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In this paper, we report on the preparation and magnetic properties of small Pt nanoparti&lesr(2
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
nanopatrticles). 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 spiorbit 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 tages, but either lack the desired particle size distribution

, ) ) ) selectivity or are sufficiently complex to become expensive
Nanoparticles (NPs) are intensively studied nowadays, 50 excessively time consuming. The laser ablation method

because these systems present properties different from thosﬁresented here, similar to that originally reported by lin

of bulk materials. These differences arise mainly from the o 5 s yrovides several important advantages. These include
large fraction of atoms located at the NP surface, which is inexpensive and easy to use equipment, as well as high

not negligible (as is the case for bulk materials), and from ,,cess efficiency, as a batch of the starting Pt compound is
the so-called size effects: when the typical lengths of SOme 4nstormed into an NP product within a fraction of a minute.

phenomena are within the same order of magnitude as the, aqgition, as typically observed in laser ablation methods,
particle size, the response of the system strongly dependspe product obtained is characterized by a narrow size
on this size (that is, on the boundary conditions). As both isyripytion, indicative of a very high selectivity of the laser-

the size and structure of the nanoparticles are determined,,ced decomposition process performed here. This is
by the preparation conditions, the control of the preparation perhaps the most important advantage of this method, since

parameters allows the properties of the nanoparticles to be;; opens the possibility to obtain, in combination with the

tuned. Many nanopatrticle preparative methods, which rely proper choice of starting compound, NPs by design.
on chemical vapor deposition technigdesiemical precursor

decomposition via combustion at high temperatdrssilf-
assembly methodsand other methodshave been widely
reported in the literature. They all have interesting advan-

Recently, it has been shown that NPs of nonferromagnetic
bulk materials, such as Pd or Au, exhibit ferromagnetic-like
behavior®” The case of P8which 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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Figure 2. (a) Low-magnification image of the Pt compound, after laser
Figure 1. Schematic illustration of the experimental apparatus used for Pt ablation. (b) Enhanced detail of image a, showing the presence of black
NP laser ablation synthesis. The galvanometer mirror box (A) distributes spots over a gray matrix. (¢) HREM image showing Pt nanoparticles
the laser radiation (F) through a flat field focal lens and a silica window embedded on a carbonaceous matrix.

(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).

frequency of 500 Hz. A laser beam waist of sfh at the focal
spot yields irradiance values of 1.5310° W cm 2, assuming that

. . . .., all the laser radiation is absorbed by the compound target. This
small changes in the electronic structure, associated with Co . o . )
fi t effect dth f twin boundari . laser irradiance level is sufficient to induce plasma formation above
cpn inement efiects gn € presence ortwin gun ares, givey,q target, according to the range of values reported in the litefature.
rise to ferromagnetic behavior. The case of’Asi more After the laser ablation experiment, no original powder was

surprising, as it is a diamagnetic metal with a very lIow detected, and the starting product had been converted into a black,
density of states at the Fermi level. In this case, the fibrous product deposited mainly onto the top wall of the support
permanent magnetism appears by selective capping of thevial.
NP with strongly interacting thiol groups, giving rise to Magnetic characterization has been carried out with a SQUID
localization of holes/electrons in the surface of the particle, magnetometer below 350 K. The diamagnetic contribution of the
and by the large spinorbit interaction of Au atoms. Those sample holder has been subtracted for obtaining the NP magnetiza-
results pointed out that the appearance of ferromagnetiction- The surface plasmon has been measured by means ofa UV
behavior in NPs can be due to different mechanisms reIa’ted"'s|_|(,’|°:]'°aI af)stf’rpt'ol” Stpec”qmeter' (HREM) od out
10 both surface and volume effects. igh-resolution electron microscopy was carried ou
. EOL JEM-3000F mi i ith an 1SI
Although carbon-coated noble metal NPs have been widely on a JEOL JEM-3000F microscope equipped with an ISIS 300

d in biol f licati . h X-ray microanalysis system (Oxford Instruments) with a LINK
used in biology for many applications since they are «pgpiaser detector for energy dispersive X-ray spectroscopy (EDS)

biocompatible materiafsthe appearance of ferromagnetism naiyses. As EDS gives local information on individual nanopar-
in those NPs is very amazing and could open the possibility ticles, an average chemical analysis was also performed by atomic
to control their movement inside biological tissue or perform absorption. No traces of iron impurities were found, indicating that
very localized heating, increasing their potential applications. the iron content must be below 0.01 atom %.

Platinum is a paramagnetic metal, but almost in the limit
of ferromagnetic behavior, and thus, the structural changes Results and Discussion
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.

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

Carbon-coated Pt NPs were obtained by laser ablation. Com-nanofoams? Such reported nanostructures are, indeed,
mercially availablecis-bis(benzonitrile)dichloroplatinum(ll) in 98%  produced after laser ablation of glassy carbon in an Ar
purity (Aldrich Chemical Co.) in powder form was used as the atmosphere. Moreover, darker spots, pointed out in Figure
ablation target. Figure 1 illustrates the experimental apparatus usedpp, appear over these round particles, requiring HREM
in this work. The powder was placed inside an opened glass vial ¢paracterization to determine the nature of this composite.
() which, in turn, was introduced into a portable vacuum chamber |, ,iq sense, the presence of crystalline particles, black dots,
(B) with a thick vitreous silica (Herasil, Schott) rectangular window . .

embedded on a carbonaceous matgxray round particles

(C). A Baasel Lasertech Nd:YAG, Q-switched laser emitting at a I . . .
wavelength of 1064 nm in continuous wave mode, fitted with a are clearly seen in Figure 2c. The inspection of different areas

galvanometer mirror box (A) with computer-controlled galvanom- @llows establishment of an average crystalline particle size
eter mirrors forx—y movement, was used to trigger pyrolysis of Dbetween 2 and 5 nm. EDS analysis indicates that the
the starting material. The production parameters were as follows: Crystalline material consists of Pt nanoparticles whose
200 mm/s displacement speed, 30 W laser powepr@dine fill
width combined with 5@:m lines to completely scan a rectangular  (9) Rubahn, H.-GLaser Applications in Surface Science and Technglogy

area over the starting compound, and a wobul (line width oscillation) Wiley: Hoboken, NJ, 1999. Bauerle, DLaser Processing and
Chemistry 3rd ed.; Springer-Verlag: New York, 2000.

(10) Rode, A. V.; Hyde, S. T; Gamaly, E. G.; Elliman, R. G.; McKenzie,

(8) Fritzsche, W.; Taton, A. TNanotechnology®003 14, R63. D. R.; Bulcock, SAppl. Phys. A1999 69, S755.
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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.

along the [10] zone axis. The fcc structure is evident. (b) HREM image . . .
of a twinned Pt nanocrystal along the [1@bne. (c) Corresponding FFT.  contrast with the conventional high-temperature thermal

(d) IFFT. The twin boundary is more clearly seen after noise subtraction. decomposition processes, characteristic of methods which
o i - . ) employ readily available heating technologies, and is likely
periodicities (Figure 3a), along the [0Zone axis, are in  regponsible for the narrow particle size distribution observed.
agreement with the Et fcc structdﬁeAddltlongl structurgl ~ Second, the extremely fast cooling rates imposed by this
fegtures due to the existence of rotated (jomalng, i.€., WiNNiNgmethod result in products which are in thermodynamically
(Figure 3b), are frequently found. A S|m!Iar situation has etastable statédare amorphous in natutor, if highly
been recently described for Pd nanoparti€léar a better  ¢rysialline, incorporate significant defects. Twinning is, in
understanding of the mentioned defect, the fast Fourier fact consistently observed in crystalline materials prepared
transform (FFT) was attained (Figure 3c). The splitting of .y similar laser techniquéd.in addition, the fact that the
the FFT spots, as a consequence of twinning, is evident. Thejaser is scanned over the sample on a preferential direction
two tilted domains are clearly seen at the corresponding for the method reported here may provoke defects within
inverse FFT (Figure 3d), where the twin boundary is marked. the resulting product which appear anisotropically distributed
As Pt exhibits large surface anisotropy, the appearance Ofalong that direction.
twin boundaries should decrease the surface energy. Due to Figure 4a shows the hysteresis loops at different temper-
the small size of the NP, the surface energy is a significant g4 ,res ranging from 5 to 300 K. As can be observed, the
fraction of the total energy of the particle. The twin boundary \ps exhibit ferromagnetic-like behavior (i.e., hysteresis and
formation energy for fcc metals is rather small, and thus, coercivity) in the whole range of temperatures measured. The
the formation of twin boundaries may decrease the total ¢oercivity decreases as a function of the temperature from
energy, explaining the large amount of twin boundaries 120 Qe at 5 K to 50 Oe at 300 K, ahown in the inset. The
observed in the micrographs. thermal dependence of the magnetization was measured
Both features observed by TEM, the narrow range particle under an applied field of 5000 Oe (Figure 4b). A sharp
size of 2-5 nm and the presence of twin boundaries in these decrease up to 20 K (about 15% of the value at 5 K) is
Pt NPs, may be associated with two fundamental aspects ofobserved, whereas it slightly diminishesTaisicreases from
the laser ablation technique employed for their synthesis. 20 to 300 K. The results pointed out that the blocking
First, the presence of an observed intense plasma plume, as
expected from the high irradiance values mentioned earlier (12) Larrea, A; Snoeck, E.; BaliA,; de la Fuente, G. F.; Navarro, R.
in the Experimental Section, ensures a selective, high-energy ggﬁg'gﬁafelﬁ%‘}cz%iés’{%ﬂ!"geﬁvﬂaif"’aﬂ'Lcé"FIF; %L"’“g?;sgjéu\t/iér';
transformation process for the starting compound. This is in N.; Massiot, D.; Coutures, J. Mater. Sci. Eng1997, B45, 108.
(13) de la Fuente, G. F.; BelnaD.; Ibdiez, R.; Martnez, E.; Beltfa, A.

J. Less-Common Met989 150, 253.
(11) JCPDS pattern 00-004-0802. (14) Llorca, J.; Orera, V. MProg. Mater. Sci2006 51, 711.
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temperature for Pt NPs should be over 300 K, becoming the

fingerprint of a huge anisotropy. (3“ 090
From these results, the magnetic moment for the Pt atom o 0%
is 0.00042us if we assume all the atoms to participate € 0.80
equally in the magnetization. Such a small value suggests §
that only a few atoms contribute to the observed ferromag- 2 0.75
netic behavior with a higher local magnetic moment. < 0.70
When one deals with such low magnetic moments, 200 250 300 350 400
potential impurity effects must always be taken into con- Wavelength (nm)

sideration. However, chemical analysis showed that the Ferigyre 5. Optical absorption spectra of Pt nanoparticles. The surface
content is below 0.01 atom %. Above and beyond the value plasmon resonance band is clearly observed at about 245 nm.
of the magnetic moment, the presence of magnetic impurities
could never explain the magnetic thermal behavior observedthe optical absorption spectra of Pt NPs where a band at
for these NPs. According to EDS measurements, no 3egrega240 nm can be observed. This band is ascribed to the surface
tion of iron NPs was observed after analysis of more than plasmon resonance, a collective oscillation of the conduction
100 NPs. Therefore, the Fe impurities, if present, should be electrons inside the nanopartié¢feThe width of this absorp-
dispersed within the Pt nanoparticles. As the HREM study tion band strongly depends on the particle volume where
confirmed that the particle size was below 5 nm (which €lectrons can oscillate. The shape of the measured plasmon
corresponds te-5000 atoms), the number of Fe atoms per band corresponds to an oscillation volume equivalent to the
particle must be below 1. Even if some atoms were particle size, according to TEM micrographs, confirming that
aggregated, forming 5 nm NPs, they would be superpara-most of the electrons in the NP are delocalized, exhibiting
magnetic above 10 K. Moreover, if we assume Fe impurities metallic behavior. However, the presence of localized states
to be 0.01 atom %, the magnetization associated with thosecannot be completely discarded.
impurities should be around 1®emu/g, 1 order of magni- Regarding the origin of the huge anisotropy inferred from
tude below the measured one. Actually, the latter value is the thermal dependence of the magnetization, the blocking
consistent with the sharp decrease in magnetization observedemperature over 300 K indicates that the anisotropy must
in Figure 4b. Superparamagnetic impurities could thus be be larger than 2.5 10" J 3, or 2.3 meV atom?.
related to this low-temperature behavior, as even a single While such a value is very high for crystalline anisotropy,
Fe atom can exhibit a blocking temperature due to the the large spir-orbit coupling of Pt (about 1.5 eV) can
anisotropy enhancement induced by Pt atoms onto theiraccount for this anisotropy and therefore for the hysteresis
surroundings$® but never to the ferromagnetic behavior and coercivity observed up to temperatures above 300 K.
observed at higher temperatures. The reduced symmetry at the twin boundaries can orient the
According to the experimental observations summarized angular magnetic moments in certain directions to distribute
in Figure 4a, the Pt nanoparticles exhibit permanent magneticthe local charge in the minimum energy configuration. The
moments that give rise to the measured remanence. Thisntense spir-orbit coupling could then orient the spin
feature is not observed in bulk Pt samples with similar Fe magnetic moments in this direction, as recently observed for
impurity levels. These behave as an enhanced Pauli parathe case of Co atoms deposited onto Pt surfétes.
magnet and are close to being ferromagnetic. Pt exhibits a
high density of states at the Fermi lev(Er) = 0.9 eV 1,6 Conclusions
but the Stoner parametdr, ranges between 0.6 and 1, so
the Stoner criterionN(Ef)l = 1) is almost satisfied. The ) . .
permanent magnetic moment may be induced by the Iocalmc a nar_lopartlcles @5 nm size NPs) derived from a
enhancement of the density of states at the neighborhood Oicommermal organometallic Pt compound. The use of a

the twin boundaries, observed by the HREM study (Figure convenient laser ablation synthesis method allows NPs with
3). The rupture of,cubic symmetry prevents thg—t, physical properties which differ substantially from those of
splitting of the d bands, yielding a local d band narrowing bulk Pt to be obtained. Both Pt NP characteristics, narrow

that, as has been recently shown for Pd NPs, can be stron article Siz€ range an.d twinning, as confirmed by TEM
enough to hold the Stoner criteri6a718 bservations, are attained as a consequence of the high-

Charge transfer in Ptcarbon could also contribute to intensity plasma and drastic cooling rates associated with

induce localized magnetic moments at the surface of the NPsthe Iasgr synthes_|s method emplqyed. i
The first experimental observation of ferromagnetic be-

as is the case for thiol-capped gold NPSigure 5 shows : - : G
havior for carbon-coated platinum NPs, with coercivity up
(15) Gambardella, P.; Rusponi, S.; Veronese, M.; Dhesi, S. S.; Grazioli, to room temperature, is also reported here. Measurements
C.; Dallmeyer, A.; Cabria, |.; Zeller, R.; Dederichs, P. H.; Kemn, K.;  Of the surface plasmon resonance show the presence of

Carbone, C.; Brune, Hscience2003 300, 1130. itinerant electrons within these NPs. TEM studies confirmed
(16) Gunnarsson, Ql. Phys. F: Met. Physl976 6, 587. L . . .
(17) Paulus, P. M.; Goossens, A.. Thiel, R. C.; Van der Kraan, A. M.; that Pt NPs exhibit a large concentration of twin boundaries,

Schmid, G.; de Jongh, L. ®hys. Re. B 2001, 64, 205418. which reduce their surface energy. The lack of cubic

(18) Alexandre, S. A.; Anglada, E.; Soler, J. M.; Yndurain, F. Unpublished
work. In this work the authors show from ab initio calculations that
ferromagnetism in Pd nanoparticles can be explained as due to twin (19) Kreibig, U.; Vdimer, M. Optical properties of metal clusterSpringer-
boundaries. Verlag: Berlin, 1995.

This work reports on the synthesis and magnetic properties
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