about 0.9 and the average sample 
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properties are expected to be those corresponding to the surface (see Fig. 2). As a consequence of these 
considerations about the overwhelming influence of surface on physics of NPs, it is interesting to 
remember that high-resolution electron diffraction microscopy has shown that metallic NPs often exhibit 
different crystalline symmetry than bulk samples of the same metal. These observations provide direct 
evidence that the leader role of surface in NPs is strong enough to modify even the crystalline structure. 
For instance, fcc bulk Pd evolves toward several different structures — as fcc cube-octahedron, 
icosahedron[7]— when dimensions fall into the nanoscale realm. It is the high surface energy of <100> 
facets that forces the crystalline order of NPs, breaking the typical bulk symmetry to avoid these 
characteristic fcc high-energy facets.  

 

FIGURE 2. Fraction of surface atoms as a function of the particle 
size for cubic shape (α = 6) and in teratomic distance a = 1.5 Å. 

The second consequence of the governing role of surface is the enormous influence that atoms at the 
environment exert on the NPs physical properties. It is well known that surface acts as a boundary 
connecting solids with the external world. In the case of NPs, the solid is formed almost solely by the 
surface itself. Therefore, the sample as a whole is dramatically sensitive to the atoms coating the particle 
in several possible different forms. This influence has been experimentally found to be as important as 
that previously discussed. In bulk solids, the dependence of physical properties on the chemical 
environment can be defined as weak when compared to that exerted on NPs. Recent experimental studies 
have shown that physical properties of NPs can be tuned by suitable coating. It seems to be obvious that 
covalent bond, for instance, of surface atoms of NPs is going to affect drastically their electronic and, 
consequently, the optical and magnetic properties. In other words, the electronic structure that is 
extremely sensitive to the nanoscale will also be deeply modified by the chemical bonding of the atoms. 
Note that coating of NPs by covalent bonding to other types of atoms gives rise to a singular type of 
chemical compound very different to those we are familiar with in bulk scale. For instance, a Au NP 
coated with thiol bonding is not expected to behave as Au sulfide, even though a large number of covalent 
Au-S bonds could be identical for both types of samples[8]. 

Finally, it is to be understood that NP systems always present size and shape fluctuations. The 
corresponding distributions are extremely important to understand and model the physical properties[1]. 
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FUNDAMENTAL MAGNETIC PROPERTIES AFFECTED BY NANOSCALE 

Permanent Magnetism 

Let us consider first the magnetic moment of metallic NPs. Permanent magnetic moments would be 
induced in samples as a consequence of exchange interactions or anisotropy effects. The magnetic 
moment of a single NP is that obtained by adding the individual magnetic moment of the total number of 
electrons in the sample. If this resultant moment is different to zero and remains unchanged during the 
measuring time, it is known as permanent magnetic moment. Ferromagnetic exchange interactions can 
promote the appearance of spontaneous magnetic moment in the scale of magnetic domains, when the 
density of states at the Fermi level is sufficiently high. As the electronic energy structure is drastically 
affected at nanometric sizes, it is possible to observe permanent magnetism in NPs with compositions that 
are not magnetic in the bulk configuration. This is the case of Pd NPs as described below[9].  

More interesting is the possibility of anisotropy-induced, permanent magnetic moment in NPs. 
Magnetic anisotropy is a local effect at atomic scale. Anisotropy strength increases with spin-orbit 
coupling and with lack of spherical symmetry in the atomic environment. When the strength of the local 
anisotropy energy is for a single atom higher than the thermal energy KBT, the magnetic moment is frozen 
in direction. Even if the orientation of the easy axis was randomly distributed in the NP, a permanent 
magnetic moment could be measured as a consequence of the small number of atomic moments to be 
averaged. To show that, let us call n the number of atoms at the NP carrying permanent magnetic 
moment, with strength μ close to the Bohr magneton, μ

B

BB. The estimation of the average moment for the 
NP, for a random orientation of the local easy axis, can be inferred from elementary random walk 
considerations to be <μ> = μ/(n)1/2. As n is a small number for NP with size small, i.e., n = 140 for L = 1 
nm, <μ> can reach well-detectable values without requiring the existence of ferromagnetic exchange 
coupling between the magnetic moments, as Fig. 3 illustrates. This effect is discussed below concerning 
the surprising permanent magnetism detected in thiol-capped Au NPs[10]. 

<μatom>= <μatom>=<μatom>= <μatom>=  

FIGURE 3. Picture of the magnetic moment distribution and average magnetic moment per atom for NP of different size. 

Some organic monolayers made from diamagnetic molecules adsorbed on diamagnetic substrates 
exhibit giant magnetization and hysteresis loops like that typical of ferromagnets. These surprising 
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magnetic properties are due to the details of the transference of electrons from the substrate to the 
organized organic molecules and only can be observed at nanoscale[11,12]. 

Ferromagnetic Excitations 

As is well known, the first excited states above the ferromagnetic ground state can be analyzed within the 
framework of the spin wave theory.  

It is obvious that, according to the Planck distribution function that governs the number of magnons 
or elementary excitations, those with larger wavelength are the only ones excited at low temperatures. 
However, magnons with wavelengths larger than the NP size cannot be excited. Therefore, for any NP 
size, there exists a temperature threshold below which no spin wave can be induced. For this T range, the 
spontaneous magnetization cannot decrease by spin wave excitations and the theory would predict a 
plateau for the thermal dependence of magnetization. Confinement of spin waves giving rise to standing 
modes have been observed by inelastic neutron scattering in manganites with nanosized ferromagnetic 
clusters[13]. The influence of shape effect at nanoscale on thermal excitation of magnons has also been 
studied from both theoretical and experimental viewpoints for ribbon-shaped Fe NPs[14].  

Some quantitative considerations would help to understand size and shape influence on spin wave 
excitations. For a ribbon-shaped NP with length l and square cross-section with side w < l, the wave 
vector, k, of magnons with wavelength λ, comprised between l and w, are constrained to lie along the 
longitudinal direction. However, wave vector of those magnons with λ > w becomes 3D vector similar to 
the bulk. The total number of magnons at temperature T is given by the sum of 1D and 3D total number 
of allowed k vectors. For 1D, the following number of magnons is easily found[14]: 
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where D is the exchange stiffness constant that, for instance, for bcc Fe, is 0.281 eVA2. 
Note that in bulk materials, only the last integral with limits 0 and infinity holds. It has been shown 

that the total number of magnons can be written as:  
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where h = l/w and A, C, and B are constants that depend on D. The third term describing the total number 
of excited magnons corresponds to the well-known Bloch law. The first term or A term (that vanishes for 
h = 1, i.e., for isotropic-shaped NPs ) and the second term or C term, decreases and vanishes as the 
particle size increases up to infinity. The first term contributes to the enhancement of the number of 
magnons and describes the shape effect through its dependence on h. Fig. 4 shows the thermal 
dependence of magnetization obtained by using expression (3) for NPs with w = 4 nm and different aspect 
ratios. The thermal dependence for h = 1 and for bulk sample are also included[15]. 

 976



Hernando et al.: Metallic Magnetic Nanoparticles  TheScientificWorldJOURNAL (2005) 5, 972–1001
 

 

FIGURE 4. Thermal dependence of magnetization given by expression (3) for a sample 
with t = w = 40 Å and different aspect ratios, h. The inset shows the temperature 
dependence of the magnetization in the low T and/or t limit for h = 1. The thermal 
dependence for a bulk sample, i.e., Bloch law, is also included. From ref. [14]. 

In summary, a new framework describing the first excited states of the ferromagnetic ground state 
should be addressed when the NP size is larger than the magnon wavelength. 

Domains and Domains Walls 

Magnetic domains decrease the magnetostatic free energy associated with a particle uniformly 
magnetized along the easy magnetization direction. This energy term can be expressed as (1/2)μ0NMs

2V, 
where N is the demagnetizing factor along the easy axis or spontaneous magnetization, Ms, is direction 
and V is the particle volume. If we consider a domain wall separating two domains with opposite 
directions along the same easy axis, the corresponding magnetostatic energy is reduced to roughly one-
half. However, the domain wall encloses two energy term contributions as due to exchange and 
anisotropy. Let γ be the sum of these two terms per unit area of the wall, then the total wall energy is 
given by γS, where S is the total wall area. The increment of energy, Δ, due to domain formation is given 
by:  
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2
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Therefore, domain formation would be energetically favorable for negative Δ. For (S/V)>μ0NMs
2/4γ, 

the formation of domains is unfavorable and the particle remains as a single domain. Consequently for 
any material there exists a limiting size: 
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For L < LD, the particle is a single domain. LD is a typical magnetic length to be scaled with NP size. 
Let us consider a spherical particle with N = 1/3, μ0Ms = 1T, and γ = (AK)1/2 = 3 10–4 J·m–2, where A 

is the exchange constant, typically 10–11 J·m–-1, and K is the anisotropy constant, about 104 J·m–3. For this 
case, LD is of the order of 1 nm. 

A different important typical magnetic length is the so-called domain wall width or exchange 
correlation length, Le. It is usually considered that:  
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Le becomes 18 nm for Fe, 5 nm for Ni and Co, 1.3 nm for NdFeB, and 1.2 nm for SmCo5. 
It is obvious that NPs with size smaller than either Le or LD do not have the volume required to 

present a domain wall or a domain structure, respectively. Consequently, if they are ferromagnetic, they 
should be single domains. 

Single domains at the low-temperature limit, with frozen magnetic moment, should exhibit peculiar 
magnetization processes for switching magnetization direction. Coherent rotation and, in general, 
noncoherent modes have been invoked from micromagnetic arguments and calculations[15].  

Surface Anisotropy and Superparamagnetism in Nanoparticles 

Single domain with uniaxial anisotropy constant K and volume V is expected to show fluctuations in the 
magnetization direction by thermal excitation. At temperatures T, for which KV is 25KBT, the 
magnetization direction reverses by thermal disorder in a few minutes. By assuming a first-order kinetics, 
with τ

B

0 = 10  sec, we can quantitatively define a blocking temperature T–10
BB as that for which remanence 

relaxes in 3 min as:  
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The magnetization for a given T should be observed either as fixed or fluctuating depending on the 
characteristic time of the experimental technique used for measuring it. A few minutes is the typical time 
required to measure the remanence of an assembly of NPs by magnetometric techniques such as SQUID. 
At T above TB, the magnetization behaves as that of a paramagnetic sample and is a function of the ratio 
H/T, between the applied field H and temperature. For T below T

B

BB, the magnetization is blocked and only 
the effect of either the applied field or quantum tunneling could give rise to magnetization reversal rather 
than thermal motion[16]. It is important to remark that superparamagnetism defines a limit for decreasing 
size of NPs to be used as memory elements. Above TB, the NP remanence relaxes to zero in a few 
minutes. Therefore, such NP systems cannot be used as magnetic recording medium. An estimation of the 
volume of Fe NPs, for which T

B

BB is the room temperature 300 K, can be obtained from José-Yacamán et 
al.[7] by using the bulk anisotropy constant of bcc Fe, K = 104Jm–3. The resultant volume is 10–23 m3 that 
corresponds to L = 28 nm. It is important to take into account that if the size of the NPs increases from 28 
to 36 nm, the relaxation time (as due to its exponential dependence) should change from 128 to 1014 sec.  

For very small NPs with a high ns/nv ratio, it becomes interesting to know which is the anisotropy 
constant K to be properly included in expression (7). Magnetic anisotropy is a local concept that rises 
from the combination of the spin-orbit coupling in the magnetic atom and the lack of spherical symmetry 
in the electric charge distribution of its environment. All the atoms located at the surface undergo a local 
electric field due to the neighboring atoms with symmetry different to that of the bulk. In fact, one-half of 
the coordination sphere is different to that characteristic of the internal atoms. This difference in 
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symmetry, together with the difference in spatial charge distribution associated with surface states, leads 
to a different value of the anisotropy, known as surface anisotropy. Therefore, in NPs, the local anisotropy 
constant must be an average of bulk and surface anisotropy. The larger deviation from the spherical 
symmetry corresponding to the surface atoms tends generally to enhance the surface anisotropy constant 
with respect to that of the bulk.  

The more exciting observation of anisotropy enhancement was done by Gambardella et al.[17] that 
measured, by circular dichroism, the magnetization curve of a single Co atom deposited onto a Pt 
substrate along both parallel and perpendicular direction to the Pt film. At 5 K, they observed a clear 
anisotropy indicating a blocked atomic magnetic moment. The giant value of the anisotropy constant 
required to block an isolated atomic moment is higher than 108 J·m–3 or 10 meV per atom. These values 
can be reached as a consequence of the high strength of the spin-orbit coupling in metals with high atomic 
weight as is the case of Pt and Au (1.5 eV). Recently, orbital magnetism achieved remarkable 
importance[18,19,20,21]. Note that when the magnetic moment is originated by the orbital angular 
momentum, the anisotropy can be very high without involving spin-orbit coupling. Since the angular 
momentum describes the symmetry of the electric charge distribution, any rotation of the magnetic 
moment leads to a rotation of the charge distribution. The energy required to rotate the charge distribution 
that coincides with the anisotropy energy eventually can be high due to direct electrostatic interactions 
with the local electric field.  

PREPARATION TECHNIQUES 

In the following, we present a survey of different methods available to develop metallic NPs, stating the 
main advantages and limitations of each technique (the methods to obtain magnetic NPs are not different 
to those for metallic NPs in general). Although these are not the only methods to develop NPs, they are 
the most commonly used. 

Chemical Synthesis 

Chemical methods are probably the best established for the development of NPs[5,22,23,24,25,26,27, 
28,29,30,31,32,33,34]. In general, these methods promote the precipitation of a nuclei constituted by few 
metallic atoms and subsequent growth. If the growing process is well controlled, it is possible to obtain a 
narrow size distribution of monodispersed NPs[23,26,27]. The general procedure is the solution of salts 
containing the specific metal. In the presence of a liquid with an appropriate pH, the salts decompose, 
liberating the metallic ions. Those ions tend to join, forming particles, and if the growth of such particles 
is blocked when they are small in the nanometer size range, metallic NPs are obtained. In order to block 
the particle growth, these methods usually include capping agents that bond to the metallic atoms and 
prevent them from joining other metallic atoms. The size of the NP can be tuned by controlling the ratio 
of metallic atoms to capping species in the initial precursors[35]. While in some cases the capping agent 
just passivates the NP, avoiding further growth, in others, they strongly interact with the NP surface 
atoms modifying the electronic structure and, therefore, their properties. As the NP has a large fraction of 
atoms at the surface, the capping agents can strongly modify the properties of the whole NP[10,35,36]. 
Consequently, it is meaningless to discuss the properties of the NP irrespective of the capping layer. It is 
the whole nanoentity formed by the NP and the capping layer that stands the properties.  

As the metal concentration must be very low to avoid the nucleation and growth of large NPs, the 
final product is usually in the order of milligrams. However, there are some methods that allow us to 
prepare large quantities of NPs[31,37]. 
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Sol-Gel Route 

Sol-gel is a particular chemical technique for processing inorganic glasses and ceramics at very low 
temperatures[38,39,40]. However, if controlled quantities of metallic elements are included in the initial 
precursors, they can diffuse along the glass and form NPs inside the solid matrix. Thus, the method is 
suitable to develop magnetic NPs into a solid matrix[41,42,43,44,45,46,47,48]. As the matrix makes the 
diffusion of metallic atoms difficult to nucleate and grow NPs, the sol-gel route allows us to control the 
particle size quite accurately, besides giving a material support for the NPs.  

Fig. 5 gives a survey of this technique. Initially the precursors — chemical species containing the 
final constituent materials — are mixed. For silica glassy matrices, the typical precursors are 
tetraethylorothosilicate (TEOS), tetramethylorothosilicate (TMOS), and methyl-trietoxisylane (M3ES). In 
the presence of a solution with an appropriate pH, the precursors are hydrolyzed, breaking into smaller 
units. Silica precursors usually form Si(OH)4 groups, while the salt used as precursor of the metallic 
atoms breaks into a metallic ion plus cations. For instance, iron nitride that is used as precursor for Fe, 
follows the reaction Fe(NO3)3→Fe3++3NO3[48]. Subsequently, the small Si(OH)4 groups start to join each 
other (polycondensation), forming structures of nanometric size, which is called sol. In this step, the 
metallic ions join the network by means of oxygen bonds. In the gelation step, those nanostructures grow 
to form a bulk network, while the system loses water content, the viscosity increases and the system 
passes to the solid state. The system is aged for a few days while polycondensation continues and the 
porosity of the material is reduced. The gel is then dried at room temperature (or slightly above) to reduce 
the water content. Finally, the material is heated in order to remove the water and the rest of organic 
matter entrapped into the pores. This is an optional step that determines the density of the material and, 
therefore, the mechanical consistence. Depending on the metal and fabrication parameters, the NPs can be 
formed before heating inside the glassy matrix. Otherwise, their nucleation and growth can be induced by 
annealing, which favors the diffusion of metallic atoms along the matrix to join another atoms and create 
NPs. The temperature, time, and atmosphere of the treatment control the final size distribution of the NPs. 
This method allows growth of core-shell NPs[46,47] and also alloys[41,42,43,45,49]. 

Ion Implantation 

Ion implantation is a well-established technique initially designated to dope materials (mainly 
semiconductors)[50], but it is also applied successfully to develop metallic NPs into solid 
matrices[51,52,53,54,55,56,57]. Fig. 6 describes the experimental set-up to perform ion implantation. The 
technique is based on generating a plasma with the ions to be implanted. The ions are extracted and 
preaccelerated to select the mass by means of a magnet. Once the beam is free of impurities, it is 
accelerated to the desired energy and implanted on the substrate. As the ions are implanted, the substrate 
charges electrically and if it is an insulator, the charge cannot be eliminated via a ground connection. Due 
to the excess of charge, the electric field can interact with the ion beam, modifying the implantation 
process. To avoid this problem, some devices have an electron gun that compensates the charge of the ion 
beam. The dose and energy of the implanted ion will determine the final concentration profile of the 
implanted species into the solid. If the dose is large enough, NPs are formed inside the substrate. 
Furthermore, even if the doses are low, subsequent annealing can promote the diffusion of the ions and, 
therefore, the nucleation of NPs. The main advantage of the technique is that by controlling the 
implantation parameters (dose and energy) and the subsequent annealing process (temperature, time, and 
atmosphere), it is possible to tailor the NP composition, size, and spatial distribution. The technique 
results are particularly interesting for development of alloy NPs[55]. When different species are 
implanted subsequently, the implantation order can alter the structure of the NP completely[58]. For 
instance, when FeAl NP are formed by sequential ion implantation, it is found that if the Fe is implanted 
first, it yields to core-shell structures, while implanting Al before Fe gives rise to bcc Fe-Al alloy 
NPs[59,60]. 
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FIGURE 5. Survey of the sol-gel method. 
 
 

Ion 
source 

Chamber 
(anode) 

Plasma 

Gas 
input 

Filament (cathode) 

Preaccelerators 

Ion acceleration column 
Mass 
discriminator 

Magnetic 
lenses 

Electrons gun 

Magnet 

Extraction 
electrode 

Magnet 
Substrate 

Implantation 
chamber 

 
FIGURE 6. Scheme of the experimental set-up for ion implantation. 
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Amorphous Nanocrystallization 

NPs can be obtained from amorphous material (bulk, ribbons, wires, etc.) by controlled 
nanocrystallization[61,62,63,64,65,66,67,68,69,70,71,72,73]. As the amorphous is a nonequilibrium state, 
when the material is subjected to thermal treatments, the crystallization of the material takes place. The 
crystallization process consists of the nucleation of small nanocrystals and subsequent growth up to the 
percolation. If the crystallization process is stopped in the first stages, before percolation takes place, the 
result is a distribution of NPs embedded into an amorphous matrix. The temperature, atmosphere, and 
time of the annealing process allow control of the size distribution of the NPs. NPs obtained by this 
method usually exhibit anisotropy fairly larger than the amorphous matrix that is magnetically soft. Thus, 
the coupling of the NPs with the amorphous matrix and with other NPs can give rise to different magnetic 
behaviors[64,74]. These nanocomposites formed by nanocrystals embedded into an amorphous matrix 
create very interesting results for the development of sensors and detectors[75]. Obviously, the NPs that 
can be obtained by this method are restricted to those compositions for which it is possible to obtain 
amorphous metals, mainly FeB-based alloys. 

Film Deposition Techniques  

Film deposition techniques such as sputtering, plasma laser deposition, or evaporation can also be used to 
fabricate NPs[76,77,78,79,80,81,82,83]. The most common technique to obtain the NPs consists of 
depositing continuous thin films and promoting nanocrystallization processes in a way similar to that of 
the amorphous nanocrystallization process described above. In this case, the results are nanocrystals 
embedded in an amorphous film. If a film with a composition different to NPs is desired, it can be 
achieved by depositing multilayers or by codeposition processes. For instance, FePt NPs embedded into 
Ag matrices can be obtained by depositing multilayers of FePt/Ag and annealing at low 
temperatures[77,84]. Similarly, Fe, Co, or Ni NPs into silica matrix have been prepared by codeposition 
of the metal and the silica[85].  

If the deposited dose is below one monolayer, the metallic atoms tend to diffuse on the surface of the 
substrate, forming islands of nanometric size which are a kind of NP[86,87,88]. The temperature and 
atmosphere during deposition, as well as metal substrate interaction, will govern the diffusion on the 
substrate surface.  

High-Energy Ball Milling 

In recent years, high-energy ball milling and mechanical alloying have emerged as alternative synthesis 
techniques for phases far from equilibrium conditions. Both can be considered as solid-state powder 
processing techniques involving repeated welding, fracture, and rewelding of powder particles in a high-
energy ball mill. The process is carried out in a vial where blended elemental or prealloyed powders are 
introduced together with a single or several balls. The vial is then subjected to a specific movement 
depending on the type of milling device. The energy of the process depends on several factors such as the 
type of milling device, milling container, amplitude of vibration, rotational speed, and ball-to-powder 
ratio, among others. In all cases, the main event that occurs is the ball-powder-ball collision. Powder 
particles are trapped between the colliding balls and undergo deformation, cold welding, and fracture 
processes that define the final structure of the powder. The nature of the processes depends on the 
mechanical behavior of the powder components, their equilibrium phases, and the induced stresses by 
milling. A review on mechanical alloying and milling can be found in Suryanarayana[89]. Although it 
was developed to produce oxide-dispersion strengthened (ODS) alloys by Benjamin and co-workers in 
the late 1960s[90], the process attracted new interest in the early 1980s since it was discovered that solid-
state amorphization can be induced by high-energy ball milling[91]. Since then, it has been shown as a 
powerful synthesis method that allows us to obtain a wide variety of equilibrium and nonequilibrium 

 982



Hernando et al.: Metallic Magnetic Nanoparticles  TheScientificWorldJOURNAL (2005) 5, 972–1001
 

phases, including metastable crystalline and quasicrystalline phases, amorphous alloys, supersaturated 
nanocrystalline solid solutions, and nanostructures[89,92,93].  

As will be shown, one of the main aspects that occurs on milling is the refinement of the microstructure 
of the starting materials up to the nanoscale regime. This process modifies the free energy curves of the 
system with respect to the equilibrium conditions. In some cases, it allows the stabilization of nanostructures 
as occurs in the case of nanocrystalline Pd. As an example, Fig. 7 shows the evolution on milling of high-
purity Pd powders. Agatha vials and balls were used to prevent contamination coming from the milling 
media. The peaks corresponding to face-centered cubic Pd become broader as the milling time is increased, 
indicating a refinement of the crystallite size and an increase of the atomic level strain induced by milling. In 
the case of Pd, the average crystallite size achieved by milling is around 19 nm. Fig. 8 shows a TEM 
micrograph of the particles obtained after 6 h of milling. Nanocrystals with average sizes between 20 and 25 
nm are clearly observed in the micrograph.  
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FIGURE 7. XRD pattern from Pd powder milled at different times showing the decrease of particle size. 

  

 
FIGURE 8. TEM micrograph corresponding to Pd powder milled for 6 h (courtesy of B. Sampedro). 
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Eckert et al. have proposed that the minimum grain size achievable by milling is determined by the 
minimum grain size that can sustain a dislocation pile-up within a grain. Thus, the grain size of the NPs 
saturates at a steady-state value and, even with prolonged milling, no further refinement of the grain size 
occurs[94].  

Although high-energy ball milling has some limitations concerning the fabrication of nanostructures 
with particle sizes below 10 nm, it has an enormous advantage when considering the possibility of 
obtaining new nanocrystalline magnetic systems; in particular, solid solutions of immiscible elements. 

As mentioned previously, in most systems, the refinement of the microstructure produces a change of 
the shape of the Gibbs free energy curves with respect to that of the equilibrium conditions, thus allowing 
the synthesis of nonequilibrium phases. For instance, this is what occurs in the case of immiscible 
elements such as Fe and Cu, or Cu-Co. The Fe-Cu system is a phase-separating system characterized by a 
high and positive enthalpy of mixing. Fig. 9 shows a diagram of the free energy curves for the Fe-Cu 
system[95]. The free energy curves indicate that both the fcc and bcc solid solutions are in a higher 
energy state as compared with a mixture of fcc-Cu and bcc-Fe phases. It was proposed that the alloying is 
only possible when the intense deformation generates nanometer-size fragments of bcc-Fe. This produces 
an increase of the free energy of the fcc-Cu and bcc-Fe mixture due to the increase of the surface energy 
in such a way that the alloy formation is favorable when the bcc-Fe fragments decrease down to a 2-nm 
size. It has been reported that mechanical alloying allows the synthesis of nanocrystalline Fe-Cu solid 
solutions in all the compositional range. The alloys exhibit a face-centered cubic structure when the Fe 
content is below 60 at.%, and a body centered structure when the Fe content is above 70 at.%. It should be 
also noticed that the alloying promotes ferromagnetism in the fcc-Fe-Cu alloys although fcc-Fe and fcc-
Cu are not ferromagnetic at ground state. A review on Fe-Cu solid solutions can be found in Crespo and 
Hernando[96]. 
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FIGURE 9. Diagram of the free energy curves for the Fe-Cu system. 

CHARACTERIZATION TECHNIQUES 

Characterization techniques for NPs (both structural and magnetic) are mainly those used in general in 
materials science and are too extensive to be reviewed here. In the following, we describe some 
techniques whose results are particularly suitable for the study of NPs, paying particular attention to the 
information that can be achieved by means of these techniques. 
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Surface Plasmon Resonance 

Interaction of light with NPs creates results that are very interesting for the analysis of the NP because it 
is largely dependent on the particle size and reflects the changes in the electronic structure of the NP with 
the number of atoms. 

Surface Plasmon Resonance (SPR) is one of the most outstanding optical properties of metallic 
NPs[97,98,99]. SPR consists of a collective oscillation of the conduction electron inside the NP. The 
excess of charge produced at the surface because of electron movement acts as a restoring force (see Fig. 
10), while the electron movement is damped mainly because of the electron interaction with atomic cores 
and NP surface. 

 
FIGURE 10. SPR of metallic NPs. When the light passes through the NP, the electric 
field makes the electrons oscillate inside the NP. The excess of charge creates an electric 
field opposite to that applied. 

The system acts as a damped oscillator with a resonance frequency that, for most of the transition 
metals, lies on the UV-Vis part of the spectrum. Hence, the NP exhibits an absorption band in this region 
of the optical absorption spectrum. As the damping depends strongly on the particle size, the shape of the 
SRP also does as Fig. 11 shows. Therefore, the analysis of SPR provides information about the particle 
size and electronic configuration of the NP. The presence of SPR is a fingerprint of free electrons inside 
the NP (and, therefore, of its metallic character), while the absence indicates the localization of electrons. 
Recent measurement on Au NP capped with different molecular species showed that certain capping 
agents yield to charge localization at the NP surface and, therefore, the SPR disappears from the spectrum 
as shown in Fig. 11. 

Besides the SPR, interband transitions absorption also provides information about the electronic 
structure of the NP. As Fig. 1 shows, metallic NP presents a states distribution that is intermediate 
between single atoms and bulk materials; there are some energy bands, but these are not large enough to 
overlap. Thus, it is possible to excite electrons from one band to another by absorption of one photon. 
Therefore, interband transitions will give rise to a border in the optical absorption spectrum. Depending 
on the particular metal, this border can fall on the SPR band or be separated. 
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FIGURE 11. (a) SPR from Au NPs with R = 2 nm ( ), 3 nm ( ), 5 nm ( ), 10 nm ( ), and 20 
nm (•); (b) SPR from Au NP capped with a surfactant (top) and with thiols (bottom)[10,99]. 

X-ray Techniques 

X-ray Diffraction 

X-Ray Diffraction (XRD) and absorption experiments are commonly used in materials science as these 
techniques provide information about the size, structure, and electronic distribution of 
materials[67,69,100].  

While diffraction peaks are about delta functions for bulk crystalline materials, for small NPs, the 
peaks are broad. The width of the peaks increases as the nanocrystal size decreases, so it is possible to 
measure the average size from the XRD patterns using the Debye-Scherrer equation[69]. 

The small size of the NP and the low crystallinity of the samples imply a low signal when interacting 
with X-rays[101]. Thus, large intensities of X-rays are desired in order to get good signal-to-noise ratio in 
the measurements. Therefore, synchrotron radiation is very suitable both for diffraction and absorption 
experiments, in particular for NPs below 4-nm size. For these sizes, the large intensities of synchrotron 
radiation allow spectra collection in a few hours that should take several weeks in a conventional X-ray 
diffractometer. In addition to being able to check the existence of small nanocrystals, XRD experiments 
are interesting in order to analyze the size effects on the crystal structure of the NPs. In general, small 
NPs (below 5-nm size) exhibit a larger lattice parameter than the corresponding bulk materials, in order to 
reduce the surface energy which is comparable to the energy volume at these sizes. As the surface energy 
will obviously depend on the capping species, the lattice expansion depends not only on the particle size, 
but also on this capping agent. The large intensity of synchrotron radiation allows us to obtain low-noise 
diffraction spectra that permit us to calculate the lattice parameter very accurately and, therefore, to 
determine small changes with respect to bulk materials. As an example, small Au NPs exhibit a 
significant contraction in the lattice parameters with respect to bulk Au because of size and surface 
effects[36,102,103]. However, when the NPs are capped with thiols, the effect is not so pronounced.  

X-ray Absorption Spectroscopies 

Another advantage of synchrotron radiation is the large spectrum of X-rays, which allows us to perform 
spectroscopy. The X-ray absorption experiments also provide interesting information about the electronic 
configuration of the NPs. In particular, X-ray Absorption Near Edge Spectroscopy (XANES) gives 
information about the population around the Fermi level. As an example, Fig. 12 shows the XANES 
spectra for Au NP capped with different capping agents[10]. The sample is illuminated with X-rays in the 
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energy range close to the energy difference between two electronic levels, in this case, the 2p and 5d 
levels. Electrons at the 2p level can absorb a photon and pass to the 5d level. The rate of transitions (and, 
therefore, the intensity of X-ray absorption) will depend on the number of empty states in this later 
orbital. Therefore, XANES spectra give information about the electronic structure of the samples. While 
for the sample named Au-NR (Au NPs capped with tetraalkylammonium) the electronic configuration is 
similar to that of bulk Au, the sample Au-SR (Au NPs capped with thiols) presents and enhanced 
absorption ascribed to a higher density of empty states at the 5d orbital. This difference is due to the 
charge transfer from Au to S atoms at the end of the thiol chain.  
 

 
FIGURE 12. (Left) XANES spectra of Au NP capped with two different molecules. The spectra of foil 
Au is also presented for comparison. (Right) EXAFS spectra corresponding to the same samples. From 
Ref. [10].  
 
 

Another interesting technique based on X-ray absorption experiments is the Extended X-ray Fine 
Absorption Structure (EXAFS). The analysis of the X-ray absorption spectra close to the absorption edge 
permits, by means of a Fourier Transform, determination of the interatomic distances, identifying bonds 
present in the NP and, therefore, giving valuable information about its structure. This technique can be 
very useful to analyze possible segregation of a certain element or the formation of alloys inside the NP. 
In the case of Au NPs capped with thiols, the EXAFS spectra show the presence of Au atoms bonded to 
the S atoms at the end of thiol chains (see Fig. 12). 

X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is a particular X-ray absorption technique that does not require 
synchrotron radiation since it can be performed with monochromatic X-rays and the results are very 
useful to analyze magnetic NPs[104,105,106,107,108,109,110]. The principles of the technique are shown 
in Fig. 13. The sample is illuminated with monochromatic X-rays energetic enough to pull out electrons 
from the atom. When an electron absorbs a photon, it leaves the atom with a kinetic energy Ek = Eγ – E0 
with Eγ being the photon energy and E0 the energy corresponding to the original orbital of the electron. As 
the electronic levels in the atoms are discrete, we found peaks in the energy spectra of photoemited 
electrons. Analyzing those peaks, we obtain information about the orbital energy, i.e., information about 
the energy levels of the atom. Since these energy levels are characteristic of each atom, the technique 
allows us to detect the presence of particular elements. Moreover, the outer energy levels of the atoms are 
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modified by the crystalline field in the presence of other atoms, which turns into shift of the XPS peaks. 
Therefore, it is possible to determine the environment of the atom, ionizing states, and particular bonds to 
other atoms. For instance, Fe2+ and Fe3+ can be identified separately by means of XPS[104,105]. 
Similarly, Co NPs with bcc or fcc structure can be distinguished by means of this technique[106]. In the 
case of NPs with a large fraction of the atoms at the surface, XPS measurements can be used to study the 
interaction of capping agents[107,109]. A recent work on Ni NPs showed how capping with silica alters 
the electronic structure of the samples[107]. 

 

X-Ray 

Ionized state 

Eγ

E0

EK=Eγ-E0

Atomic levels  
FIGURE 13. Scheme of XPS process. 

X-ray Circular Magnetic Dichroism 

X-ray Circular Magnetic Dichroism (XCMD) is a magnetometric technique that is particularly interesting 
for the analysis of NPs[17,86,87,88,111,112,113,114,115]. Usually, NPs are embedded in a medium or 
deposited onto a substrate in which they only represent a small percentage of the total mass. Thus, the 
presence of impurities in the surrounding media can lead to large mistakes in the measurement of their 
magnetic properties.  

The XCMD is based on the fact that the absorption of light by the 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 light right-
handed polarized or left-handed polarized, as Fig. 14 illustrates. Actually, measuring the absorption of 
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 
contribution to the magnetic moment. 

As the measurements are carried out at the absorption edge of a certain element, we only observe the 
contribution of this particular element. This feature is particularly interesting when dealing with alloy 
NPs, as it allows us to measure separately the contribution of each element to the total magnetization. For 
instance, contribution of Fe and Pt to magnetization of Fe-Pt nanostructures has been recently measured 
separately showing that, surprisingly, the presence of Pt increases the magnetization of Fe[116]. 
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Electron Microscopy 

Nowadays, the most powerful tool to image metallic NPs is Transmission Electron Microscopy 
(TEM)[117]. In particular, High Resolution Electron Microscopy (HREM) provides accurate data about the 
size, shape, and crystallography of the NP, which cannot be achieved by any other technique[7,9,10,118]. 
HREM has atomic resolution that allows us to determine the crystallographic structure and lattice parameter 
of very small NPs, as well as the presence of defects (see Fig. 15). An interesting mode of TEM is the 
Selected Area Electron Diffraction (SAED). While XRD gives average information on the sample, SAED 
allows us to obtain the diffraction pattern from a single NP and, therefore, it presents the possibility for 
studying changes in the crystallography for particles with different size. Fourier Fast Transform is also a 
powerful tool to analyze the HREM images with excellent results[9,10]. 

 

FIGURE 14. Scheme of the principles of XMCD. From ref. [112]. Reproduced with permission of the author. 
 

Scanning Probe Microscopies  

Scanning Probe Microscopies (SPM) are powerful techniques that are complementary to TEM 
measurements[119]. While the TEM gives information about the total volume of the NP, SPM deal only 
with the surface. The main advantage of the SPM is that they are noninvasive techniques that do not 
modify the nanostructures, as can happen with the energetic electronic beam of TEM. Those SPM 
techniques scan the surface of the sample with a tip that is moved by means of piezoelectricity and 
measure different kinds of interactions between the tip and the sample. Scanning Tunneling Microscopy 
(STM) measures the tunnel current between the sample to the tip that depends on their proximity and on 
the electronic configuration of the sample. STM has atomic resolution and gives information not only on 
the topography of the sample, but also on the electronic density of the sample. However, STM is limited 
to conducting samples and it is hard to obtain information from insulating samples that must be covered 
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with a layer of conducting material to perform the measurements. Atomic Force Microscopy (AFM) is 
another kind of SPM. In the dynamic modes[120], the tip is initially forced to oscillate at its resonant 
frequency by means of piezoelectricity. When the tip approaches the sample, there are changes in the tip 
oscillation (amplitude resonant frequency, etc.) due to tip-sample interactions, which are measured by 
using a laser and a photodiode as Fig. 16 illustrates. As the tip scans over the sample surface, we get a 
topographic image of the sample. It is a noninvasive technique with a lower resolution than SPM, but it is 
possible to observe even a 1-nm size NP, and there is no limitation on the nature of the 
NP[33,121,122,123,124]. As an example, Fig. 17 shows AFM images of small metallic NPs onto a mica 
substrate[125]. In any case, AFM measurements of small NPs must be carried out carefully as the 
observation of these NPs is not straightforward and can lead to large mistakes in sizing them. In 
particular, while the NP height measured by AFM is quite accurate, the width is largely distorted by the 
convolution with the tip geometry. 

 
FIGURE 15. (a) Fourier-filtered HRTEM image of a Pd NP (diameter ~ 2 nm). The twin boundary is arrowed; (b) corresponding 
FT diffraction pattern along the [111] crystallographic direction. The splitting of the FT spots due to twinning is indicated; (c) 
Fourier-filtered HRTEM image of a Pd nanocrystal (diameter ~ 4:4 nm) showing two twin boundaries. From ref. [9]. 
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FIGURE 16. Scheme of AFM (left) and MFM (right) measurements process. 
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FIGURE 17. (a) AFM images of 2.4-nm Pd NPs onto a mica substrate; (b) 
height profile along the indicated line. (Courtesy of I. Carabias.) 

SPM results are complementary to TEM measurements. While TEM only sees the metallic core of the 
NP, the SPM measures the whole ensemble formed by the NP and the capping layer, so both 
measurements can give information about the structure of the nanoentity. 

A particular working mode of the AFM is Magnetic Force Microscopy (MFM)[114,119]. For these 
measurements, the AFM tip is capped with a magnetic material. Thus, beside the atomic forces, there is a 
magnetic interaction between the NP and the tip[126,127,128,129,130]. Different than the Van der Waals 
interactions, the magnetic forces are of large range and, therefore, the dominant choice for distances 
larger than tens of nanometers. To obtain information about the magnetic state of the sample, the 
procedure is as follows (described in Fig. 16): initially a scan is performed on the sample with the tip very 
close to the sample. In this situation, the atomic forces are larger than the magnetic ones that can be 
neglected and we obtain a pure topographic profile of the sample. Subsequently, we move the tip up 
(distance about 100 nm) and we repeat the previous scan profile. In this mode, the tip is always at the 
same distance to the sample and there is no topographic contrast, so we get magnetic contrast. 

The main limitation of the MFM measurements is that they require a large magnetic signal. As the 
magnetic measurements are performed at distances around 100 nm and the tip mass is large compared 
with NP size, if the NP is small or the magnetization is low, it is not possible to observe perturbation in 
the tip oscillations due to magnetic interactions. Thus, magnetic contrast in NPs is achieved only for NPs 
with high saturation magnetization and sizes of tens of nanometers.  

RECENT EXPERIMENTAL RESULTS 

As explained above, the nanoscale alters the properties of bulk ferromagnetic materials that, in the form 
of NPs, show different coercivity, remanence, relaxation time, etc. However, this is not the only effect of 
nanoscale on the magnetic properties of the materials. Recent experimental results showed that the 
nanoscale can also induce ferromagnetic behavior in materials that are nonferromagnetic in bulk state.  

In particular, it has been demonstrated that small Pd NPs show ferromagnetic behavior[9,131] as 
shown in Fig. 18. Pd is an fcc metal exhibiting Pauli-enhanced paramagnetism and close to ferromagnetic 
instability. Although Pd has a large density of states at the Fermi level, (N(EF) = 1.23 eV–1 spin–1·atom–1), 
it is not enough to satisfy the Stoner criterion for ferromagnetism (for Pd J = 0.71 eV and, therefore, 
N(EF)·J = 0.87 < 1). Surprisingly, in this NP, the magnetic behavior is almost independent of T in the 
range 5–300 K, without superparamagnetic effects, as it happens for NPs of bulk ferromagnetic materials. 
The detailed analysis performed by TEM on these NPs (see Fig. 15) showed that most of these NPs 
exhibit 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 us to avoid the most energetic orientations, therefore reducing the surface energy. The 
twin boundary formation energy for fcc metals is quite low and, thus, in the energy balance, these twin 
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boundaries reduce the total (surface plus volume) energy. In this situation, the 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 d band into 
the t2g and eg sublevels and, therefore, it yields to narrowing of the band. Hence, in the vicinity of those 
atoms, there is a higher density of states that could be enough to satisfy the Stoner criterion. 

More astonishing is the case of Au NPs that also exhibit ferromagnetic behavior up to room 
temperature[10]. Differently to the case of Pd, Au is diamagnetic with a very low density of states at the 
Fermi level (N(EF) = 0.3 eV–1 ·spin–1 atom–1). For Au NPs, the presence of ferromagnetic behavior is 
associated to selective capping of the NP with certain molecules. Au NPs capped with weak interacting 
tetraalkylammonium that merely passivate the particle and avoid further growth (named Au-NR) show 
diamagnetic behavior as bulk Au does (Fig. 19). On the contrary, Au NPs capped with strongly 
interacting thiols (named Ay-SR) exhibit ferromagnetism up to room temperature as shown in Fig. 19. In 
this case, the presence of ferromagnetic behavior is associated with the covalent bond between Au atoms 
at the NP surface and the S atoms at the end of the thiol chain. This bond gives rise to a charge transfer 
from the Au to the S (see “X-ray Absorption Spectroscopies” and Fig. 12), therefore modifying the 
electronic configuration of both atoms and, consequently, the value of their magnetic moments.  
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FIGURE 18. (a) Hysteresis loops of 2.4-nm Pd NPs; (b) thermal dependence of the magnetization (data from bulk Pd are also 
shown for comparison). From ref. [9]. 
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FIGURE 19. Hysteresis loops from 1.4-n Au NPs capped with (left) tetraalkylammonium and (right) thiols. From ref. [10]. 
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Experiments carried out on Au thin film capped with thiols confirmed that magnetism is associated to 
the bond[11]. In this case, ferromagnetic behavior is observed when the field is applied perpendicular to 
the film (i.e., parallel to the bond) whereas a very weak signal is found when the field is applied parallel 
to the film.  

Although the ferromagnetic behavior of Pd and Au NPs has different origin, they present a common 
feature: the presence of ferromagnetic behavior up to room temperature without superparamagnetic 
effects and this is a fingerprint of a huge anisotropy. In the case of Pd, such anisotropy can arise from the 
lack of symmetry already pointed out, that should block the orbital momentum in certain directions. Then, 
the large spin-orbit coupling should block also the spin in these directions, accounting for the observed 
anisotropy as explained in “Surface Anisotropy and Superparamagnetism in Nanoparticles”. For the Au 
NPs, spin-orbit coupling can also be invoked as the origin of the huge anisotropy, but in this case, there 
are other possibilities. As explained above, the magnetism is associated to the Au-S bond and the 
magnetic moment can be in both atoms. While the spin-orbit coupling (1.5 eV) for magnetic moments in 
Au can be responsible for the anisotropy, the magnetic moments hold by the S atom could be orbital from 
the electron participating in the bond, whose orbital moment is blocked by the bond (with typical energy 
of few eV).  

BIOMEDICAL APPLICATIONS 

Magnetic NPs have a lot of potential applications in many fields that will not be described here. We will 
summarize some biomedical applications that have received great interest in the last years as an example 
of cross-disciplines in nanoscience and nanotechnology.  

NPs are within the size of biological entities (from few nanometers up to about 100 μm), so they are 
very interesting for biomedical applications. Those agents are cells (10–100 μm), viruses (20–450 nm), 
proteins (5–50 nm), or genes (2 nm wide and 10–100 nm long), so magnetic particles with different sizes 
are needed. Among the different kinds of nanostructures, magnetic NPs (NP) are particularly attractive 
because they can be remotely controlled via magnetic fields that penetrate easily into organic tissue and 
act at distance (without contacts). Nowadays, in the frame of biomedicine, there are mainly four different 
applications of magnetic NPs[5,132,133,134,135] clearly identified: 

• Cell separation — The particles are capped with molecules that tag to certain target entitites 
(cells, viruses, genes, etc.) in liquid solutions. Once the target has been reached, the particles are 
separated via a magnetic field.  

• Drug delivery — The drugs for several treatments (mainly chemotherapy) are attached to the 
magnetic NPs and put into the blood vessel. By applying magnetic fields in the region close to the 
damaged part of the body, those drugs can be confined in this region, enhancing their 
effectiveness. Besides, it reduces the effect on the rest of the body, allowing the use of more 
active drugs. 

• Hyperthermia — Ferromagnetic NPs are capped with molecules that tag to tumor cells when 
circulating into the cardiovascular system. The application of alternating magnetic fields yields to 
heat dissipation (proportional to hysteresis loop area) that can selectively kill tumor cells that die 
at a temperature slightly lower than healthy cells. 

• Magnetic resonance imaging — In this technique, magnetic NPs are capped with tags to detect 
certain types of cellular receptors (typically tumor cells)[136,137]. Thus, when the particles are 
injected into the blood vessel, they circulate until they reach their target, remaining localized at 
this point. The presence of these particles originates a faster relaxation of the water molecules in 
the vicinity of the ferromagnetic particle that reduces significantly the intensity of its nuclear 
magnetic resonance signal and causes darkening in the images. 
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Fig. 20 summarizes the scheme of some of those processes. The main limitation in the use of 
magnetic NPs for biomedical applications is the low biocompatibility of classical magnetic materials. Ni 
and Co are toxic and susceptible to oxidation, so they are overlooked when considering biomedical 
applications[133,138]. Although the human body is designed to process Fe (in the human body, Fe is 
stored in the core of protein ferritin), its bioavailability is limited and can be toxic to cells[139]. Thus, the 
recent discovery of ferromagnetism at room temperature in noble metal NPs (highly biocompatible) can 
help to overcome this limit. 

Hence, currently, magnetic NPs used for biomedical applications are mainly formed by a magnetic 
core (usually magnetite Fe3O4 or maghemite γ-Fe2O3) with biocompatible coatings (for instance, SiO2) to 
avoid direct contact of the magnetic nuclei with the biological fluids that could oxidize or dissolve it[5]. 
Finally, the NPs are capped with appropriate molecules to functionalize them. In some cases, these 
molecules are also the biocompatible coating. The role of the functional molecules is to tag the NPs and 
favor that they fix at certain target positions inside the biological tissue: specific cells, genes, and/or 
chains. 

 

 

(c) 

AC Field 

(a) 

(b) 

FIGURE 20. Scheme of the (a) cell separation, (b) drug delivery, and (c) hyperthermia using magnetic NP. (From refs. [5,132,134]). 
Reproduced with permission of the authors. 
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These NPs (or nanoentities formed by the NP, coating, and functional molecules) can be quite large. 
Therefore, when they move inside the biological tissue, the magnetic force must overcome the fluid 
viscosity that is proportional to the particle radius[132]. The magnetic force also increases with the 
volume (i.e., with R3), but only with the volume of the magnetic core. Recent studies showed that the NP 
sizes must be limited in order to increase their effectiveness in biomedical applications. Large particles do 
not diffuse easily through intercellular spaces and tend to remain attached to the walls of the vascular 
system when put into the blood vessels. Thus, much effort is required in this field in order to increase the 
use of NPs in those biomedical applications. However, the potential advantages of using these NPs are so 
huge that all efforts put forth in this direction are worthy. 

CONCLUSIONS 

In summary, it has been shown that decreasing particle size to the nanoscale leads to the appearance of 
new phenomena that are not observed at bulk scale, opening a wide world of applications of nanoparticles 
into different physical and chemical areas. The combination of new preparation techniques that allow us 
to obtain nanoparticles with narrow and well-defined size distribution profiles, with powerful 
characterization techniques, is giving a deep insight into the microscopic mechanisms responsible for that 
new phenomenology. In this way, it has been reported how the combination of size and surface effects 
could deeply modify the electronic structure of the nanoentities promoting a magnetic behavior 
completely unexpected in bulk state. The possibility of fabrication of tailored nanoparticles for a specific 
purpose, such as biomedical applications, opens a new era for material science. 

REFERENCES 

1. Halperin, W.P. (1986) Quantum size effects in metal particles. Rev. Mod. Phys. 58, 533–606.  
2. Bean, C.P. and Livingston, J.D. (1959) Superparamagnetism. J. Appl. Phys. 30, 120S–129S. 
3. Hernando, A. (1999) Magnetic properties and spin disorder in nanocrystalline materials. J. Phys. Cond. Mater. 11, 

9455–9482. 
4. Labarta, A. and Batlle, X. (2002) Finite-size effects in fine particles: magnetic and transport properties. J. Phys. D 

Appl. Phys. 35, R15–R42. 
5. Tartaj, P., Morales, M.P., Ventemillas-Verdaguer, S., González-Carreño, T., and Serna, C.J. (2003) The preparation 

of magnetic nanoparticles for applications in biomedicine. J. Phys. D Appl. Phys. 36, R182–R197. 
6. Fiorani, D., Ed. (2005) Surface Effects in Magnetic Nanoparticle. Nanostructure Science and Technology Series. 

Springer. chap. 6, 7, 8. 
7. José-Yacamán, M., Marín-Almazo, M., and Ascencio, J.A. (2001) High resolution TEM studies on palladium 

nanoparticles. J. Mol. Catal. A Chem. 173, 61–74. 
8. Vager, Z., Carmeli, I., Leitus, G., Reich, S., and Naaman, R. (2004) Surprising electronic–magnetic properties of 

closed packed organized organic layers. J. Phys. Chem. Sol. 65, 713–717. 
9. Sampedro, B., Crespo, P., Hernando, A., Litrán, R., Sánchez López, J.C., López Cartes, C., Fernandez, A., Ramírez, 

J., González Calbet, J.M., and Vallet, M. (2003) Ferromagnetism in fcc twinned 2.4 nm size Pd nanoparticles. Phys. 
Rev. Lett. 91, 237203. 

10. Crespo, P., Litrán, R., Rojas, T.C., Multigner, M., de la Fuente, J.M., Sánchez-López, J.C., García, M.A., Hernando, 
A., Penadés, S., and Fernández, A. (2004) Permanent magnetism, magnetic anisotropy, and hysteresis of thiol-capped 
gold nanoparticles. Phys. Rev. Lett. 93, 087204. 

11. Carmeli, I., Leitus, G., Naaman, R., Reich, S., and Vager, Z. (2003) Magnetism induced by the organization of self-
assembled monolayers. J. Chem. Phys. 118, 10372–10375 

12. Vager, Z. and Naaman, R. (2004) Bosons as the origin for giant magnetic properties of organic monolayers. Phys. 
Rev. Lett. 92, 087205 

13. Hennion, M., Moussa, F., Lehouelleur, P., Wang, F., Ivanov, A., Mukovskii, Y.M., and Shulyatev, D. (2005) 
Confined spin waves reveal an assembly of nanosize domains in ferromagnetic La1-xCaxMnO3 (x = 0.17,0.2). Phys. 
Rev. Lett. 94, 057006. 

14. Crespo, P., González, J.M., Hernando, A., and Yndurain, F.J. (2004) Spin-wave excitations in ribbon-shapped Fe 
nanoparticles. Phys. Rev. B 69, 012403. 

 995



Hernando et al.: Metallic Magnetic Nanoparticles  TheScientificWorldJOURNAL (2005) 5, 972–1001
 

15. Li, Y., Xiong, P., Von Molnar, S., Ohno, Y., and Ohno, H. (2005) Magnetization reversal in elongated Fe 
nanoparticles Phys. Rev. B 71, 214425 

16. Chudnosky, M. and Tejada, J. (1998) Quantum Tunnelling of Magnetic Moment. Cambridge University Press, 
Cambridge, UK. 

17. Gambardella, P., Rusponi, S., Veronese, M., Dhesi, S.S., Grazioli, C., Dallmeyer, A., Cabria, I., Zeller, R., Dederichs, 
P.H., Kern, K., Carbone, C., and Brune, H. (2003) Giant magnetic anisotropy of single cobalt atoms and 
nanoparticles. Science 300, 1130–1133. 

18. Han, K.H., Spemann, S., Esquinazi, P., Hohne, R., Riede, V., and Butz, T. (2003) Ferromagnetic spots in graphite 
produced by proton irradiation. Adv. Mater. 15, 1719–1722. 

19. Esquinazi, P., Spemann, D., Hohne, R., Setter, A., Han, K.H., and Butz, T. (2003) Induced magnetic ordering by 
proton irradiation in graphite. Phys. Rev. Lett. 91, 227201. 

20. Venkatesan, M., Fitzgerald, C.B., and Coey, J.M.D. (2004) Unexpected magnetism in a dielectric oxide. Nature 430, 
630–630.  

21. Venkatesan, M., Fitzgerald, C.B., Lunney, J.G., and Coey, J.M.D. (2004) Anisotropic ferromagnetism in substituted 
zinc oxide. Phys. Rev. Lett. 93, 177206. 

22. Waters, C.A., Mills, A.J., Jonhson, K.A., and Schiffrin, D.J. (2003) Purification of dodecanethiol derivatised gold 
nanoparticles. Chem. Commun. (Camb.) 2003, 540–541. 

23. Kiely, J.C., Fink, J., Brust, M., Bethell, D., and Schiffrin, D.J. (1998) Spontaneous ordering of bimodal ensembles of 
nanoscopic gold clusters. Nature 396, 444–446. 

24. Massart, R. and Cabuil, V. (1987) Synthese en milieu alcaline de magnetite colloidale. J. Chim. Phys. 84, 967–973. 
25. López-Quintela, M.A. (2003) Synthesis of nanomaterials in microemulsions: formation mechanisms and growth 

control. Curr. Opin. Coll. Int. Sci. 8, 137–144. 
26. Kreibig, U. and Völlmer, M. (1995) Optical Properties of Metal Clusters. Springer-Verlag, Berlin. 
27. Daniel, M.C. and Astruc, D. (2004) Gold nanoparticles: assembly, supramolecular chemistry, quantum-size-related 

properties, and applications toward biology, catalysis, and nanotechnology. Chem. Rev. 104, 293–346. 
28. Tartaj, P. and Serna, C.J. (2003) Synthesis of monodisperse superparamagnetic Fe/silica nanospherical composites. J. 

Am. Chem. Soc. 125, 15754–15755. 
29. Tartaj, P., González-Carreño, T., and Serna, C.J. (2002) Synthesis of nanomagnets dispersed in colloidal silica cages 

with applications in chemical separation. Langmuir 18, 4556–4558.  
30. Núñez, N.O., Tartaj, P., Morales, M.P., Bonville, P., and Serna, C.J. (2004) Yttria-coated FeCo magnetic 

nanoneedles. Chem. Mater. 16, 3119–3124. 
31. Masala, O. and Seshadri, R. (2004) Synthesis routes for large volumes of nanoparticles. Ann. Rev. Mater. Res. 34, 41–

81. 
32. Barrientos, A.G., de la Fuente, J.M., Rojas, T.C., Fernández, A., and Penadés, S. (2003) Gold glyconanoparticles: 

synthetic polyvalent ligands mimicking glycocalyx-like surfaces as tools for glycobiological studies. Chem. Eur. J. 9, 
1909–1921. 

33. de la Fuente, J.M., Eaton, P., Barrientos, A.G., Menéndez, M., and Penadés, S. (2005) Thermodynamic evidence for 
Ca2+-mediated self-aggregation of Lewis X gold glyconanoparticles. A model for cell adhesion via carbohydrate-
carbohydrate interaction. J. Am. Chem. Soc. 127, 6192–6197. 

34. Mainwaring, D., Murugaraj, P., Hussein, A.C., and Rix, C. (2003) Magnetic Nanoparticles. World Patent 
WO2004108330. 

35. Zhang, P. and Sham, T.K. (2003) X-ray studies of the structure and electronic behavior of alkanethiolate-capped gold 
nanoparticles: the interplay of size and surface effects. Phys. Rev. Lett. 90, 245502. 

36. Zhang, P. and Sham, T.K. (2002) Tuning the electronic behavior of Au nanoparticles with capping molecules. Appl. 
Phys. Lett. 81, 736–738. 

37. Martucci, A., Fick, J., Schell, J., Battaglin, G., and Guglielmi, M. (1999) Microstructural and nonlinear optical 
properties of silica–titania sol-gel film doped with PbS quantum dots. J. Appl. Phys. 86, 79–87. 

38. Hench, L.L. and West, J.K. (1990) The sol-gel process. Chem Rev. 90, 33–72. 
39. Mattei, G., de Julián Fernández, C., Mazzoldi, P., Sada, C., De, G., Battaglin, G., Sangregorio, C., and Gatteschi, D. 

(2002) Synthesis, structure, and magnetic properties of Co, Ni, and Co-Ni alloy nanocluster-doped SiO2 films by sol-
gel processing. Chem Mater. 14, 3440–3447. 

40. De, G., Mattei, G., Mazzoldi, P., Sada, C., Battaglin, G., and Quaranta, A. (2000) Au-Cu alloy nanocluster doped 
SiO2 films by sol-gel processing. Chem. Mater. 12, 2157–2160. 

41. Casula, M.F., Corrias, A., Falqui, A., Srin, V., Gatteschi, D., Sangregorio, C., de Julian, C., and Battaglin, G. (2003) 
Characterization of FeCo-SiO2 nanocomposite films prepared by sol-gel dip coating. Chem. Mater. 15, 2201–2207. 

42. Ennas, G., Falqui, A., Marras, S., Sangregorio, C., and Marongiu, G. (2004) Influence of metal content on size, 
dispersion, and magnetic properties of iron-cobalt alloy nanoparticles embedded in silica matrix. Chem. Mater. 16, 
5659–5663. 

43. Sangregorio, C., de Julian, C., Battaglin, G., De, G., Gatteschi, D., Mattei, G., and Mazzoldi, P. (2005) Magnetic 
properties of Co–Ni alloy nanoparticles prepared by the sol-gel technique. J. Magn. Magn. Mater. 272–276(Suppl 1), 
E1251–E1252. 

 996



Hernando et al.: Metallic Magnetic Nanoparticles  TheScientificWorldJOURNAL (2005) 5, 972–1001
 

44. Li, J., Zhai, C., and Liu, M. (2005) Tailoring the magnetic properties of manganese ferrite with substitution of a small 
fraction dysprosium for iron. Solid State Commun. 134, 759–764. 

45. de Julian, C., Sangregorio, C., Mattei, G., De, G., Saber, A., Lo Russo, S., Battaglin, G., Catalana, M., Cattaruzza, E., 
Gonella, F., Gatteschi, D., and Mazzoldi, P. (2001) Structure and magnetic properties of alloy-based nanoparticles 
silica composites prepared by ion-implantation and sol–gel techniques. Mater. Sci. Eng. C 15, 59–61. 

46. Wu, M., Zhang, Y.D., Hui, S., Xiao, T.D., Ge, S., Hines, W.A., and Budnick, J.I. (2002) Structure and magnetic 
properties of SiO2-coated Co nanoparticles. J. Appl. Phys. 92, 491–495. 

47. Zhang, Y.D., Ge, S.H., Zhang, H., and Hui, S. (2004) Effect of spin disorder on magnetic properties of nanostructured 
Ni-ferrite. J. Appl. Phys. 95, 7130–7132. 

48. Silva, N.J.O., Amaral, V.S., Carlos, L.D., and de Zea Bermudez, V. (2003) Magnetic properties of Fe-doped organic–
inorganic nanohybrids. J. Appl. Phys. 93, 6978–6980. 

49. García Cerda, L.A. and Montemayor, S.M. (2005) Synthesis of CoFe2O4 nanoparticles embedded in a silica matrix 
by the citrate precursor technique. J. Magn. Magn. Mater. 294, e43–e46. 

50. Cattaruzza, E. and Gonella, F. (2004) Metal nanocluster by ion implantation. In Encyclopedia of Nanoscience and 
Nanotechnology. Vol. 5. Nalwa, H.S., Ed. American Scientific Publishers. pp. 369–385. 

51. Mazzoldi, P., Arnold, G.W., Battaglin, G., Gonella, F., and Haglund, R.F. (1996) Metal nanocluster formation by ion 
implantation in silicate glasses: nonlinear optical applications. J. Non Lin. Optic. Phys. Mater. 5, 285–330. 

52. Gonella, F. (2000) Nanoparticle formation in silicate glasses by ion-beam-based methods. Nuc. Inst. Meth. Phys. Res. 
B 166–167, 831–839.  

53. Cattaruzza, E. (2000) Quantum-dot composite silicate glasses obtained by ion implantation. Nuc. Inst. Met. Phys. Res. 
B 169, 141–155. 

54. White, C.W., Withrow, S.P., Sorge, K.D., Meldrum, A., Budai, J.D., Thomson, J.R., and Boatner, L.A. (2003) 
Oriented ferromagnetic Fe-Pt alloy nanoparticles produced in Al2O3 by ion-beam synthesis. J. Appl. Phys. 93, 5656–
5669. 

55. Mazzoldi, P., Mattei, G., Maurizio, C., Cattaruzza, E., and Gonella, F. (2005) Metal alloy nanoclusters by ion 
implantation in silica. In Engineering Thin Film and Nanostructures with Ion Beams. Knystautas, E., Ed. CRC Press, 
Boca Raton, FL. chap. 7. 

56. de Julian Fernández, C., Sangregorio, C., Mattei, G., Mauricio, C., Battaglin, G., Gonella, F., Lascialfari, S.A., Lo 
Russo, S., Gatteschi, D., Mazzoldi, P., González, J.M., and D’Acapito, F. (2001) Magnetic properties of Co and Ni 
based alloy nanoparticles dispersed in a silica matrix. Nuc. Inst. Meth. B 175–177, 479–484. 

57. de Julian Fernández, C., Mattei, G., Mauricio, C., Cattaruzza, E., Padovani, S., Battaglin, G., Gonella, F., D’Acapito, 
F., and Mazzoldi, P. (2005) Magnetic properties of Co–Cu nanoparticles dispersed in silica matriz. J. Magn. Magn. 
Mater. 290–291, 187–190. 

58. de Julián Fernández, C., Mattei, G., Sangregorio, C., Tagliente, M.A., Bello, V., Battaglin, G., Sada, C., Tapfer, L., 
Gatteschi, D., and Mazzoldi, P. (2004) Structure and magnetic properties of Fe–Pd silica composites prepared by 
sequential ion implantation. J. Non-Cryst. Solids 345&346, 681–684. 

59. de Julián Fernández, C., Mattei, G., Sangregorio, C., Tagliente, M.A., Bello, V., Battaglin, G., Sada, C., Tapfer, L., 
Gatteschi, D., and Mazzoldi, P. (2004) Structural and magnetic properties of Fe–Al silica composites prepared by 
sequential ion implantation. Nuc. Inst. Meth. Phys. Res B 216, 245–250. 

60. Tagliente, M.A., Massaro, M., de Julian Fernández, C., Mattei, G., and Mazzoldi, P. (2005) Annealing effects on the 
structural and magnetic properties of Fe–Al silica nanocomposites prepared by sequential ion implantation,  Mater. 
Sci. Eng. C, in press. 

61. Hernando, A., Marín, P., Vázquez, M., Barandiarán, J.M., and Herzer, G. (1998) Thermal dependence of coercivity in 
soft magnetic nanocrystals. Phys. Rev. B 58, 366–370. 

62. Gómez-Polo, C., Marín, P., Pascual, L., Hernando, A., and Vázquez, M. (2001) Structural and magnetic properties of 
nanocrystalline Fe73.5-xCoxSi13.5B9CuNb3 alloys. Phys. Rev. B 65, 024433. 

63. Gómez-Polo, C., Pérez-Landazabal, J.I., Recarte, V., Campo, J., Marín, P., López, M., Hernando, A., and Vázquez, 
M. (2002) High-temperature magnetic behaviour of Fe Co-based nanocrystalline alloys. Phys. Rev. B 66, 012401. 

64. Arcas, J., Hernando, A., Barandiarán, J.M., Prados, C., Vázquez, M., Marín, P., and Neuweiler, A. (1998) Soft to hard 
magnetic anisotropy in nanostructured magnets. Phys. Rev. B 58, 5193–5196.  

65. Marín, P., Vázquez, M., and Hernando, A. (1999) Magnetic hardening during the amorphous to nanocrystalline 
transformation in FeSiBCuNb alloys: theoretical considerations. J. Magn. Magn. Mater. 196–197, 221–223. 

66. Illé, D.C., Révész, Á, Grahl, H., Eckert, J., Crespo, P., Marín, P., Hernando, A., Suriñach, S., Muñoz, J.S., and Baró, 
M.D. (2004) Thermal strability and crystallization behaviour of Fe77C5B4 (AlGa)3(Psi)11 metallic glasses. Mater. 
Sci. Eng. A 375–377, 297–301. 

67. López, M., Marín, P., Kulik, T., and Hernando, A. (2005) Influence of measuring temperature in size dependence of 
coercivity in nanostructured alloys. J. Magn. Magn. Mater. 290–291, 171–174. 

68. López, M., Crespo, P., Marín, P., Baró, M.D., and Hernando, A. (2004) Influence of Co addition on the magnetic and 
thermal stability behaviour of Fe77-xCoxAl2.14P8.4C5B4Ga0.86Si2.6 amorphous alloys. J. Magn. Magn. Mater. 
272–276, e1153–e1154. 

 997



Hernando et al.: Metallic Magnetic Nanoparticles  TheScientificWorldJOURNAL (2005) 5, 972–1001
 

69. Marín, P., Hernando, A., López, M., Kulik, T., Varga, L.K., and Hadjipanayis, G. (2004) Influence of mechanical 
grinding on the structure and magnetic properties of FeCuNbSiB material. J. Magn. Magn. Mater. 272–276, e1131–
e1133. 

70. Marín, P. and Hernando, A. (2000) Applications of amorphous and nanocrystalline magnetic materials. J. Magn. 
Magn. Mater. 215–216, 729–734.  

71. Marín, P., Vázquez, M., and Hernando, A. (1999) Magnetic hardening during the amorphous to nanocrystalline 
transformation in FeSiBCuNb alloys: theoretical considerations. J. Magn. Magn. Mater. 196–197, 221–223. 

72. Marín, P., Vázquez, M., Arcas, J., and Hernando, A. (1999) Thermal dependence of magnetic properties in 
nanocrystalline FeSiBCuNb wires and microwires. J. Magn. Magn. Mater. 203, 6–11.  

73. Hernando, A., Marín, P., Vázquez, M., and Herzer G. (1998) Thermal dependence of coercivity in magnetic 
nanostructures. J. Magn. Magn. Mater. 177–181, 959–961.  

74. Hernando, A. (2003) Magnetism in nanocrystals. Europhysics news. Magnetism (Special Issue) 34/6, 232–234. 
75. Marín, P., López, M., Agudo, P., Vázquez, M., and Hernando, A. (2001) Applications of amorphous samples 

presenting high magnetomechanical coupling during the first stages of nanocrystalline proccess. Sensors Act. A 91, 
218–222. 

76. Hadjipanayis, G.C. (1998) Nanostructurated Magnetic Materials. Available at 
http://www.wtec.org/loyola/nano/US.Review/05_04.htm . 

77. Huang, Y.H., Wan, J., Zhang, Y., Wang, H.L., Hadjipanayis, G.C., Niarchos, D., and Weller, D. (2005) Investigation 
of particle formation and superstructure development in FePt nanoparticles and their effect on magnetic properties. J. 
Magn. Magn. Mater. 294, 232–238. 

78. Zhang, G., Fan, C., Wang, F., Wu, P., Qiu, H., Gu, Y., and Zhang, Y. (2005) Magnetic and transport properties of 
magnetite thin films. J. Magn. Magn. Mater. 293, 737–745. 

79. Babonneau, D., Jaouen, M., Denanot, M.F., Guérin, P., and Petroff, F. (2005) Nanostructure and magnetic properties 
of BN-encapsulated Fe(B) and Fe2N nanoparticles prepared by dual ion-beam sputtering. Appl. Phys. Lett. 82, 3056–
3058. 

80. Kumar, D., Yarmolenko, S., Sankar, J., Narayan, J., Zhou, H., and Tiwari, A. (2004) Pulsed laser deposition assisted 
novel synthesis of self-assembled magnetic nanoparticles. Composites Part B Eng. 35, 149–155. 

81. Cattaruzza, E., Battaglin, G., Canton, P., de Julián Fernández, C., Ferroni, M., Gonella, F., Maurizio, C., Riello, P., 
Sada, C., Sangregorio, C., and Scremin, B.F. (2004) Radiofrequency magnetron co-sputtering deposition synthesis of 
Co-based nanocomposite glasses for optical. Appl. Surf. Sci. 226, 62–67. 

82. Cattaruzza, E., Battaglin, G., Canton, P., de Julián Fernández, C., Ferroni, M., Finotto, T., Maurizio, C., and Sada, C. 
(2004) Structural and physical properties of cobalt nanocluster composite glasses. J. Non-Cryst. Solids 336, 148–152. 

83. Paje, S.E., Teran, F., Riveiro, J.M., Llopis, J., García, M.A., Marco de Lucas, M.C., and Saviot, L. (2005) Optical 
properties of sputtered silver granular films. Mater. Sci. Forum 480–481, 287–292. 

84. Wan, J., Huang, Y., Zhang, Y., Bonder, M.J., Hadjipanayis, G.C., and Weller, D. (2005) Particulate FePt/Ag(C) films 
with strong perpendicular anisotropy. J. Appl. Phys. 97, 10J121.  

85. Socolovsky, L.M., Denardin, J.C., Brandl, A.L., Knobel, M., and Zhang, X.X. (2003) Structural and magnetic 
properties of TM–SiO2 (TM = Fe, Co, Ni) films. J. Magn. Magn. Mater. 262, 102–106. 

86. Gambardella, P., Blanc, M., Bürgi, L., Kuhnke, K., and Kern, K. (2000) Co growth on Pt(997): from monatomic 
chains to monolayer completion. Surf. Sci. 449, 93–103. 

87. Gambardella, P., Rusponi, S., Veronese, M., Dhesi, S.S., Grazioli, C., Dallmeyer, A., Cabria, I., Zeller, R., Dederichs, 
P.H., Kern, K., Carbone, C., and Brune, H. (2003) Giant magnetic anisotropy of single cobalt atoms and 
nanoparticles. Science 300, 1130–1133. 

88. Rusponi, S., Cren, T., Weiss, N., Epple, M., Buluschek, P., Claude, L., and Brune, H. (2003) The remarkable 
difference between surface and step atoms in the magnetic anisotropy of two-dimensional nanostructures. Nat. Mater. 
2, 546–551.

89. Suryanarayana, C. (2001) Mechanical alloying and milling. Prog. Mater. Sci. 46, 1–184.  
90. Benjamin, J.S. (1979) Dispersion strengthened superalloys by mechanical alloying. Metall. Trans. 1, 2943–2951. 
91. Koch, C.C., Cavin, O.B., Mackamey, C.G., and Scarborough, J.O. (1983) Preparation of “amorphous”' Ni60Nb40 by 

mechanical alloying. Appl. Phys. Lett. 43, 1017–1019.  
92. Koch, C.C. (1991) Mechanical milling and alloying. In Materials Science and Technology. Vol 15. Cahn, R.W., 

Haasen, P., and Kramer, E.J., Eds. VCH Weinheim. pp. 193–245. 
93. Schultz, L. and Eckert, J. (1994) Mechanically Alloyed Glassy Metals in Glassy Metals III. Beck and Guntherod, Eds. 

Springer-Verlag, Berlin. pp. 69–120. 
94. Eckert, J., Holzer, J.C., Krill, C.E., and Johnson, W.L. (1992) Reversible grain size changes in ball-milled 

nanocrystalline Fe–Cu alloys. J. Mater. Res. 7, 1980–1983. 
95. Yavari, A.R., Desré, P.J., and Benameur, T. (1992) Mechanically driven alloying of immiscible elements. Phys. Rev. 

Lett. 68, 2235–2238; Hernando, A., Crespo, P., García-Escorial, A., and Barandiarán, J.M. (1993) Comment on 
“Mechanically driven alloying of inmiscible elements”. Phys. Rev. Lett. 70(22), 3521. 

96. Crespo, P. and Hernando, A. (1999) Mechanically alloyed supersaturated FexCu100-x solid solutions: structural and 
magnetic properties. Recent Research Developments in Nanostructures. Vol. 1. Research Signpost, India. pp. 63–86. 

97. Kreibig, U. and Völlmer, M. (1995) Optical Properties of Meta l Clusters. Springer-Verlag, Berlin. 

 998

http://www.wtec.org/loyola/nano/US.Review/05_04.htm


Hernando et al.: Metallic Magnetic Nanoparticles  TheScientificWorldJOURNAL (2005) 5, 972–1001
 

98. Hövel, H., Fritz, S., Hilger, A., Kreibig, U., and Völlmer, M. (1993) Width of cluster plasmon resonances: bulk 
dielectric functions and chemical interface damping. Phys. Rev. B 48, 18178–18188. 

99. García, M.A., Paje, S.E., and Llopis, J. (1999) A simple model for evaluating the optical absorption spectrum from 
small Au-colloids in sol–gel. Chem. Phys. Lett. 315, 313–320. 

100. Du, X., Inokuchi, M., and Toshima, N. (2005) Preparation and characterization of Co–Pt bimetallic magnetic 
nanoparticles. J. Magn. Magn. Mater., in press 

101. Roy, A., Srinivas, V., Ram, S., De Toro, J. A., and Mizutani, U. (2005) Structure and magnetic properties of oxygen-
stabilized tetragonal Ni nanoparticles prepared by borohydride reduction method. Phys. Rev. B 71, 184443 

102. Mays, C.W., Vermaak, J.S., and Khulmann-Wilsdorf, D. (1968) On surface stress and surface tension: II. 
Determination of the surface stress of gold. Surf. Sci. 12, 134–140. 

103. Zanchet, D., Tolentino, H., Martins Alves, M.C., Alves, O.L., and Ugarte, D. (2000) Inter-atomic distance contraction 
in thiol-passivated gold nanoparticles. Chem. Phys. Lett. 323, 167–172. 

104. Brundle, C.R., Chuang, T.J., and Wandelt, K. (1977) Core and valence level photoemission studies of iron oxide 
surfaces and the oxidation of iron. Surf. Sci. 68, 459–468. 

105. Naik, R., Kroll, E., Rodak, D., Tsoi, G.M., McCullen, E., Wenger, L.E., Surynarayanan, R., Naik, V.M., Vaishnava, 
P.P., Tao, Q., and Boochand, P. (2004) Magnetic properties of iron-oxide and (iron, cobalt)-oxide nanoparticles 
synthesized in polystyrene resin matrix. J. Magn. Magn. Mater. 272–276, e1239–1241. 

106. Rana, S., Ram, S., Seal, S., and Roy, S.K. (2004) Surface structure and topology in surface stabilized Co-
nanoparticles with a thin Al2O3 amorphous layer. Appl. Surf. Sci. 236, 141–154. 

107. Fu, W., Yang, H., Chang, L., Li, M., Bala, H., Yu Q., and Zou, G. (2005) Preparation and characteristics of core–shell 
structure nickel/silica nanoparticles. Coll. Surf. A. Phys. Ang. Asp. 262, 71–75. 

108. Liu, X.M., Fu, S.Y., Xiao, H.M., and Huang, C.J. (2005) Preparation and characterization of shuttle-like α-Fe2O3 
nanoparticles by supermolecular template. J. Solid State Chem. 178, 2798–2803. 

109. Guo, L., Gu, Z., Liu, T., and Yang, S. (2000) The effect of surface modification on the microstructure and properties 
of γ-Fe2O3 nanoparticles. Physica E 8, 199–203. 

110. Chen, A., Wang, H., Zhao, B., and Li, X. (2003) The preparation of polypyrrole–Fe3O4 nanocomposites by the use of 
common ion effect. Shynt. Metals 139, 411–415. 

111. Stöhr, J. (1999) Exploring the microscopic origin of magnetic anisotropies with X-ray magnetic circular dichroism 
(XMCD) spectroscopy. J. Magn. Magn. Mater. 200, 470–497. 

112. Stöhr, J., Padmore, H.A., Aders, S., Stammler, T., and Scheinfen, M.R. (1998) Principles of X-ray magnetic 
dichroism spectromicroscopy. Surf. Rev. Lett. 5, 1297–1308. 

113. Stöhr, J. Magnetic Dichroism Spectroscopy and Microscopy. Available at http://www-
ssrl.slac.stanford.edu/stohr/xmcd.htm. 

114. Hubert, A. and Schafer, R. (1998) Magnetic Domains: The Analysis of Magnetic Microstructures. Springer, Berlin. 
115. Imada, S., Suga, S., Duch, W., and Kirschner, J. (2002) Magnetic microspectroscopy by a combination of XMCD and 

PEEM. Surf. Rev. Lett. 9, 877–881. 
116. Kuhnke, K., Lee, T.Y., Enders, A., Honolka, J., Hebler, M., Fauth, K., Schütz, G., and Kern, K. (2005) Stripes are 

stars!Pt helps Fe to stay magnetised, BESSY Highlights 2004, 18-19. Available at 
http://www.fkf.mpg.de/kern/publications/Pdf/kuhnke-bessy-2004.pdf  

117. José-Yacaman, M., Martín-Lázaro, M., and Ascencio, J.A. (2001) High resolution TEM studies on palladium 
nanoparticles. J. Mol. Catal. A Chem. 173, 61–74.  

118. Tanase, M., Nuhfer, N.T., Laughlin, D.E., Klemmer, T.K., Liu, C., Shukla, N., Wu, X., and Weller, D. (2003) 
Crystallographic ordering studies of FePt nanoparticles by HREM. J. Magn. Magn. Mater. 266, 215–226. 

119. Howland, R. and Benetar, L. (1997) “A Practical Guide to Scanning Probe Microscopy” ed. Park Scientific Inst. 
120. García, R. and Perez, R. (2002) Dynamic atomic force microscopy methods. Surf. Sci. Rep. 47, 197–301. 
121. Martin, Y., Williams, C.C., and Wickamashinge, H.K. (1987) Atomic force microscope–force mapping and profiling 

on a sub 100-Å scale. J. Appl. Phys. 61, 4723–4729. 
122. Albrecht, T.R., Grütter, P., Horne, D., and Rugar, D. (1991) Frequency modulation detection using high-Q cantilevers 

for enhanced force microscope sensitivity. J. Appl. Phys. 69, 668–673. 
123. Tello, M., San Paulo, A., Rodríguez, T.R., Blanco, M.C., and Garcia, R. (2003) Imaging cobalt nanoparticles by 

amplitude modulation atomic force microscopy: comparison between low and high amplitude solutions. 
Ultramicroscopy 97, 171–175. 

124. Gu, Y., Xie, H., Gao, J., Liu, D.X., Williams, C.T., Murphy, C.J., and Ploehn, H.J. (2005) AFM characterization of 
dendrimer-stabilized platinum nanoparticles. Langmuir 21, 3122–3131. 

125. Carabias, I., de la Venta, J., Quesada, A., Garcia, M.A., Kolodziejczyk, L., de la Fuente, J.M., Penades, S., Fernandez, 
A., Crespo, P., Hernando A., to be published. 

126. Albrecht, M., Janke, V., Sievers, S., Siegner, U., Schüler, D., and Heyen, U. (2005) Scanning force microspy study of 
biogenic nanoparticles for medical applications. J. Magn. Magn. Mater. 290–291, 269–271. 

127. Rasa, M. and Philipse, A.P. (2002) Scanning probe microscopy on magnetic colloidal particles. J. Magn. Magn. 
Mater. 252, 101–103. 

128. Dumas-Bouchiat, F., Nagaraja, H.S., Rossignol, F., Champeaux, C., and Catherinot, A. (2005) Magnetic domains in 
Co-cluster assembled films deposited by LECBD. Appl. Surf. Sci. 247, 76–82. 

 999

http://www-ssrl.slac.stanford.edu/stohr/xmcd.htm
http://www-ssrl.slac.stanford.edu/stohr/xmcd.htm
http://www.fkf.mpg.de/kern/publications/Pdf/kuhnke-bessy-2004.pdf


Hernando et al.: Metallic Magnetic Nanoparticles  TheScientificWorldJOURNAL (2005) 5, 972–1001
 

129. Liu, X., Meridor, U., Zhao, P., Song, G., Frydman, A., and Gedanken, A. (2005) The synthesis and magnetic 
properties of monodispersed single-domain nickel nanospheres and highly globular nanostructures of NicoreNiOshell. 
J. Magn. Magn. Mater., in press. 

130. Leo, G., Chushkin, Y., Luby, S., Majkova, E., Kostic, I., Ulmeanu, M., Luches, A., Giersig, M., and Hilgendorff, M. 
(2003) Ordering of free-standing Co nanoparticles. Mater. Sci. Eng. C 23, 949–952. 

131. Shinohara, T., Sato, T., and Taniyama, T. (2003) Surface ferromagnetism of Pd fine particles. Phys. Rev. Lett. 91, 
197201 . 

132. Pankhurst, Q.A., Connolly, J., Jones, S.K., and Dobson, J. (2003) Applications of magnetic nanoparticles in 
biomedicine. J. Phys. D Appl. Phys. 36, R167–R181. 

133. Berry, C.C. (2005) Possible exploitation of magnetic nanoparticle–cell interaction for biomedical applications. J. 
Mater. Chem. 15, 543–547. 

134. Saiyed, Z.M., Telang, S.D., and Ramchand, C.N. (2003) Applications of Magnetic Techniques in the Fields of Drug 
Discovery and Biomedicine. Biomagn. Res. Technol. 1, 2. Available at http://www.biomagres.com/content/pdf/1477-
044X-1-2.pdf  

135. Curtis, A. (2003) Biomedical aspects of magnetic nanoparticles. Europhys. News 34, 210–211.  
136. Hornak, P. (2005) The Basis of MRI. Available at  http://www.cis.rit.edu/htbooks/mri/  
137. Cerdan, S., Lötshcer, H.R., Künnecke, B., and Seelig, J. (1989) Monoclonal antibody-coated magnetite particles as 

contrast agents in magnetic resonance imaging of tumors. Magn. Res. Med. 12, 151–163. 
138. Connolly, J., St Pierre, T.G., Rutnakornpituk, M., and Riffle, J.S. (2002) Silica coating of cobalt nanoparticles 

increases their magnetic and chemical stability for biomedical applications. Eur. Cell. Mater. 3, 106–109. 
139. Dobson, J. (2001) Nanoscale biogenic iron oxides and neurodegenerative disease. FEBS Lett. 496, 1. 

 
 

This article should be referenced as follows: 

Hernando, A., Crespo, P., and Garcia, M.A. (2005) Metallic magnetic nanoparticles. TheScientificWorldJOURNAL 5, 972–1001. 
DOI 10.1100/tsw.2005.121. 

Handling Editor: 

Manuel Elices, Editorial Board Member for Biomimetics — a domain of TheScientificWorldJOURNAL. 

BIOSKETCHES 

Antonio Hernando is Professor at the University Complutense of Madrid. He received his PhD at this 
same University in 1974. He founded and has been the Director of the Institute of Applied Magnetism at 
Madrid since 1989. He has been working on several fields of magnetism, both basic and research, as 
amorphous and nanocrystalline materials, magnetostriction, surface magnetism, magnetic 
semiconductors, and magnetic sensors. Recently, his research interest is focused on the magnetism at the 
nanoscale and the studies about the modification of magnetic properties of materials due to size effects. 
Other areas of interest are the effects of electromagnetic fields on health and the use of magnetic materials 
and electromagnetic fields in biomedical applications. In 1993, he was Invited Professor at Cambridge 
University, and he is Doctor Honoris Causa by the Bask Country University. He is a member of the Royal 
Spanish Academy of Science and among different awards, this year he received the Gold Medal of the 
Royal Spanish Physical Society.  

Patricia Crespo achieved her PhD in Physics at the Complutense University of Madrid (1993). She is 
Assistant Professor at the Complutense University since 1996 and member of the research group of the 
Institude of Applied Magnetism at Madrid since 1989. Dr. Crespo worked as an invited researcher for 15 
months at the Institut für Metallische Werkstoffe (I.M.W.) (I.F.W-Dresden), Germany. She was a member 
of the research team awarded with II Talgo prize for Technology Innovation (2001). Her research 
activities are focused on amorphous and nanostructured magnetic materials (solid solutions of immiscible 
elements and granular solids) and magnetic nanoparticles. In particular, she is working on the 
modification of magnetic properties of bulk materials by decreasing to the nanoscale and the biomedical 
application of such systems.  

 1000

http://www.biomagres.com/content/pdf/1477-044X-1-2.pdf
http://www.biomagres.com/content/pdf/1477-044X-1-2.pdf
http://www.cis.rit.edu/htbooks/mri/


Hernando et al.: Metallic Magnetic Nanoparticles  TheScientificWorldJOURNAL (2005) 5, 972–1001
 

Miguel Angel Garcia is researcher at the Institute of Applied Magnetism. He received his PhD in 
Materials Science at the University Complutense of Madrid in 1999. The subject of his thesis was the 
study of optical properties of glasses containing metallic nanoparticles. From 2000 to 2001, he worked at 
the National Institute for Material Physics in Padua, Italy on semiconductor nanoparticles. Since 2002, he 
has worked at the Institute of Applied Magnetism at Madrid. His research interests are, in general, the 
modification of physical properties at the nanoscale and, in particular, the magnetic properties of 
nanostructures and magnetic semiconductors. 

 

 1001



Submit your manuscripts at
http://www.hindawi.com

Pain
Research and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Toxins
Journal of

Vaccines
Journal of

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Antibiotics
International Journal of

Toxicology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Stroke
Research and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Drug Delivery
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in 
Pharmacological 
Sciences

Tropical Medicine
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Medicinal Chemistry
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Addiction
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Emergency Medicine 
International
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Autoimmune 
Diseases

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Anesthesiology 
Research and Practice

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Pharmaceutics

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of


