
Chemically Induced Permanent
Magnetism in Au, Ag, and Cu
Nanoparticles: Localization of the
Magnetism by Element Selective
Techniques
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ABSTRACT

We report a direct observation of the intrinsic magnetization behavior of Au in thiol-capped gold nanoparticles with permanent magnetism
at room temperature. Two element specific techniques have been used for this purpose: X-ray magnetic circular dichroism on the L
edges of the Au and 197Au Mo1ssbauer spectroscopy. Besides, we show that silver and copper nanoparticles synthesized by the same
chemical procedure also present room-temperature permanent magnetism. The observed permanent magnetism at room temperature in Ag
and Cu dodecanethiol-capped nanoparticles proves that the physical mechanisms associated to this magnetization process can be extended
to more elements, opening the way to new and still not-discovered applications and to new possibilities to research basic questions of
magnetism.

The ultimate aim of the current nanotechnology is the
development and design of materials and systems at the
nanometric scale with controlled properties suitable to a
concrete application. The success of this task requires the
development of mechanical-physical and chemical
procedures to get systems with great stability and homogene-
ity and with desired shapes and compositions. Presently,
modern lithography equipments allow the manipulation
and the creation of structures even at atomic level.1

In the same way, by means of the new methods of
chemical syntheses, other important advances have been
achieved in this field as, for example, the stabilization
of regular structures formed by nanoparticles of different
magnetic behaviors of even less than 2 nm2.

Apart from the logical technological limits, there is
another handicap that must be faced: the innate limits

imposed by the physics and chemistry of the nanomaterials.
As the size of the material decreases, properties presented
in bulk materials cloud due to the increasing importance of
the relative dispersion of the sizes or, even, disappear as a
consequence of the incompatibility of the size with the
property as, for instance, the ferromagnetism in magnetic
metallic nanoparticles.

In a nanometric scale, two important factors regulate the
properties of a material: (a) the size effect, due to the
increasing confinement of the electrons as the size of a
particle decreases down to values comparable to the
wavelength of an electron at the Fermi level, and (b) the
surface effect, as a consequence of the relative increase of
the surface atoms with different chemical and structural
topology.

These two effects have a great influence in the total energy
of the system and condition its final structure and shape.
Because most of the atoms of the nanomaterial are located
at the surface, the surface atoms play a crucial role in the
energy minimization and, consequently, in the stabilization
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of the system.3,4 The minimization of the energy includes
changes in the charge distributions that can differ from the
surface to the bulk due to the quantum confinement of the
electrons.5,6

A way to obtain metallic nanoparticles (NP) is the capping
of the NPs by means of functional groups such as amines,7

phosphine,8 alcohols,9 thiols,10 or even certain acids11 that
interact with the surface atoms preventing the particle
growth.10 This method allows the stabilization of nanopar-
ticles of less than 2 nm presenting other additional advan-
tages, such as size control and a narrow size distribution,
which has greatly popularized its use as a way to obtain
monodispersed nanosized nuclei of different elements,
compositions, and capping for different technological ap-
plications and studies.

Special interest has been aroused by the influence of the
capping on the properties of the NPs. It has been observed
that properties such as optical response,12 magnetism,13,14or
reactivity15 can differ significantly from their bare or bulk
counterparts with these changes being modulated by the
chemical affinity of the capping group to the surface atoms
of the metallic NP.

For example, certain metals, amine, or alcohol groups
interact weakly with the atoms at the surface and preserve
the electronic properties, including the surface ones, of a bare
NP. On the other extreme, thiols interact strongly with atoms
at the surface and induce significant charge redistribution
and the consequent change in the physical properties.5,16

Thiol-capped Au NPs represent a good example of this
effect. In these nanoparticles, 5d electrons of the Au atoms
can be involved in the electron redistribution as a conse-
quence of the size effect, causing a hybridation with the 6s
electron and locating them close to the Fermi energy level.
The strong affinity between the Au surface atoms and the S
atoms of the thiols induces a strong charge transfer from
the Au surface atoms to the S atoms where the participation
of 5d electrons can be also implied. As a direct consequence,
unoccupied densities of d states located at the Au surface
atoms are generated, making these atoms susceptible to
becoming magnetic.5,6

This fact has been corroborated by some experiments that
verify the step from diamagnetism to a magnetic state for
the Au NPs. However, surprisingly, a great variety of effects
going from giant paramagnetism,17 superparamagnetism,18

and even permanent magnetism19,20have been reported from
thiol-capped Au NPs synthesized by similar chemical routes
and apparently with similar structures, sizes, or compositions.

Aside from the fact that it is a gold NP that has become
magnetic, the nature of the permanent magnetism is amazing
in two different ways. On one hand, the macroscopic
magnetic signal hardly varies with the temperature over a
wide range up to room temperature. On the other hand,
permanent magnetism is present for sizes that in any other
system would be superparamagnetic. The microscopic con-
firmation of this fact would mean an invaluable step for the
physics of the magnetism. It would involve the possible
existence of magnetism over superparamagnetic limits of the
bare metallic NPs, opening the way to new and still not-

discovered applications and to new possibilities to research
basic questions of magnetism.

Two main questions are hidden behind these results: is
the origin of the magnetism really located on the Au atoms?
And if it is so, are there more elements susceptible to induce
magnetism on them?

We have tackled these two questions in an independent
way. First, we have synthesized dodecanothiol-capped NPs
of three different elements: Au, Ag, and Cu. For that, we
have followed the well-known Brust method taking special
care of the initial parameters of the synthesis to intensify
the effect of the dodecanothiol on the surface of the
particles.10,21 Second, we centered our efforts in the micro-
scopic magnetic characterization of the Au NPs.

TEM micrographs and particle size distribution histograms
for the dodecanothiol-capped Au, Ag, and Cu nanoparticles
have been performed (Figure 1). In the three samples, face-
centered cubic (fcc) crystal structure was identified with
higher lattice parameters than those presented in their
corresponding bulk samples.21 The size distribution histo-
grams disclose similar main particle sizes (∼2 nm) and
narrow size distributions (∼0.2 nm) for the three character-
ized Au, Ag, and Cu NPs. More detailed figures can be
consulted in Table 1.

Macroscopic magnetization measurements have been
performed at 5 and 300 K by a SQUID magnetometer
(Quantum Design) (Figure 2). Several facts must be under-
lined from this figure: (a) the clear saturation of the magnetic
signals of the three samples even at 300 K (except for the
Cu at 5 K aswill be later discussed), (b) the preservation of
the magnetic signal from 5 to 300 K (only a decrease of
∼10% is observed), (c) the similarity between the magnetic
behaviors of the Au and Ag NPs and among the coercive
fields of the three samples (∼190 Oe at 5 K and∼80 Oe at
300 K), and (d) the outstanding value of the saturation
magnetization up to 5 emu/gr for the Ag and Au NPs and
up to two magnitude orders higher than other previously
published values for similar NPs.11,18-20,22

After the macroscopic magnetization measurements, the
samples were checked for magnetic impurities by inductively
coupled plasma mass spectroscopy (ICP-MS). Fe traces
(e1 ppm) were found in all the samples. This amount,
nevertheless, certainly cannot justify the magnetization
observed macroscopically and even can affect in such a way
the magnetic properties of the Au. Besides, it has been probed
that the presence of Fe in the Au NPs weakens the magnetism
of the NPs by delocating the charge from the surface of the
NPs.23 The grade of location or itinerancy of the surface
charge in NPs has been usually weighed up by the intensity
of the band on the ultraviolet-visible part of the spectrum
associated to the so-called surface plasmon resonance.24 In
the case of the Au, Ag, and Cu NPs studied in this paper,
this band was completely absent confirming the localization
of the charge at the surface of the NPs.21

A complete microscopic magnetic characterization has
been performed on the Au NPs. Several reasons drove us to
select the NPs of this element. On one hand, previously
published papers related to the Au NPs afford us valuable
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data that could be compared and discussed with those
obtained from our measurements. In addition, Au NPs allow
us to use element selective techniques such as X-ray magnetic
circular dichroism (XMCD) and197Au Mössbauer spectros-
copy, which is not available for the Ag and Cu elements.
The combined use of these two techniques provides different
and complementary microstructural magnetic information on
a particular element.

It has been observed that the X-ray absorption structure
(XAS) of the Au atoms of the thiol-capped Au NPs present
an intensity increase of the resonance at the threshold
(whiteline) associated with a 2p3/2 to 5d5/2, 3/2dipole transition
with respect to the bare Au metal that probes the existence
of unoccupied d states in the Au atoms at the Fermi level.5,6

The XMCD technique allows us to monitor the magnetic

behavior of these transitions and to obtain element specific
magnetization (ESM) measurements evaluating the difference
between the absorptions of the sample to the right and left
circularly polarized X-ray under a magnetic field.

Figure 3 shows the XAS and XMCD spectra of the Au
nanoparticles at the L3 edge (2p3/2 f 5d5/2 6s1/2 allowed
dipolar transition) and L2 edge (2p1/2 f 5d3/2 6s1/2) where
the 5d electrons come into play. The spectra were obtained
at room temperature and in applied magnetic field of 10 T.
Two different XMCD signals with an order of magnitude
of 10-5 of the XAS step height are clearly observed at both
L3 and L2 edges. One of these signals is centered at∼11.928
keV (L3) and at∼13.748 keV (L2), and its sign changes when
the magnetic field is reversed, which verifies the magnetic
origin of this contribution.

Figure 1. Transmission electron micrographs of Au, Ag, and Cu nanoparticles capped by dodecanothiol (above) and their corresponding
size distributions histograms (below). The solid line represents the fitting curve assuming a log-normal function. The calculated mean
particle diameter (d) and the standard deviation (σ) are shown in the histograms.

Table 1. Summary of the Structural and Magnetic Characteristics of the Au, Ag, and Cu Dodecanothiol-Capped NPs Studied in This
Paper

mean size
(nm)a

weight of the
organic componentb

number
of shellsc

magnetization
(emu/g metal)d

Mr/Ms
(at RT)e

magnetization
(µB/magnetic atom)f

ratio surface
metal/Sg

Au NP 1.9 ( 0.2 15% 3 6.0 0.077 0.33 1:0.27
Ag NP 2.3 ( 0.3 22% 4 7.4 0.072 0.27 1:0.30
Cu NP 2.3 ( 0.2 30% 4 2.8 0.056 0.06 1:0.37

a Mean sizes and deviations as calculated from the fitting of the distribution histograms presented in Figure 1.b Relative weight of dodecanothiol determined
from thermogravimetry and ICP analysis.c Number of fcc-structured shells for the different NPs estimated from the mean sizes and lattice parameters.
d Magnetization values calculated from the magnetization curves at 5 K.e Remanence to saturation magnetization ratio obtained from curves at 5 K.f Magnetic
moments of the surface magnetic atoms estimated from magnetization results and the relative quantity of surface atoms in the NPs.g Relative quantity of
surface metal atoms to S atoms as estimated from thermogravimetry and ICP analysis.
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Associated with this last contribution, an ESM measure-
ment was obtained at room temperature by considering the
XMCD signal as proportional to the magnetization and
gathering the amplitude of the signal at the L3 edge as a
function of the external magnetic field (Figure 4). The ESM
shows a clear hysteretic behavior with the applied magnetic
field, a distinguishable coercivity (see inset in Figure 4), and
a tendency to saturation above 5 kOe, similar to those
observed in the macroscopic magnetization measurements
(Figure 2).

Mössbauer spectroscopy is an element selective technique
based onγ-energy recoilless nuclear resonance, property only
observed in nuclei of isotopes of certain elements. This
technique is characterized by its high sensitivity to local
physical and chemical changes, suitable for microstructural
and magnetic characterization of samples and alloys.

Figure 5 shows the197Au Mössbauer spectrum of the
dodecanothiol-capped Au NPs. Two different contributions
can be observed. The main one is a single line centered at
-0.26 mm/s (all isomer shifts are quoted with respect to
Au metal) and a width of 2.0 mm/s, only slightly larger than
the 1.9 mm/s of the Au calibration foil. This contribution is
from the fcc Au core of the NPs and it is clearly nonmag-
netic. The isomer shift (IS) is within the range of values
found for the core of Au55 molecular clusters.25 The negative
IS is caused by the decrease of the average electron density
at the nuclei of these Au nuclei as a consequence of lattice
expansion.26

The second one is a split component centered on positive
values and stems from the surface Au atoms. As it is known,
the loss of symmetry with respect to the inner atoms and
the existence of chemical bonds of different nature can cause
high electric field gradients and changes in the electron
densities in the nuclei of the surface atoms.26-28 This fact is
clearly reflected in the quadrupolar splitting (QS) and IS
values of the spectral components of these atoms. Studies
reported in the literature on the relation of the capping with

the QS and IS values of the surface Au atoms of different
NPs reveal that these atoms change the valence state to
Au(I).29 No fitting of the split component of the spectrum
shown in Figure 5 achieves values for IS and QS that could
directly relate the surface Au atoms to either Au(I) valence
state nor any valence state of the Au found in the literature.30

So, taking into account the XMCD and ESM results, we have
considered this component as an unresolved magnetic
splitting, smaller than the quadrupole splitting and oriented
at a powder-averaged, random angle to the electric field
gradient. It has been theoretically calculated and probed
experimentally that magnetically split197Au Mössbauer
spectra show eight different transitions with well-determined
relative intensities.31 These intensities were fixed during the
fitting procedure. Under the last considerations, an IS of 3.55
mm/s, a QS value of-4.3 mm/s, a hyperfine field of 9.0 T,
and a width of 2.0 mm/s were obtained. Although magnetic
hyperfine fields have been observed previously in ferromag-
netic gold alloys, the fields in those cases have been due to
conduction electron polarization transferred from an alloyed,
magnetic, 3d element. This is the first time that a hyperfine
field has been observed due to a magnetic moment resident
on the gold atom.

The relative intensity of the magnetic subspectrum was
40%, much less than the 63% of the atoms on the surface in
a particle formed by three fcc structured shells of Au atoms
as expected from the size of here studied Au NPs. However,
the spectral area must be corrected for the difference in the
bonding strength of core and surface atoms, which changes
the recoilless fraction of the gamma ray absorption. Using
the values obtained by Smit el al.32 for the surface and core
atoms in a two atom radius Au55 molecule produced an
expected, weighted subspectrum value of 53%. This an
important point because, although the agreement is not
perfect, the difference of the magnetic subspectrum from
anything seen previously in the literature26,29 and its com-
bination with the XMCD and ESM results unquestionably
locates the magnetism of these NPs on the surface Au atoms.

After determining the location of the magnetic atoms in
the NPs, the logical next step is to calculate their magnetic
moments. The relative weight of the organic (dodecanothiol)
component in the NPs was calculated by ICP-MS and
thermogravimetry. The thermogravimetry technique provided
us an independent physical way to estimate the relative
weight of the organic component. Moreover, it allows
observing the stability of the NPs with regard to the
temperature, too. The degradation and the subsequent
volatilization of the organic capping were detected at∼500
K. The relative decrease of the measured weights were
consistent with those calculated from ICP-MS results and
lay from 15% for Au NPs up to 30% for Cu ones as it can
seen in Table 1. Taking into account the particle sizes
obtained from TEM images, it can be considered that the
Au NPs are formed by three fcc shells and the Ag and Cu
ones by four shells, which raises the relative quantity of
surface atoms in the NPs up to 63 and 52%, respectively.
These data in conjunction with the saturation magnetization
values obtained from the M(H) curves at 5 K lead to values

Figure 2. Magnetization curves of the Au, Ag, and Cu dodecan-
othiol-capped NPs. Open symbols represent measurements obtained
at 5 K and filled symbols measurements obtained at 300 K. The
similar coercive fields at 300 and 5 K and for the Au, Ag, and Cu
NPs can be noticed in the inset.
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of magnetic moments of∼0.3 µB for the surface atoms in
the Au and Ag NPs and∼0.06µB in the Cu ones. The notable
difference between the magnetic moments calculated for the
Au and Ag magnetic atoms and for the Cu magnetic ones is
due to the presence of diamagnetic Cu2O and antiferromag-
netic CuO in the Cu NPs as it can be perceived in the
hysteresis curve of these NPs obtained at 5 K (see Figure
2). We could not avoid the oxidation of part of the Cu in
any of our trials. However, it has been observed that CuO
nanoparticles present Neel temperatures of∼40 K33, and
therefore the saturated magnetic signal observed in the
hysteresis loops at room temperature would be due exclu-
sively to the dodecanothiol-capped Cu NPs.

The persistence of an almost invariable magnetism even
at temperatures above 300 K in these NPs is a clear indication
of the high local anisotropy associated with the magnetism
of the dodecanothiol-capped Au, Ag, and Cu atoms. A simple
calculation of the anisotropy constants corresponding to 2
nm size NPs with blocking temperatures above 300 K shows
values up to 109 J/m3 or 0.4 eV per atom.34 This huge
anisotropy can be compared with that observed on the surface
layers of thin films of thiol-capped Au.17 As in the Au, Ag,
and Cu thiol-capped NPs, the lack of symmetry on the
surface of the film and the charge transfer from surface metal

Figure 3. XMCD and XAS spectra obtained at the Au L3 and L2 edge with applied magnetic field of 10 T. XMCD spectra have been
normalized taking into account a branching ratio of 2:1 in the dipole transition for L3 and L2 edges.

Figure 4. ESM of dodecanothiol-capped Au NPs obtained from
the amplitude of the XMCD spectra at the Au L3 edge as a function
of the applied magnetic field. The coercivity of the ESM is clearly
observed in the inset.

Figure 5. 197Au Mössbauer spectrum of dodecanothiol-capped Au
NPs at 4.2 K. The spectrum has been fitted by a nonmagnetic singlet
contribution corresponding to the inner Au atoms with a fcc
structure and a ferromagnetic one from the surface Au atoms.
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atoms to S atoms define a covalent and strong located
directional bond. This feature joined to the orbital motion
of surface electrons around nanometric to micrometric
domains induces giant anisotropic orbital momenta that are
ultimately responsible for the magnetic signal and magnetic
behavior of the samples.9,34 These arguments have also been
used to explain the physical mechanisms related to the
magnetism of the thiol-capped Au NPs.35 In our case, the
contribution of the orbital moment to the magnetism of these
Au NPs can be estimated from the XMCD results. Using
the sum rules,36,37the ratio of the orbital to the spin magnetic
moment<µL/µS> was calculated to be 0.10. This value is
not surprisingly high and cannot be taken as representative
of a magnetic system led by the orbital momenta.1 It is larger
than those observed in orbital-quenched 3d transition metals
but lower than, for example, the<µL/µS> ratio measured in
spin polarized Au atoms at the interfaces of Au/Co multi-
layers.38 More enlightening is the comparison with the
polyallyl amine hydrochloride (PAACH)-capped Au particles
of similar size synthesized by Yamamoto et al.39 The authors
calculated for these NPs a<µL/µS> ratio of 0.145, signifi-
cantly higher than the 0.10 value observed in Au NPs studied
in this paper. As a higher contribution of orbital momentum
is associated with higher magnetic anisotropy, a stronger
magnetic behavior would be expected from the PAACH-
capped Au NPs. However, these NPs are superparamagnetic
even at temperatures down to 2.6 K.

The directional and localized metal-S bond at the surface
of the NPs and the sphere-like shape of the latter ones lead
to an arrangement where all the magnetic moments would
be orientated perpendicularly to the surface reaching, as a
whole, a random high anisotropy orientation. In a system
characterized by a considerable orbital magnetic contribution,
the rotation of the angular momenta with an applied external
magnetic field would require the rotation of the electric
charge distribution linked to the directional metal-S bond
at the surface of the NPs and a hysteresis loop featured by
an unsaturated magnetic signal and a defined remanence to
magnetization ratio of 1/2 would be expected, as it has been
observed in thiol-capped Au NPs.19 In contrast with this
assumption, the Au, Ag, and Cu dodecanothiol-capped NPs
studied in this paper present a saturated magnetic signal even
from moderate applied fields, clearly indicating collectivity
among the magnetic moments of the surface metal atoms.
The origin of this collective state must be due to the coupling
exchange among the spins of the located d electrons
responsible for the magnetism in the samples. It has recently
been pointed out theoretically that in certain circumstances
spin-spin exchange interactions can prevail over the high
anisotropy associated with orbital magnetic moments even
in two-dimensional magnetic systems and so induce the
alignment of the orbital moments through the strong spin-
orbit coupling.35

Very few papers have been published up to now dealing
with the magnetism of organically capped Au or very
recently Ag NPs.11,18-20,22,23,39,40None of them reports the
same magnetic behavior, including this one. The calculated
values for the magnetic moments for the magnetic Au spread

from 0.002 to 0.036µB, much lower than the value of∼0.3
µB calculated for the NPs studied in this paper. These
different data, however, must not be taken as contradictory
but as complementary. All of them reflect the generation of
holes in the 5d energy level as a consequence of different
bonds among the surface Au atoms and the different organic
groups. The efforts must be center on the understanding of
the chemical and physical mechanisms hidden behind the
different chemical bonds.

In the present case, Au, Ag, and Cu were selected for
comparison because their similar electronic structures, nd10

(n+1)s1, similar chemical affinities, and same diamagnetic
behavior of the bare bulk state. The capped NPs were
synthesized under the same chemical recipe and the same
synthesis conditions. The three samples show permanent
magnetism at room temperature with high magnetic moments
and basically similar magnetic characteristics. The thermo-
gravimetry and ICP-MS results fit approximately in the
relative quantities of the S atoms on the surface of the NPs.
As can be observed in Table 1, the S/metal ratio at the surface
is in our case∼0.3, which indicates that each S atom would
be linked to three surface metal atoms. This bond has been
observed to be formed by chemisorption of alkanethiolates
on monolayers of Au and Ag. The S atoms would lean into
the hollow formed by adjacent atoms at the surface inducing
σ- andπ-bonding orbitals with the thiol specie.41 The bonds
adapt to the local symmetry of the hollow, which could cause
the partial quenching of the magnetic orbits of the metal
atoms at the surface of the NPs.
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