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Abstract. The future of the spintronic technology requires the development of magnetic semiconductor
materials. Most research groups have focused on diluted magnetic semiconductors because of the promising
theoretical predictions and initial results. In this work, the current experimental situation of ZnO based
diluted magnetic semiconductors is presented. Recent results on unexpected ferromagnetic-like behaviour in
different nanostructures are also revised, focusing on the magnetic properties of Au and ZnO nanoparticles
capped with organic molecules. These experimental observations of magnetism in nanostructures without
the typical magnetic atoms are discussed. The doubts around the intrinsic origin of ferromagnetism in
diluted magnetic semiconductors along with the surprising magnetic properties in absence of the typical
magnetic atoms of certain nanostructures should make us consider new approaches in the quest for room
temperature magnetic semiconductors.

PACS. 85.75.-d Magnetoelectronics; spintronics: devices exploiting spin polarized transport or integrated
magnetic fields — 75.50.Pp Magnetic semiconductors — 75.70.-i Magnetic properties of thin films, surfaces,

and interfaces — 75.75.4+a Magnetic properties of nanostructures

1 Introduction

Spintronics is an emergent technology that exploits the
spin of the electrons as well as their charge. The primary
requirement to obtain a spintronic device is to be able to
generate spin-polarized currents, and the simplest method
of generating them is to inject the current through a fer-
romagnetic material. Spintronic devices are already oper-
ating, being the spin valve the most successful, but future
applications of this technology require the development of
magnetic semiconductors with Curie temperature above
room temperature (RT). These materials are predicted to
intrinsically generate spin-polarized currents.

The fact that the potential applications of magnetic
semiconductors are unimaginable has motivated the work
of a great deal of research groups around the world.
The main efforts have been concentrated on finding a
Diluted Magnetic Semiconductor (DMS) [1,2], consisting
on a semiconductor matrix containing a small amount of
magnetic impurities. The main challenge for this kind of
materials is to obtain Curie temperatures above RT. As
the ferromagnetism (FM) is mediated by carriers (a weak
interaction) the Curie temperatures are expected to be
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low. Despite the promising initial experimental results us-
ing ZnO as the host semiconductor [3-5], controversy has
marked the discussion around the origin of FM in these
materials [6-8]. Several authors have claimed that the RT
ferromagnetism reported in these materials can be due to
defects in the semiconductor matrix [9-13], pointing on
the alteration of the electronic structure of the semicon-
ductor as responsible for FM.

The surprising FM recently found in Au nanoparticles
(NPs), thin films capped with thiols and Pd NPs [14-16]
has also been ascribed to the electronic structure alter-
ation produced by the thiol chains bonded to the NPs
in the case of Au and by the twin boundaries appearing
at the Pd NPs [16,17]. Different amazing experiments on
the magnetic properties of other nanostructures have been
recently published [12,18-23] that challenge our classical
understanding of magnetism based upon the unfilled char-
acter of 3d and 4 felectron energy levels.

RT hysteresis has been found in thiol capped ZnO
NPs [24], pointing out the possibility to observe mag-
netism at the nanoscale in semiconductors without typical
magnetic atoms. The number of experiments showing RT
ferromagnetism in materials that do not contain magnetic
atoms is increasing. Although a thorough understanding
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of the mechanisms that account for this new magnetism is
yet to be reached, the up to date progresses may be show-
ing us a new approach in the quest for magnetic semicon-
ductors.

2 Diluted magnetic semiconductors
2.1 Background

The search for magnetic semiconductors has gathered the
attention of researches for many years [25]. They are rare
in nature, and when they do occur, they possess low Curie
temperatures, and their potential technological applica-
tions depend on their capacity to keep the ferromagnetic
order up to RT. Since the work of Ohno was published [1]
a great number of research groups have focused on the
new approach proposed. It consists of substituting some
atoms from a semiconductor matrix by atoms that possess
a magnetic moment. These magnetic impurities polarize
the conduction electrons leading to the appearance of FM
in the system via a RKKY interaction.

There is a long history of magnetic substitution in
semiconductors [26,27], but the magnetic order temper-
atures observed were very low. The proposal by Ohno led
to the highest Curie temperature ever reported in an in-
trinsic DMS: 150 K in Mn-substituted GaAs [28].

This carrier mediated ferromagnetism is expected to
be weak, but the theoretical work by Dietl et al. [2] pre-
dicted that Mn-doped GaN and ZnO could present Curie
temperatures above 300 K, provided an appropriate num-
ber of holes for the coupling.

A review on this topic has been published by Se-
shadri [29].

2.2 Mn doped Zn0O

Sharma et al. [3] published the first experimental ob-
servation of RT FM in thin films and bulk samples of
Zny_,Mn,O with z near 0.02, but short after numer-
ous publications refuted these observations. Some au-
thors claimed that a single Zn;_,Mn,O phase, non fer-
romagnetic, only stabilizes at 900 °C [30], while Kun-
daliya et al. [6] suggested that a secondary metastable
ZnzMny_,O, phase was the responsible for FM in the
Mn doped ZnO system. Lawes et al. [7] found no ferro-
magnetic order down to 2 K in bulk Mn-substituted ZnO
made by the oxalate decomposition method with a con-
trolled substitution of Mn into Zn sites.

In this frame, the work published by Garcia et al. [8]
focused on bulk Mn-Zn-O samples prepared by a low tem-
perature standard solid state reaction method using MnO,
and ZnO as starting powders [3,31]. The samples pre-
sented a ferromagnetic behaviour that was ascribed to a
double-exchange mechanism taking place between Mn3+
and Mn** ions. Zn diffuses into MnO; at low tempera-
tures, modifying the kinetics of the MnOs to MnsOg3 re-
duction process and favouring the coexistence of the two
Mn oxidation states that account for double-exchange at
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Fig. 1. Scheme of the different phases and the Mn oxidation
states at the MnO grains after annealing at 500 °C. Extracted
from reference [8].

the interface of the ZnO and MnOs grains. Figure 1 shows
a scheme of the interface.

The number of publications claiming that the origin
of FM in this system is extrinsic, as opposed to carrier
mediated, is increasing.

2.3 Co doped ZnO

The origin of the magnetic properties of the Co-Zn-O sys-
tem has often been called into question as well. In spite
of the promising first experimental reports [4,5], the situ-
ation in this system is more complicated as segregation of
metallic Co clusters can lead to RT FM [32-34]. Some au-
thors claim that the FM observed is mediated by carriers
in a spin-split impurity band derived from extended donor
orbitals [35]. Risbud et al. [36] used the oxalate decompo-
sition method to prepare homogenous Zn; _,Co,O and no
trace of magnetic order was found down to 2 K. They sug-
gested Curie-Weiss paramagnets with the local interaction
being antiferromagnetic. These results were confirmed and
extended by Lawes et al. [7].

Quesada et al. [37] prepared Co-Zn-O bulk samples by
the ceramic method and found FM at RT. The magnetic
properties were ascribed, as in the case of Mn-Zn-O, to the
partial reaction of the starting powders, the FM arising at
the interfaces of the grains because of a mechanism yet to
be elucidated, but different than carrier mediation and
metallic cobalt.

2.4 Discussion

Although controversy has marked the search for ZnO
based DMS, some conclusions can be drawn. Studies on
carefully characterized homogenous bulk samples seem to
suggest a complete absence of ferromagnetic ordering, and
an increasing number of works claim that the origin of
FM in these systems is extrinsic. Although the saturation
magnetizations measured are often weak, and the results
must be examined critically, the presence of impurities in
the samples does not always explain the magnetic proper-
ties observed. The differences in the experimental results
depend critically on the preparation route chosen and the
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Fig. 2. Ratio of surface atoms respect to the volume atoms as
a function of the particles radius R, considering spherical sized
NPs with an interatomic distance of 0.3 nm.

reproducibility is low, indicating that the magnetic prop-
erties of these materials are far from being thoroughly
understood. The role of the defects and the interfaces, i.e.
the surfaces, seems to be crucial.

3 Magnetic nanostructures
3.1 Surprising magnetic properties

Magnetism at the nanoscale presents surprising proper-
ties, as the size and surface effects modify the physical
properties and new physics appear. The fraction of atoms
corresponding to the surface of the material respect to
the number of bulk atoms becomes comparable at the
nanoscale. It is plotted in Figure 2.

An outstanding example of these surface effects is the
appearance of huge magnetic anisotropy that blocks the
magnetic moments of single Co atoms deposited onto Pt
surfaces reported by Gambardella et al. [38]. A set of
amazing experimental results of other particular nanos-
tructures has been reported. Ferromagnetic hysteresis at
RT has been reported in graphite [18-21], and perma-
nent giant magnetic moments were detected at the surface
layers of thin films of oxides and borides [12,22,23]. Pd
NPs also showed ferromagnetic-like behaviour at RT [16].
These results challenge our understanding of magnetism,
as the classical interpretations in terms of unfilled 3d or
4f electron energy levels do not explain the features of
this new magnetism. In most cases, the broken symme-
tries (lattice defects, twin boundaries and surfaces) of the
materials were invoked as the cause for FM.

3.2 Au nanostructures

Recently, magnetism has been observed in 1.4 nm Au NPs
capped with thiols despite the diamagnetic character of
bulk Au and thiols separately [14]. The authors state that
the inner metallic core of the NPs is diamagnetic, but the
surface atoms are chemically bounded to the S atom at the
end of the thiol chain. This bond leads to a charge transfer
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Fig. 3. Schema of the magnetic moments arising at surfaces
capped with organic molecules. The magnetic moments are
fixed in the bond direction that for NPs are uniformly dis-
tributed while for films there is a unique orientation perpen-
dicular to the surface.

from the Au to the S generating holes at the 5d orbital of
Au and yielding a magnetic moment. These moments are
strongly fixed along the bond direction as Figure 3 shows.

The magnetization is temperature independent in the
5-300 K range which is the fingerprint of a huge anisotropy
and thus the ferromagnetic-like behavior is observed even
at RT. In fact, thiol capped thin films were also stud-
ied and hysteresis at RT was again measured [17]. The
magnetization curves are clearly different upon applying
field parallel or perpendicular to the surface confirming
the huge anisotropy. The magnetic moments are giant [15,
17]. Similar features have been observed in the experi-
ments described in the previous section, and in DMS thin
films, suggesting a possible common origin of these effects
in some cases.

3.3 Discussion

The presence of lattice defects, surface or interface effects
(i.e. broken symmetries in the system) and blocking of
the magnetic moments because of an electronic structure
alteration are the sources of the magnetic properties sug-
gested by the authors. Hernando et al. propose an ori-
gin of the magnetic properties of the Au nanostructures
that is accurately explained in references [17,39]. The thiol
chains form domains at the gold surfaces inducing a con-
tact potential that yields a radial electric field. This po-
tential step traps quasifree electrons in atomic-like orbits.
If the domain is large enough, the energy shall reach a
minimum value when the orbital momentum is giant. The
spin and orbital moments are coupled for each electron
and exchange interactions tend to align their spins. The
spin-orbit coupling leads to an alignment of the orbital
momentum, yielding a permanent magnetic moment at
the surface. This orbital magnetism explains the giant val-
ues of the Bohr magnetons per surface atom reported [15,
17], the magnetization independence from temperature up
to RT and above all, the appearance of permanent mag-
netism at RT in a material without the typical magnetic
atoms.
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Fig. 4. (a) Hysteresis loops from ZnO NPs capped with dif-
ferent molecules. (b) The loops after subtracting the diamag-
netic/paramagnetic background. Inset shows the thermal de-
pendence of the magnetization under an applied field of 500
Oe after subtracting the corresponding constant diamagnetic
background.

4 Magnetic ZnO nanoparticles
4.1 Experiments

Garcia and co-workers [24] prepared ZnO nanoparticles
with average size around 10 nm and capped with three
different types of organic molecules: dodecanethiol, try-
octylphosphine and dodecylamine (named after here thiol,
amine and TOPO respectively). The Zinc Acetate (used
as reactant) was separately measured and an expected
diamagnetic response was observed. For the amine and
thiol capped NPs, a ferromagnetic-like contribution was
observed over a diamagnetic background at RT. Figure 4
shows the magnetization curves measured.

Identical results were obtained at 5 K. The chemical
analysis provided by the precursors suppliers showed that
possible traces (lower than 0.5 ppm) can not account for
the experimental magnetization values measured. X-ray
Absorption Near Edge Spectroscopy (XANES) and pho-
toluminescence (PL) experiments were performed. From
both techniques it is inferred that the capping molecule
alters the electronic structure of the ZnO NPs, modify-
ing the energy levels. A perfect correlation is found in
the evolution of the magnetic properties with the capping
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molecule: Thiol NPs present the largest alteration of the
electronic structure as evidenced by XANES and PL re-
sults, and the largest magnetic moments. On the other
side, the TOPO sample has an electronic configuration
very similar to bulk ZnO and possesses a diamagnetic be-
haviour. The amine NPs present an intermediate result.

4.2 Discussion

This result points out the possibility to observe mag-
netism in semiconductors without magnetic atoms, and
the mechanism yielding these magnetic properties may be
explained in the frame of Hernando’s theory [17,39]. In
fact, the orbital magnetism arising from electronic con-
figuration alteration may be at the origin of the magnetic
properties of some of the controversial results about DMS.
The presence of 3d magnetic impurities in these materials
can be seen as a second contribution to the magnetism
observed. Actually, the presence of magnetic impurities in
a host semiconductor is also an alteration of the energy
levels of the matrix. Recent experiments have shown that
when both contributions are present, they are coupled [9,
10].

Small differences in the electronic configuration may
lead to large variations in the magnetic properties, indi-
cating that the sample preparation method is a critical
factor and explaining the low reproducibility. Obviously,
not any alteration leads to RT FM, but what has been
demonstrated by Garcia et al. [24] is the possibility to
observe RT hysteresis in semiconductors at the nanoscale
without the contribution of 3d magnetic atoms.

5 Conclusions

A new magnetism is emerging at the nanoscale that needs
further research in order to achieve a deep understand-
ing of the underlying mechanisms. The search for mag-
netic semiconductors has been focused on DMS in the past
few years, but the amazing recent magnetic experiments
on nanostructures without typical magnetic moments are
showing us new approaches that open a new world of pos-
sibilities. The challenge now is to know which configu-
rations, structures and conditions lead to magnetism in
semiconductors, the materials for next generation spin-
tronic devices.
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