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ABSTRACT

In this work we report on the enhancement of the fer-
romagnetism of amine/organic acid capped Au nanopar-
ticles (Au-NPs) by incorporation of yttrium(III) oxide.
The magnetization measurements, at 2 K, displayed a
ferromagnetic (FM) loop with a coercive field of HC

≈ 250 Oe and magnetic saturation moment of M sat ≈
0.004 µB per Au atom on the NP surface. Furthermore,
an intense FM resonance (FMR) line was observed from
370 K down to 4.2 K, the field for resonance, H r, slightly
shifts toward lower fields and the normalized integrated
intensity remains almost constant in the entire investi-
gated range of temperature. These results are discussed
in terms of covalent-like bonds between the NP-capping
ligands, Y2O3 and the Au atoms, giving rise to an effec-
tive hybridization of the 5d-6s electrons at the surface
of the AuNPs. This hybridization would be responsible
for the Au 5d shell to become magnetic due to uncom-
pensated spins in the 5d orbitals.

Keywords: Au nanoparticles, FMR, Superparamag-
netism

1 INTRODUCTION

Gold nanostructures is currently subject of intense
scientific investigation due to their wide potential ap-
plication in catalysis [1], high-density optical data stor-
age [2], sensor devices [3], oncology treatment [4] and
other areas of biology and medicine [5]. Furthermore,
from the academic point of view, these materials have
attracted great attention of the scientific community
due to the surprising magnetism found in these materi-
als [6–8], in contrast to the non-magnetic nature of the
bulk metal.

In fact, recent experiments have shown that gold
nanoparticles (Au-NPs) exhibit an enhanced superpara-
magnetic behavior. [9] This indicates that individual
Au-NPs probably have intrinsic ferromagnetic moments.
However, it is still not clear what is the origin of mag-
netism in this systems because it is possible that some
extrinsic magnetic impurities are incorporated during
the manufacturing processes. Besides, no theoretical
model has been elaborated so far [10].

Presently, it is known that the size of particles, when
comparable to the wavelength of an electron at the Fermi
level, can change the electronic structure due to the con-
finement of the electrons. Furthermore, as the particle
size decreases the surface effects become more evident
because most of the Au atoms will be on the surface of
the NPs, becoming responsible for the total energy and
stabilization of the system. [11,12] Therefore, the charge
distribution on the NPs may be different from that of the
bulk due to the eletronic quantum confinement. [13,14]

In this paper we report on the ferromagnetism (FM)
and the FM Resonance (FMR) of amine/organic acid
caped Au-NPs assisted by Y2O3 between 2 K and room-
T. The results are discussed in terms of the interactions
established between the capping ligands and the surface
of the Au-NPs.

2 EXPERIMENTAL DETAIL

2.1 Sample preparation

The amine/organic acid capped Au-NPs assited by
Y2O3 (Au-Y2O3), with diameters ranging between 40
and 70 nm, were prepared by an adapted chemical route
taken from the literature. [15–17] The process consists in
the preparation of two precursor compounds. Precursor
1 was obtained by dissolving 0.41 mmol of HAuCl4.3H2O
and stoichiometric excess of triphenylphosphine (PPh3)
in 40 mL of acetonitrile. This solution was heated up
to 80 oC until the evaporation of the solvent was com-
pleted. Needle type crystals of AuCl(PPh3) were ob-
tained in this stage. Precursor 2 was prepared by heat-
ing fine powder of Y2O3 (0.02 mmol) and trifluoracetic
acid (6 mL), under argon flow until the evaporation of
trifluoracetic acid was also completed. Then, precursor
1 was dissolved in benzyl ether (20 mL) together with
oleylamine (6 mL), oleic acid (6 mL), and precursor 2
was added to this mixture. The complete system was
heated up to 100 ◦C with vigorous stirring under an
argon flow for 20 minutes to allow all the water to be
evaporated. Thereafter, heating was increased to 200
◦C under reflux and 2 mL of a 1 M THF solution of
lithium triethilborohydrade reductor was added to the
solution. The temperature was then increased to 250
◦C for 20 minutes under argon flow. Finally, the solu-
tion was cooled down to room-T and centrifuged after
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adding excess of ethanol. The nanoparticles can be eas-
ily dispersed in nonpolar solvents such as toluene.

2.2 Experimental Techniques

The size and shape of the sample was analyzed in
a HRTEM (JEM 3010, 300 keV microscope) and the
structure by X-ray powder diffraction (XRD) using the
Cu-Kα radiation in a Phillips Diffractometer at room-T.
The magnetic properties were characterized by means of
magnetization measurements as a function of the mag-
netic field, H, up to 5 Tesla and temperature, T, between
300 K and 2 K using a superconducting quantum inter-
ference device (SQUID) magnetometer MPMS-5 (Quan-
tum Design). For the Ferromagnetic Resonance (FMR)
experiments between 4.2 K and 300 K, we used a Bruker
ELEXYS-500 X-Band (9.5 GHz) spectrometer with a
TE102 resonator coupled to a cool helium gas flux cryo-
stat and an Oxford T -controller.

3 EXPERIMENTAL RESULTS

3.1 Structure Characterization

Figure 1: Au-NPs assisted by Y2O3 a), b) and c)
HRTEM images; d) XRD pattern. In e) the bars and
their respective Miller indexes indicate the Au-fcc (blue)
[18] and Y2O3-bcc (red) [19] peak positions for Cu-Kα

radiation.

Figures 1 (a-c) present the HRTEM images for Au-
Y2O3. These images show that the shapes of the NPs
are not regular with a rather large size distribution going
from 40 nm to 70 nm. Figure 1 (d) presents the XRD
pattern for Au-Y2O3 which was indexed on the basis of
the face-centered-cubic (fcc) Au powder diffraction data
(see Figure 1e)). The X-ray pattern also shows the most
intense peaks of Y2O3 (bcc) in the 2θ investigated re-
gion. Using the Scherrer’s formula [20] and assuming
spherical shapes for the particles the average NPs diam-

eter, d̄ = 67(11) nm, was estimated. This estimative is
in reasonable agreement with the HRTEM images.

3.2 Magnetization Experiments

Figure 2: T -dependence of the ZFC (open squares) and
FC (blue) magnetization between 2 K and 300 K at H
= 200 Oe for Au-Y2O3. The inset shows the FC-ZFC
irreversibility in detail.

Figure 3: M vs H for Au-Y2O3 at T = 2 K (blue) and
300 K (black).

The T -dependence of the zero field cooling (ZFC)
and field cooling (FC) magnetization (M vs T ) at H =
200 Oe between 2 K and 300 K for Au-Y2O3 sample
is shown in Figure 2. The ZFC magnetization has a
maximum at ≈ 4 K (inset in Figure 2), it is probably
associated with an average Blocking temperature, TB , of
the Au-NPs indicating superparamagnetic behavior of a
FM single domain NPs [21]. Above TB , the ZFC-FC are
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not exactly on top of each oder, what may be associated
with the large size distribution of the NPs [22].

Figure 3 shows the field dependent magnetization
measurements (M vs H ) at 2 and 300 K for the Au-
Y2O3 sample. At 2 K a hysteresis loop with coercive
field of HC ≈ 250 Oe was observed. Above the average
TB , at 300 K, no hysteresis was observed as expected in
a superparamagnetic regime [23]. From the saturation
magnetization at 2 K and based on the TGA analysis
(not shown) we have estimated an effective magnetic
moment of ≈ 0.004 µB per Au surface atom. The esti-
mative of Au atom on the NP surface was performed as-
suming spherical shapes and that the number of surface
atoms is proportional to the volume of a skin thickness
of Au diameter.

3.3 ESR Experiments

Figure 4: T -dependence of the X-band ESR spectra for
Au-Y2O3. The arrows indicate the sequence of the ther-
mal cycling.

Figure 4 shows the X-band ESR spectra for Au-Y2O3

sample at different temperatures following the in-situ
ESR thermal treatment: the ”as prepared” sample at
room-T (black); then at 90 K (blue), after ZFC cool-
ing; then at 370 K (red), after heating; at room-T again
(black), after cooling; and again at 90 K (blue) but, in
this case, applying magnetic field to obtain the spectra
as a function of temperature. It is clear from these data

that the observed lineshape and structure of the ESR
spectra has dramatically changed during this thermal
cycling. These observations are associated with demag-
netizing NPs shape effects.

Figure 5 presents the T -dependence of the ESR pa-
rameters extracted from the observed spectra of Au-
Y2O3. These data show that resonance field, Hr, is
shifted towards low field at T < 120 K due to the
presence of an internal magnetic field. The relative in-
tensity, I(T )/I(118 K), does not follow a Curie-Weiss
behavior at low-T. These features are signatures of a
FM resonance (FMR). [24] Therefore, we argue that the
amine/organic acid caped Au-NPs assisted by Y2O3 is a
new and promising route for the production of magnetic
Au-NPs.

Figure 5: T -dependence of the X-band ESR parameters
extracted from the observed spectra for Au-Y2O3: a)
resonance field, H r, and b) normalized integrated in-
tensity, I (T )I (370 K), for Au-Y2O3. The insets in and
indicate the behavior of a) H r and b) I (T )I (118 K) at
T ≤ 118 K.

4 ANALYSIS AND DISCUSION

Nowadays there are some speculations regarding the
origin of magnetism in Au-NPs. Our results are in good
agreement with the so-called ”ligand effect” scenario,
where 5d localized holes are generated by the Au-X
bonds on the surface of the NPs. X is a highly ox-
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idative element like S, [25] P and Cl. [26] These holes
may give rise to localized magnetic moments with high
spin-orbit coupling (1.5 eV) for Au in a local low sym-
metry due to the Au-Au and Au-X bonding. [27] Al-
though the ”size effect” tends to decrease the number
of holes, [28] it has been argued that the ”ligand effect”
may counter balance the ”size effect” and thus the caped
Au-NPs may exhibit an observable magnetism. [13] The
assisted amine/organic acid caped Au-NPs assisted by
Y2O3 studied in this work present a saturated magneti-
zation and a FMR between room-T and 2 K, indicating
the existence of a magnetic collective sate for the cou-
pled magnetic moments. The origin of this collective
state is probably caused by the exchange coupling be-
tween the spins of the localized Au-5d holes which are
responsible for the FM in these Au-NPs. In summary,
our work in Y2O3 assisted amine/organic acid caped Au-
NPs has demonstrated that: i) the magnetic properties
of these Au-NPs can be observed via a FMR experi-
ments; ii) via the FMR it is possible to show the ex-
istence of demagnetizing shape effects of the magnetic
Au-NPs; and iii) the chemical route of amine/organic
acid caped Au-NPs assisted by Y2O3 is an alternative
method very efficient for the producing an enhanced
magnetism in caped Au-NPs via, presumably, additional
surface Au-O bonds.
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