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In this paper, we report on the preparation and magnetic properties of small Pt nanoparticles (2-5 nm
size). The control of the preparation conditions allow the physical properties of the nanoparticles to be
tuned, giving rise to properties different from those of bulk Pt. We show here the first experimental
observation of ferromagnetic behavior for carbon-coated platinum nanoparticles with coercivity up to
room temperature (i.e., surprisingly there are no superparamagnetic effects despite the small size of the
nanoparticles). Measurements of the surface plasmon resonance showed the presence of itinerant electrons.
TEM studies confirmed that the nanoparticles exhibit a large concentration of twin boundaries which
reduce the surface energy. The lack of cubic symmetry at the twin boundaries could give rise to permanent
magnetic moments. The large spin-orbit coupling of platinum accounts for a huge magnetic anisotropy
and therefore for the surprisingly high blocking temperature, above 300 K. The relationship of the magnetic
properties with the particle structure is also discussed.

Introduction

Nanoparticles (NPs) are intensively studied nowadays,
because these systems present properties different from those
of bulk materials. These differences arise mainly from the
large fraction of atoms located at the NP surface, which is
not negligible (as is the case for bulk materials), and from
the so-called size effects: when the typical lengths of some
phenomena are within the same order of magnitude as the
particle size, the response of the system strongly depends
on this size (that is, on the boundary conditions). As both
the size and structure of the nanoparticles are determined
by the preparation conditions, the control of the preparation
parameters allows the properties of the nanoparticles to be
tuned. Many nanoparticle preparative methods, which rely
on chemical vapor deposition techniques,1 chemical precursor
decomposition via combustion at high temperatures,2 self-
assembly methods,3 and other methods,4 have been widely
reported in the literature. They all have interesting advan-

tages, but either lack the desired particle size distribution
selectivity or are sufficiently complex to become expensive
and excessively time consuming. The laser ablation method
presented here, similar to that originally reported by Mun˜oz
et al.,5 provides several important advantages. These include
inexpensive and easy to use equipment, as well as high
process efficiency, as a batch of the starting Pt compound is
transformed into an NP product within a fraction of a minute.
In addition, as typically observed in laser ablation methods,
the product obtained is characterized by a narrow size
distribution, indicative of a very high selectivity of the laser-
induced decomposition process performed here. This is
perhaps the most important advantage of this method, since
it opens the possibility to obtain, in combination with the
proper choice of starting compound, NPs by design.

Recently, it has been shown that NPs of nonferromagnetic
bulk materials, such as Pd or Au, exhibit ferromagnetic-like
behavior.6,7 The case of Pd,6 which is paramagnetic in bulk,
can be understood as due to the structural changes when the
size of the particle is in the nanometer range. Pd is close to
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Sanjuán, M. L.; Martı́nez, M. T.; Gonza´lez-Calbet, J. M.; de la Fuente,
G. F.; Laguna, M.Chem. Phys. Lett.2006, 420, 86. For similar
methodology see: Maskrot, H.; Leconte, Y.; Herlin-Boime, N.;
Reynaud, C.; Guelou, E.; Pinard, L.; Valange, S.; Barrault, J.; Gervais,
M. Catal. Today2006, 116, 6.

(6) Sampedro, B.; Crespo, P.; Hernando, A.; Litra´n, R.; Sánchez-López,
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small changes in the electronic structure, associated with
confinement effects and the presence of twin boundaries, give
rise to ferromagnetic behavior. The case of Au7 is more
surprising, as it is a diamagnetic metal with a very low
density of states at the Fermi level. In this case, the
permanent magnetism appears by selective capping of the
NP with strongly interacting thiol groups, giving rise to
localization of holes/electrons in the surface of the particle,
and by the large spin-orbit interaction of Au atoms. Those
results pointed out that the appearance of ferromagnetic
behavior in NPs can be due to different mechanisms related
to both surface and volume effects.

Although carbon-coated noble metal NPs have been widely
used in biology for many applications since they are
biocompatible materials,8 the appearance of ferromagnetism
in those NPs is very amazing and could open the possibility
to control their movement inside biological tissue or perform
very localized heating, increasing their potential applications.

Platinum is a paramagnetic metal, but almost in the limit
of ferromagnetic behavior, and thus, the structural changes
due to size effects (controlled through the preparation
conditions) could modify its magnetic behavior. In this work
we show for the first time ferromagnetic behavior at room
temperature of small Pt NPs capped with carbon.

Experimental Section

Carbon-coated Pt NPs were obtained by laser ablation. Com-
mercially availablecis-bis(benzonitrile)dichloroplatinum(II) in 98%
purity (Aldrich Chemical Co.) in powder form was used as the
ablation target. Figure 1 illustrates the experimental apparatus used
in this work. The powder was placed inside an opened glass vial
(E) which, in turn, was introduced into a portable vacuum chamber
(B) with a thick vitreous silica (Herasil, Schott) rectangular window
(C). A Baasel Lasertech Nd:YAG, Q-switched laser emitting at a
wavelength of 1064 nm in continuous wave mode, fitted with a
galvanometer mirror box (A) with computer-controlled galvanom-
eter mirrors forx-y movement, was used to trigger pyrolysis of
the starting material. The production parameters were as follows:
200 mm/s displacement speed, 30 W laser power, 90µm line fill
width combined with 50µm lines to completely scan a rectangular
area over the starting compound, and a wobul (line width oscillation)

frequency of 500 Hz. A laser beam waist of 50µm at the focal
spot yields irradiance values of 1.53× 106 W cm-2, assuming that
all the laser radiation is absorbed by the compound target. This
laser irradiance level is sufficient to induce plasma formation above
the target, according to the range of values reported in the literature.9

After the laser ablation experiment, no original powder was
detected, and the starting product had been converted into a black,
fibrous product deposited mainly onto the top wall of the support
vial.

Magnetic characterization has been carried out with a SQUID
magnetometer below 350 K. The diamagnetic contribution of the
sample holder has been subtracted for obtaining the NP magnetiza-
tion. The surface plasmon has been measured by means of a UV-
vis optical absorption spectrometer.

High-resolution electron microscopy (HREM) was carried out
on a JEOL JEM-3000F microscope equipped with an ISIS 300
X-ray microanalysis system (Oxford Instruments) with a LINK
“Pentafet” detector for energy dispersive X-ray spectroscopy (EDS)
analyses. As EDS gives local information on individual nanopar-
ticles, an average chemical analysis was also performed by atomic
absorption. No traces of iron impurities were found, indicating that
the iron content must be below 0.01 atom %.

Results and Discussion

A transmission electron microscopy study has been
performed to investigate both the morphology and the
microstructure of the sample. A low-magnification image,
displayed in Figure 2a, shows the presence of gray round
particles, of about 20 nm, forming “rosary”- like assemblies,
which resemble those observed in the so-called carbon
nanofoams.10 Such reported nanostructures are, indeed,
produced after laser ablation of glassy carbon in an Ar
atmosphere. Moreover, darker spots, pointed out in Figure
2b, appear over these round particles, requiring HREM
characterization to determine the nature of this composite.
In this sense, the presence of crystalline particles, black dots,
embedded on a carbonaceous matrixsgray round particless
are clearly seen in Figure 2c. The inspection of different areas
allows establishment of an average crystalline particle size
between 2 and 5 nm. EDS analysis indicates that the
crystalline material consists of Pt nanoparticles whose
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Figure 1. Schematic illustration of the experimental apparatus used for Pt
NP laser ablation synthesis. The galvanometer mirror box (A) distributes
the laser radiation (F) through a flat field focal lens and a silica window
(C) onto the starting Pt compound, placed inside a glass vial (E) and into
the portable vacuum chamber (B), fitted with vacuum and entrance
ports (D).

Figure 2. (a) Low-magnification image of the Pt compound, after laser
ablation. (b) Enhanced detail of image a, showing the presence of black
spots over a gray matrix. (c) HREM image showing Pt nanoparticles
embedded on a carbonaceous matrix.
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periodicities (Figure 3a), along the [101h] zone axis, are in
agreement with the Pt fcc structure.11 Additional structural
features due to the existence of rotated domains, i.e., twinning
(Figure 3b), are frequently found. A similar situation has
been recently described for Pd nanoparticles.6 For a better
understanding of the mentioned defect, the fast Fourier
transform (FFT) was attained (Figure 3c). The splitting of
the FFT spots, as a consequence of twinning, is evident. The
two tilted domains are clearly seen at the corresponding
inverse FFT (Figure 3d), where the twin boundary is marked.
As Pt exhibits large surface anisotropy, the appearance of
twin boundaries should decrease the surface energy. Due to
the small size of the NP, the surface energy is a significant
fraction of the total energy of the particle. The twin boundary
formation energy for fcc metals is rather small, and thus,
the formation of twin boundaries may decrease the total
energy, explaining the large amount of twin boundaries
observed in the micrographs.

Both features observed by TEM, the narrow range particle
size of 2-5 nm and the presence of twin boundaries in these
Pt NPs, may be associated with two fundamental aspects of
the laser ablation technique employed for their synthesis.
First, the presence of an observed intense plasma plume, as
expected from the high irradiance values mentioned earlier
in the Experimental Section, ensures a selective, high-energy
transformation process for the starting compound. This is in

contrast with the conventional high-temperature thermal
decomposition processes, characteristic of methods which
employ readily available heating technologies, and is likely
responsible for the narrow particle size distribution observed.
Second, the extremely fast cooling rates imposed by this
method result in products which are in thermodynamically
metastable states,12 are amorphous in nature,13 or, if highly
crystalline, incorporate significant defects. Twinning is, in
fact, consistently observed in crystalline materials prepared
by similar laser techniques.14 In addition, the fact that the
laser is scanned over the sample on a preferential direction
for the method reported here may provoke defects within
the resulting product which appear anisotropically distributed
along that direction.

Figure 4a shows the hysteresis loops at different temper-
atures ranging from 5 to 300 K. As can be observed, the
NPs exhibit ferromagnetic-like behavior (i.e., hysteresis and
coercivity) in the whole range of temperatures measured. The
coercivity decreases as a function of the temperature from
120 Oe at 5 K to 50 Oe at 300 K, asshown in the inset. The
thermal dependence of the magnetization was measured
under an applied field of 5000 Oe (Figure 4b). A sharp
decrease up to 20 K (about 15% of the value at 5 K) is
observed, whereas it slightly diminishes asT increases from
20 to 300 K. The results pointed out that the blocking
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Figure 3. (a) HREM image and corresponding FFT of a Pt nanocrystal
along the [101h] zone axis. The fcc structure is evident. (b) HREM image
of a twinned Pt nanocrystal along the [101h] zone. (c) Corresponding FFT.
(d) IFFT. The twin boundary is more clearly seen after noise subtraction.

Figure 4. (a, top) Hysteresis loops of Pt nanoparticles at different
temperatures. The inset shows the evolution of the coercive force with
temperature. (b, bottom) Thermal dependendence of magnetization under
an applied field of 5 kOe.
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temperature for Pt NPs should be over 300 K, becoming the
fingerprint of a huge anisotropy.

From these results, the magnetic moment for the Pt atom
is 0.00042µB if we assume all the atoms to participate
equally in the magnetization. Such a small value suggests
that only a few atoms contribute to the observed ferromag-
netic behavior with a higher local magnetic moment.

When one deals with such low magnetic moments,
potential impurity effects must always be taken into con-
sideration. However, chemical analysis showed that the Fe
content is below 0.01 atom %. Above and beyond the value
of the magnetic moment, the presence of magnetic impurities
could never explain the magnetic thermal behavior observed
for these NPs. According to EDS measurements, no segrega-
tion of iron NPs was observed after analysis of more than
100 NPs. Therefore, the Fe impurities, if present, should be
dispersed within the Pt nanoparticles. As the HREM study
confirmed that the particle size was below 5 nm (which
corresponds to∼5000 atoms), the number of Fe atoms per
particle must be below 1. Even if some atoms were
aggregated, forming 5 nm NPs, they would be superpara-
magnetic above 10 K. Moreover, if we assume Fe impurities
to be 0.01 atom %, the magnetization associated with those
impurities should be around 10-3 emu/g, 1 order of magni-
tude below the measured one. Actually, the latter value is
consistent with the sharp decrease in magnetization observed
in Figure 4b. Superparamagnetic impurities could thus be
related to this low-temperature behavior, as even a single
Fe atom can exhibit a blocking temperature due to the
anisotropy enhancement induced by Pt atoms onto their
surroundings,15 but never to the ferromagnetic behavior
observed at higher temperatures.

According to the experimental observations summarized
in Figure 4a, the Pt nanoparticles exhibit permanent magnetic
moments that give rise to the measured remanence. This
feature is not observed in bulk Pt samples with similar Fe
impurity levels. These behave as an enhanced Pauli para-
magnet and are close to being ferromagnetic. Pt exhibits a
high density of states at the Fermi level,N(EF) ) 0.9 eV-1,16

but the Stoner parameter,I, ranges between 0.6 and 1, so
the Stoner criterion (N(EF)I g 1) is almost satisfied. The
permanent magnetic moment may be induced by the local
enhancement of the density of states at the neighborhood of
the twin boundaries, observed by the HREM study (Figure
3). The rupture of cubic symmetry prevents the t2g-eg

splitting of the d bands, yielding a local d band narrowing
that, as has been recently shown for Pd NPs, can be strong
enough to hold the Stoner criterion.6,17,18

Charge transfer in Pt-carbon could also contribute to
induce localized magnetic moments at the surface of the NPs
as is the case for thiol-capped gold NPs.7 Figure 5 shows

the optical absorption spectra of Pt NPs where a band at
240 nm can be observed. This band is ascribed to the surface
plasmon resonance, a collective oscillation of the conduction
electrons inside the nanoparticle.19 The width of this absorp-
tion band strongly depends on the particle volume where
electrons can oscillate. The shape of the measured plasmon
band corresponds to an oscillation volume equivalent to the
particle size, according to TEM micrographs, confirming that
most of the electrons in the NP are delocalized, exhibiting
metallic behavior. However, the presence of localized states
cannot be completely discarded.

Regarding the origin of the huge anisotropy inferred from
the thermal dependence of the magnetization, the blocking
temperature over 300 K indicates that the anisotropy must
be larger than 2.5× 107 J m-3, or 2.3 meV atom-1.

While such a value is very high for crystalline anisotropy,
the large spin-orbit coupling of Pt (about 1.5 eV) can
account for this anisotropy and therefore for the hysteresis
and coercivity observed up to temperatures above 300 K.
The reduced symmetry at the twin boundaries can orient the
angular magnetic moments in certain directions to distribute
the local charge in the minimum energy configuration. The
intense spin-orbit coupling could then orient the spin
magnetic moments in this direction, as recently observed for
the case of Co atoms deposited onto Pt surfaces.15

Conclusions

This work reports on the synthesis and magnetic properties
of Pt nanoparticles (2-5 nm size NPs) derived from a
commercial organometallic Pt compound. The use of a
convenient laser ablation synthesis method allows NPs with
physical properties which differ substantially from those of
bulk Pt to be obtained. Both Pt NP characteristics, narrow
particle size range and twinning, as confirmed by TEM
observations, are attained as a consequence of the high-
intensity plasma and drastic cooling rates associated with
the laser synthesis method employed.

The first experimental observation of ferromagnetic be-
havior for carbon-coated platinum NPs, with coercivity up
to room temperature, is also reported here. Measurements
of the surface plasmon resonance show the presence of
itinerant electrons within these NPs. TEM studies confirmed
that Pt NPs exhibit a large concentration of twin boundaries,
which reduce their surface energy. The lack of cubic
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Figure 5. Optical absorption spectra of Pt nanoparticles. The surface
plasmon resonance band is clearly observed at about 245 nm.
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symmetry at the twin boundaries could give rise to permanent
magnetic moments. The large spin-orbit coupling of plati-
num accounts for a huge magnetic anisotropy and, thus, for
the surprisingly high blocking temperature observed (>300
K). Possible Fe impurities cannot explain the large coercivity
observed and reported at these temperatures.
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