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T
he combination of nanostructured
materials exhibiting different physical
properties is one of the key goals in

the current landscape of nanotechnology
in the perspective of gaining a deeper
fundamental understanding of nanoscale
phenomena as well as of paving the way
toward new exciting applications.1�4 In par-
ticular significant research efforts have been
devoted to the design and fabrication of
artificial magnetic-plasmonic nanohetero-
structures (MP-NHs), in the form of free-
standing multicomponent nanocrystals or
thin-film multilayers composed of surface
plasmon resonance (SPR)-active noble-metal
and magnetic domains in direct electronic
contact through bonding (e.g., epitaxial)
interfaces.2,3,5,6 MP-NHs have already been
proposed as multifunctional platforms for
a variety of applications. Most examples

pertain the exploitation of MP-NHs with
core@shell geometries in theranostics, where-
by a noble-metal shell can serve to protect
an underlying magnetic core against oxida-
tion,6,7 to provide a surface easy to functiona-
lize with biomolecules,8�10 to enable optical
tracking,11,12 to act as an optical heater,13 or as
an active optical beacon.14 Most notably, be-
sides entailing different optical, electromag-
netic, and magnetic responses associated
with the respective material components,
MP-NHs have been found to exhibit addi-
tional or even entirely novel properties as a
result of the combination and synergistic
interactions between the relevant SPR and
the magnetic functionalities.2,3,5,6,15�31 For
instance, the spectral SPR response of the
noble-metal domains can be appreciably
modified upon formation of direct bonding
junctions with magnetic sections.2,3,18,20 In
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ABSTRACT We report on the unprecedented direct observation

of spin-polarization transfer across colloidal magneto-plasmonic

Au@Fe-oxide core@shell nanocrystal heterostructures. A magnetic

moment is induced into the Au domain when the magnetic shell

contains a reduced Fe-oxide phase in direct contact with the noble

metal. An increased hole density in the Au states suggested occur-

rence of a charge-transfer process concomitant to the magnetization

transfer. The angular to spin magnetic moment ratio, morb/mspin, for

the Au 5d states, which was found to be equal to 0.38, appeared to

be unusually large when compared to previous findings. A mechan-

ism relying on direct hybridization between the Au and Fe states at the core/shell interface is proposed to account for the observed transfer of the magnetic

moment.

KEYWORDS: colloidal nanocrystals . core�shell heterostructures . spin polarization . X-ray spectroscopy . nanomagnetism .
magneto-plasmonics
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colloidal Au/iron oxide MP-NHs the occurrence of
charge transfer,16,21,22 changes in the local dielectric
environment, or spill-out of electron density29,31 at the
interface have been proposed to explain alterations in
steady-state optical absorption and ultrafast electron
dynamics, enhanced catalytic activity,21,22 as well as
slight modifications in the magnetic behavior,32,33 as
compared to those found for the isolated materials.
Enhancedmagneto-optical signals have been reported
for several noble-metal/ferrite MP-NHs and attributed
to optical amplification produced by the giant elec-
tromagnetic field associated with the SPR in the plas-
monic neighbor.3,5,15,17,23,26,27,30 A strong interplay
between SPR and magnetic properties has been
shown to lead to the insurgence of exclusive phenom-
ena, such as magnetic-field-driven modulation of the
SPR,24,28 bleaching of SPR dynamics,29,31 and plasmon-
driven modification of the magnetization reversal
process.25 However, the detailed origin of such effects
is still under debate and their understanding poses the
challenge of deciphering the relationships between
structural-compositional features and themechanisms
of coupling of magnetic and SPR properties in these
MP-NHs. One key issue is to discriminate between
systems in which the SPR and magnetic components
behave additively or synergistically. In this respect, of
paramount importance is to understand the degree
of interaction between the valence-band electrons of
the respective materials, since these dictate both the
optical properties of the noblemetal and themagnetic
behavior of themagnetic domain. A direct signature of
this interaction would be the presence of a magnetic
moment on the nonmagnetic plasmonic counterpart.
Bulk Au is essentially a diamagnetic material, although

the observation of underlying Pauli and orbital para-
magnetism has been recently reported.34 As such, Au
cannotmanifest any spin polarization resulting froman
unbalancing between spin-up and spin-down states.
However, in alloys and multilayers involving magnetic
metals, hybridization of the valence band may be
expected, leading to spin-polarization transfer, as in-
deed observed in Au�Co multilayers,35,36 bulk Au�Fe
alloys,37 as well as in Au�Fe alloy nanoparticles.38 As a
major drawback, the chemical instability of ferromag-
netic metals calls for alternative materials capable of
showing increased resistance against environmental
aggression while maintaining satisfactory magnetic
properties. Among the most promising candidates
within this respect are transition-metal oxides, such
as ferrites. Several strategies to prepare magneto-
plasmonic Au/Ag adducts with transition metal oxides
have recently been documented in the literature. In
particular, colloidal chemistry routes have proven to
be extremely versatile, giving access to a wide variety
of heterostructured nanocrystals with different archi-
tectures and spatial distribution of their chemical
composition.2,39 Currently, there is an undoubtedly

huge scope on extending the current understanding
of magneto-plasmonic phenomena to noble-metal/
metal oxide systems in order to build up a solid
knowledge base for the rational design of MP-NHs
with predictable responses.
In this work we report on the investigation of

colloidal Au@iron oxide core@shell MP-NHs character-
ized by a concentric flower-like topological profile, by
using a combined experimental approach involving
X-ray magnetic circular dichroism (XMCD) spectrosco-
py, X-ray absorption near-edge structure (XANES) spec-
troscopy, transmission electron microscopy (TEM), and
SQUIDmagnetometry. Taking advantage of the atomic
selectivity of the XMCD technique, for the first time we
demonstrate the induction of magnetism into Au due
to spin-polarization transfer from the magnetic iron
oxide. The spin polarization was found to be depen-
dent on the chemical and structural nature of the iron
oxide domain with which the Au core domain was
interfaced. Indeed, when iron was present in the lower
bivalent oxidation state of magnetite and wustite, a
synergistic behavior was observed, and a sizable mag-
netic moment on Au was detected. On the other hand,
in the presence of trivalent iron of maghemite only, no
signature of the interaction between the two moi-
eties was identified. An increased hole density in
the 5d states of the Au core suggested occurrence
of a charge-transfer process concomitant to the
spin-polarization transfer, which, in turn, originated
from a direct hybridization between the Au 5d and
Fe 3d states of the metallic core and oxide shell,
respectively.

RESULTS AND DISCUSSION

To the purposes of our study, we compared two
types of core@shell MP-NHs with different chemical
composition and geometric parameters, henceforth
referred to as samples S1 and S2. The MP-NHs samples
were synthesized by an established surfactant-assisted
seeded-growth technique.2,16,40 The approach relied
on performing heterogeneous nucleation and growth
of iron oxide on pre-existing Au nanocrystals by ma-
nipulating the thermal decomposition of suitable iron
precursors in 1-octadecene/oleil amine/oleic acid mix-
tures at 320 �C under N2 atmosphere in the presence of
preformed Au nanocrystal seeds that had been grown
in a separate step.16,40 The topology and relative Au
and iron oxide domain sizes could be varied by selecting
Au seeds with different dimensions and adjusting the
relative seed to reactant ratio, according to known
criteria.2,16,21,22,40,41 After growth completion at high
temperature, the crude reaction mixture was exposed
to air for a short periodat 80 �C. Postsynthesis processing
of theMP-NHs (extraction, purification, redispersion, and
storage in low-boiling nonpolar solvents) was entirely
carried out using anhydrous solvents under inert atmo-
sphere to prevent any further oxidation of the MP-NHs
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(hence, changes in phase composition of their iron oxide
component) prior to being characterized.
Figure 1 shows representative low-magnification

transmission electron microscopy (TEM) pictures de-
monstrating the concentric core@shell geometry of
the MP-NHs, in which the Au cores (corresponding to
the starting seeds) exhibited a comparatively “darker”
contrast due to their higher electron density and
electron-diffracting power, relative to the surrounding
iron oxide shell with variable shape profile. Sample S1
comprised objects made of ca. 8�10 nm Au cores
enclosed within a multidomain, flower-like shell with
an overall ca. 10�14 nm thickness (Figure 1a), while S2
contained MP-NHs made of ∼3 nm Au cores em-
bedded within single-domain or multipetal shell with
ca. 4�5 nm thickness (Figure 1b).
Figure 2a shows the XMCD spectrum of S1, taken at

the L edge of Au. Amagnetic dichroic signal was clearly
detectable at both L2 and L3 edges, accounting for
about 1% of the absorption at the L3 edge. The field
dependence of the XMCD measured at the L3 edge of
Au, 11930 eV was found to closely follow the SQUID
magnetometric signal acquired on the same sample
under identical conditions (inset in Figure 2a). As the
intensity of the XMCD signal is proportional to the

magnetic moment due to Au 5d states, the XMCD
measurement indicated a direct electronic coupling
between the Au and iron oxide moieties.
Since the magnetization reached full saturation

below 6 T, the XMCD data for this sample could be
used to separate the spin and angular parts of the
Au magnetic moment. For randomly oriented nano-
particles the intra-atomic magnetic dipole moment
averages out, and the sum rules used for extracting
the spin and angular contribution to the total mag-
netic moment, mspin and morb, respectively, are the
following:42,43

morb ¼ �2ÆAþ Bæ
3C

μB (1)

mspin ¼ Æ�Aþ 2Bæ
C

μB (2)

with

C ¼ ÆIL3 þ IL2 æ
Nh

(3)

where A is the area of the L3 XMCDpeak, B is the area of
the L2 XMCD peak, IL3 and IL2 are the white-line inte-
grated intensities after subtraction of the contributions

Figure 1. Representative low-magnification TEM images of colloidal MP-NHs with a Au@iron-oxide core@shell topology,
referred to as sample S1 (a) and S2 (b) in themanuscript. The respective insets show the startingAu nanocrystal seeds. HRTEM
image example of an individual core@shell MH-NH from sample S1 (c). Indexed FFTs (d�g) calculated for the corresponding
regions enclosed by the square boxes labeled as 1, 2, 3, and 4 in panel c, respectively. In panel f, an extra spot (grain 3) due to
the presence of an ordered defect structure in magnetite is marked.
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from the transitions to the continuum and Nh is the
number of holes per atom in the d shell. Usually, the
normalization constant C for Au is difficult to deter-
mine. In systems where the spin polarization is mainly
due to interface effects, it is commonly assumed that
C is transferable from compound to compound.36 In
line with this approach, the literature value C = 7.836

was used in eqs 1 and 2, yielding reasonable values for
both mspin and morb. In particular, we found morb =
3.5 � 10�3 and mspin = 8.7 � 10�3 expressed in Bohr
magneton units. It is, however, worth stressing that the
ratio morb/mspin, is, in any case, independent of the
choice of the scaling constant. We found a value equal

to 0.38, that is very high when compared to what
has been documented in the literature for the Au L
edges.35,37,38,44,45 A quite large value for the orbital
contribution (∼30% of the total moment) has been
recently reported to be associated with the induced
paramagnetism in bulk Au; however, the actual value
of the temperature-independent paramagnetic mo-
ment was found to be nearly 2 orders of magnitude
smaller than the value extracted in this work.34 Our
result thus clarified that the intrinsic, small Pauli and
orbital paramagnetism of Au could not be the at the
origin of the magnetic moment of sample S1.
On the other hand, Figure 2b clarifies that no dichro-

ism above the noise level at the Au L edges could be
measured for sample S2. This observation indicated
that the magnetic moment on Au in this sample, if any,
should be below 10�5 Bohr magnetons. In addition,
this result allowed excluding that XMCD on Au in S1
could otherwise originate from a AuxFey alloy in the
core of the MP-NHs, possibly formed upon Fe diffusion
into the original Au nanocrystal seeds during the early
stages of precursor/surfactant reaction at the Au sur-
face. In fact, if this were the case, dichroism should
have been observed for both samples.
The spin-polarization transfer from the iron oxide to

Audomain is expected to bemainly an interface-driven
phenomenon. However, since the percentage of Au
atoms located at the interface was estimated to be
less than 10% in S1 and around 50% in S2, the spin-
polarization transfer should have been found to be
more efficient for the latter sample if the interface
extension were the dictating parameter, in contrast to
our experimental evidence. Therefore, the different
XMCD behavior observed should be instead related
to the dissimilar chemical composition and/or struc-
ture of the magnetic domain in the respective cases. In
order to support this hypothesis we further investi-
gated the two samples by combining XANES, high-
resolution TEM (HRTEM), and SQUID magnetometric
measurements.
In Figure 3a the XANES spectra, recorded at the

Fe�K edge of the two samples, are compared with
those of bulk FeO (wüstite) and Fe3O4 (magnetite) used

Figure 2. (a) XANES and XMCD spectra at the Au-L2,3 edges,
recorded at 7 K in an applied field of 7 T, for sample S1. The
inset shows the variation of XMCD signal as a function of the
field, measured at the minimum close to 11920 eV (red
dots), along with the macroscopic magnetization curve
(green dots); each curve is normalized to the corresponding
value at 5 T. (b) XANES and XMCD spectra at the Au-L3 edge
for sample S2, recorded at 7 K in applied field of 7 T.

Figure 3. (a) Normalized Fe�K edge XANES spectra of sample S1, (red curve), S2, (blue), of bulk reference FeO (green), and
Fe3O4 (black). For the sake of clarity the spectra have been shifted along the y axis. (b) Normalized Au-L3 edges of the two
nanoheterostructures, S1 (black) and S2, (red). The difference spectrum is shown as a green line.
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as references. The spectra were collected in the same
experimental conditions as those described above for
the Au L2,3 edge spectra. It is useful to recall here that
XANES is a widely used and powerful tool for discrimi-
nating among different inorganic compounds: it can
not only provide the spectral fingerprint of a given
crystallographic phase, but also complementary infor-
mation on the chemical nature of the sample, since the
absorption edge position shifts toward lower energies
with decreasing the average oxidation state of the
photoabsorbingmaterial. Our data thus confirmed that
in the two samples Fe was present in different crystal-
line phases with dissimilar mean oxidation states. The
shape of the Fe�K edge of S1 was found to closely
resemble that of the mixed-valence Fe3O4 standard.
However, the edge was located at a lower position
in energy, thus indicating the presence of a higher
amount of Fe ions in the divalent oxidation state. By
fitting the edge feature with a linear combination of
the FeO and Fe3O4 reference spectra, we inferred that
FeO accounted for ca. 10% of the total Fe amount
(atomic ratio) in sample S1.
HRTEM investigations, supported by fast Fourier

transform (FFT) analysis of the image phase-contrast
variation across individual nanocrystals, provided a
deeper insight into the spatial distribution of the
chemical composition and crystal phases in the het-
erostructures of sample S1. Representative results are
illustrated in Figure 1c�g. The HRTEM image of a
flower-like object (Figure 1c) confirmed the onion-like
topology and revealed the existence of a central single-
crystalline face-centered cubic Au core enclosedwithin
a nearly continuous iron oxide shell. The symmetry of
the Au diffraction pattern (Figure 1d) agreed with that
expected for a truncated icosahedral geometry.66 A
close inspection of the heterostructure periphery clar-
ified that the iron oxide shell incorporated several joint
single-crystalline domains that could be univocally
indexed to cubic magnetite (Figure 1e,f). As a con-
sequence of the simultaneous nucleation and growth
of multiple iron oxide “petals” on the various facets
exposed by the original Au seeds, the magnetite
sections appeared to be differently oriented relative
to one another as well as to the primary electron beam.
Changes in lattice contrast within individual magnetite
domains pointed to the presence of defects. For
example, while the FFT pattern corresponding to some
domains matched well with that of pure magnetite
(see, for instance, Figure 1e), the diffraction pattern
relative to other sections showed the existence of
additional planes with higher scattering power (see,
for example, extra spots in Figure 1f), which could
originate from ordered substitutional defects or impu-
rities incorporated into the magnetite lattice. Finally, it
is interesting to note that, while the shell was indeed
dominated by the magnetite structure, small regions
directly interfaced with the Au core exhibited a FFT

pattern that satisfactorily matched with that of cubic
wüstite (Figure 1g). The reduced number of diffraction
spots observed, compared to those expected for the
particular zone axis concerned, should be due to the
limited area of the iron oxide region sampled for the
FFT analysis and its subtle deviation from the exact
alignment condition with respect to the primary elec-
tron beam.
The presence of wüstite in S1 can be justified by

recalling the knownmechanistic pathways that under-
lie the formation of iron/iron-oxide phases by surfactant-
assisted thermal decomposition of iron carboxylates.46�49

In the high-temperature synthesis stage, iron amino
oleate complexes (formed by in situ reaction of Fe(CO)5
or Fe(acac)3 precursors and OLAC/OLAM surfactants)
are decomposed to molecular monomer species (pre-
sumably, polyiron oxo clusters47�49) that can sustain
the initial heterogeneous nucleation and growth of
one or more reduced iron oxide phases, such as Fe3O4,
FeO, and/or even of metallic Fe,46�53 onto the Au
seeds, due to the reducing environment offered by
OLAM and trace amounts of CO and H2 deriving from
the pyrolysis reaction itself.47 These iron-contaning
phases, the relative proportions of which largely de-
pend on the specific synthesis parameters,46�53 can be
subsequently converted to Fe3O4 and/or Fe3O4/γ-
Fe2O3 (maghemite) mixtures upon controlled expo-
sure to air or to a foreign organic oxidizer.21,22,46�53

Given the low temperature (80 �C), short exposure time
(1 h) and mild oxidizing conditions (atmospheric O2 is
poorly soluble in the nonpolar coordinating media in
which the MP-NHs were grown) involved in the air-
exposure step carried out in our syntheses, and con-
sidering the relatively large thickness of the iron oxide
shell in S1, only partial conversion of the FeOdomain to
mixed-valence Fe3O4, rather than to fully oxidized
γ-Fe2O3 phase, could be expected to occur, as actually
detected by us. This result is consistent with the phase
composition commonly assessed for iron oxide nano-
particles with sizes exceeding ∼15 nm, prepared by
analogous surfactant-assisted thermal decomposition
of metal�organic precursors.46�53 In addition, recent
mechanistic studies on the development of FeO@-
Fe3O4 core@shell nanosystems,46�49,52,53 suggest that
FeO to Fe3O4 transformation in our Au@iron oxide
MP-NHs should reasonably proceed via progressive
oxidation from the surface of the FeO shell toward
the interior. Accordingly, the residual FeO phase in our
Au@iron oxide core@shell MP-NHs should be expected
to be located in direct contact with the buried Au core,
that is, far away from the outermost exposed surface
region of the iron oxide shell section. Such topological
picture is indeed in agreement with the HRTEM evi-
dence acquired on sample S1.
On the other hand, as for what concerned sample S2

with the thinner iron oxide domain shell, the XANES
edge energywas compatiblewith the presence of pure
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Fe2O3. Furthermore, the spectral shape was consistent
with the cubic spinel structure characteristic of γ-Fe2O3.
This result is in line with the phase composition generally
assessed for relatively small iron oxide nanoparticles,
which aremore chemically reactive and, consequently,
predisposed to be fully oxidized.46�50

Figure 3b shows the XANES spectra of the two
samples at the Au L3 edge along with the correspond-
ing difference spectrum. For both samples, the XANES
manifold indicated the presence of Au in the metallic
state. However, subtle differences were reliably detect-
able. Indeed, the region at around 11925 eV directly
reflected the density of empty Au 5d states, which
appeared to be higher for S1 than for S2, as evidenced
in the difference spectrum. This was evidence for the
existence of a larger density of holes in the Au 5d states
in the former sample, which in turnwas a signature of a
higher degree of hybridization attained with the con-
tiguous magnetic material in S1 with respect to S2. The
electronic origin of this effect was further supported
by the fact that changes in the spectral profile at higher
energies reflected variations in the local chemical
environment around Au. In this energy region the
two samples showed very small differences, thus prov-
ing the fact that the local chemical environment of Au
in the two samples was similar.
The macroscopic magnetic properties were investi-

gated by recording the temperature dependence of
the magnetization in a small 5 mT magnetic field after
zero field (ZFC) and field cooling (FC) procedures. The
temperature-dependent magnetization curves of S1
(Figure 4a) exhibited the typical features expected
for weakly interacting single-domain magnetic nano-
particles, their magnetic moment being blocked at low
temperature and free to fluctuate at room tempera-
ture (the blocking temperature was at ca. 250 K). The
two steps at around 100 and 210 K in the ZFC curve
are the signature of the Verwey transition, TV, char-
acteristic of Fe3O4 and of the antiferromagnetic order-
ing of the FeO phase (Néel temperature, TN ≈ 200 K),
respectively.54

The ZFC/FC curves of S2 (Figure 4a) also showed
evidence for a transition from a blocked to an un-
blocked regime with an average blocking temperature
of around 180 K. The broad distribution of energy
barriers can be justified on considering the irregular
flower-like geometry of the magnetic shell domain,
which can favor the occurrence of relaxation mechan-
isms different from the coherent rotation.55 Unlike S1,
no evidence for any structural or magnetic transition
was observed in the ZFC/FC curves recorded for S2,
confirming that the only iron oxide phase present in
the shell was γ-Fe2O3. The different composition of the
magnetic moiety of the two samples was further con-
firmed by the respective hysteresis loops recorded at
3 K (Figure 4b). While for S2 both the measured
coercive field (40 mT) and the approach to saturation

were those typical of spinel ferrite nanoparticles, the
presence of an antiferromagnetic phase (FeO) was
clearly inferred for S1 from the higher coercivity
(110 mT), the large irreversible field (up to 3 T), and
the high-field slope of the magnetization curve.
To investigate the coupling between the two mag-

netic phases observed in S1 we recorded a hysteresis
loop at 3 K after field cooling with a 5 T applied
magnetic field from room temperature (above TN of
FeO). We observed a negative shift, μ0HEx = �124 mT
along the field axis and a 196 mT coercive field, μ0HCex,
which represents the fingerprint of an exchange-
coupled antiferromagnetic/ferrimagnetic system.56,57

However, in contrast to what is expected for conven-
tional exchange-biased nanosystems, the phenomen-
on was also observed when the loop was recorded
without cooling through any structural or magnetic
(ordering, freezing, blocking, ...) transition. Indeed, after
cooling from room temperature and applying the 5 T
field at 100 K (below TN but above TV) we found μ0HEx =
�86 mT and μ0HCex = 167 mT, while, on applying the
same field at 40 K (below TV), μ0HEx and μ0HCex were
found to be�70 and 150 mT, respectively (Supporting
Information, Figure S.I.-1). This behavior indicates that
themechanism of coupling between the twomagnetic
phases is much more complex than the simple spin
pinning caused by uncompensated ferrimagnetic/
antiferromagnetic interfaces, which typically is consid-
ered to be responsible for the shift of the field-cooled
hysteresis loop. Work is in progress in order to better
elucidate this unusual behavior.

Figure 4. Temperature dependence of the magnetization
(a) and hysteresis curve normalized at 5 T (b) for the two
samples investigated; red and black curves refer to sample
S1 and S2, respectively. The inset shows amagnified view of
the low field region in the two loops in the low field region:
colors are as in panels a and b.
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Conversely, exchange bias was not observed in
sample S2, confirming that it comprised only a single
magnetic phase, in good agreement with informa-
tion obtained by XANES (Supporting Information,
Figure S.I.-2).
All experimental observations pointed out that the

spin polarization transfer to Au atoms critically de-
pended on the chemical composition of the mag-
netic phase neighbor. In particular, the presence of
divalent Fe2þ ions appeared to be the stringent
requirement for the insurgence of a magnetic mo-
ment on Au.
In previous studies the detection of a nonzero mag-

netic moment on Au in bimetallic systems was ex-
plained in terms of electronic hybridization between
the valence bands of the two metals, with subsequent
spin polarization transfer from themagneticmoiety.35,37,38

The same phenomenon has also been reported for Ag
in proximity of FeNi56 and in Ag�Fe alloys57 and dis-
cussed using similar arguments.
In the case of S1, the system was made dominantly

of Fe3O4; this oxide is featured by a very low band gap
(0.1 eV)58 which leads to a metallic-like behavior. It is
well-known that bulk stoichiometric Fe3O4 undergoes
a metal to insulator transition at the Verwey tempera-
ture (120 K) associated with charge localization,59,60

although the exact nature of this transition is still
largely debated.61 However, as far as nanometer-scale
Fe3O4 domains are involved, a highly defective crystal
structure can be expected, as indeed suggested by our
HRTEM analyses. Defects can indeed be responsible for
significant deviations from the bulk behavior, includ-
ing the disappearance of the Verwey transition for
small crystallites.62 Furthermore in thin polycrystalline
films, no discontinuity in the conductivity across TV has
been detected, despite the observed change in mag-
netic susceptibility.63,64

By taking into account the above arguments and the
experimental hints gathered from the differences in
the Au L3 spectra shown in Figure 3b, for sample S1 we
can postulate a mechanism reminiscent of that based
on metal�metal hybridization in magneto-plasmonic
alloy nanomaterials, which could explain the observed
polarization transfer. Actually, the metal-to-insulator
transition could be suppressed by the presence of Fe2þ

ions in FeO strongly coupled to the Fe3O4 domains,
which could modify the electronic structure of the
system, thus preserving the electron hopping process
responsible for the metallic-like behavior of magne-
tite. The very large value for the orbital part of the
magnetic moment on the Au 5d states (morb/mspin =
0.38) that was found for sample S1 is in agreement
with a mechanism of spin-polarization transfer in
which the hybridization between Au and Fe states
should play a key role. On the other hand, the
insulating nature of the γ-Fe2O3 shell surrounding
the noble metal core in sample S2 is expected to

prevent the spin-polarization transfer across the Au/
oxide interface, in agreement with our experimental
evidence.

CONCLUSION

In summary, we observed the insurgence of a mag-
netic moment in the Au 5d band of colloidal Au@iron
oxide core@shell MP-NHs by using XMCD spectroscopy
at the Au L edge and attributed it to a spin-polarization
transfer from the magnetic oxide to the noble metal.
This is, to the best of our knowledge, the first report of
such an induced magnetic moment transferred from a
transition-metal oxide to a nonmagnetic plasmonic
metal. Moreover, we found that the chemical and
structural nature of the magnetic phase (i.e., either
magnetite in combination with wüstite, or maghemite,
as proven by XANES and magnetometric experiments)
plays a key role in determining the onset of this
phenomenon. Maghemite is, in fact, unable to pro-
mote any spin polarization transfer, in contrast to what
magnetite can do. The different behavior was provi-
sionally explained by invoking the half-metallic char-
acter of the latter oxide, whichwas preserved across TV.
Such character can give rise to a partial hybridization
with the Au electronic states.
Further XMCD studies are certainly needed to gain a

deeper understanding of the mechanism that ac-
counts for the observed spin-transfer phenomenon.
At present, it is difficult to envisage the generality of
the proposed hybridization of Fe and Au states, and to
explain its dependence on the morpholog, and geo-
metry of a MP-NHs. Despite these limitations, here we
have clearly shown that electron or charge transfer is a
crucial prerequisite to attaining spin-transfer from
magnetic iron oxide to plasmonic Au. In addition, the
distinct behavior of the identified iron oxides in terms
of spin and electronic interaction with the contiguous
nanosized Au domain suggests some precious guide-
lines for the rational design of magnetic-plasmonic
nanoheterostructures. By proper selection of the chem-
ical composition and structure of the magnetic
component in oxide-based MP-NHs, it should be pos-
sible to modulate the degree of interaction between
the magnetic and SPR moieties, ultimately giving
access to systems with unprecedented physical
properties that could arise from a genuine synergis-
tic interplay of the SPR and magnetic functionalities
rather than from their merely additive combina-
tion. For instance, the coupling of free electrons of
a plasmonic domain to the spin-unbalanced popula-
tion of a magnetic section could give rise to magne-
to-plasmonic modes whose dependence on an
external magnetic field may be enhanced over that
achievable with the sole plasmonic moiety. This
could boost dramatic improvements in the SPR-
based refractometric signal and plasmon-based
wave guiding.
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On the other hand, the observed spin polarization
on Au 5d states is expected to be accompanied by an
opposite spin unbalance of the 4s electrons.37 These
electrons are responsible for the plasmon resonances,
hence it is reasonable to postulate the existence of spin-
unbalanced plasmon oscillations. The spin contribution

to the SPR (spin-plasmonics) is a novel concept, which
can be envisaged as a further development of magneto-
plasmonics by joining photonics and spintronics in the
same way as spintronics has stemmed from the en-
counter of spin-dependent transport phenomena and
electronics.65

MATERIALS AND METHODS

Materials. Hydrogen tetrachloroaurate(III) hydrate (HAuCl4 3
H2O, 99.998%), iron pentacarbonyl (Fe(CO)5, 98%), iron(III)
acetylacetonate (Fe(C5H7O2)3 or Fe(acac)3, 97%), oleic acid
(C17H33CO2H or OLAC, 90%), oleyl amine (C17H33NH2 or OLAM,
70%), and 1-octadecene (C18H36 or ODE, 90%), benzyl ether
(C6H5CH2)2O or BE, >98%), and 1,2-hexadecanediol (C16H34O2 or
HE, 97%)were purchased fromAldrich. All solvents usedwere of
analytical grade and purchased from Aldrich. All chemicals and
solvents were used as received.

Colloidal Nanocrystal Synthesis. All syntheses were carried
out using a standard Schlenk line setup. Stock solutions of
HAuCl4, OLAC, OLAC, and Au seeds in ODE or BE were prepared
in a N2-protected glovebox. Au nanocrystals were prepared by
OLAM-driven reduction of HAuCl4 in an ODE/OLAM mixture at
120�150 �C.16 Au/iron oxide MP-NHs were synthesized at
300�320 �C by reacting either Fe(CO)5 in ODE/OLAM/OLAC
mixtures16 or Fe(acac)3 in BE/OLAM/OLAC/HE mixtures, respec-
tively, which contained preformed size-controlled Au nanocrystal
seeds, under nitrogen atmosphere, as described elsewhere.16,32,40

To obtain MP-NHswith different domain sizes and topologies, the
absolute concentrations of the Au seeds and iron precursor, and
their relative ratio were varied. Following the high-temperature
step, the heating source was removed, the reaction mixture was
allowed to naturally cool down to 80 �C andwas exposed to air for
1 h to allow stabilization of the degree of oxidation of the iron
oxide component. After the synthesis, the MP-NHs were pro-
cessed so as to prevent any further oxidation and, hence,
changes in the iron-oxide phase composition. The MP-NHs
were extracted from the crude reaction mixture upon floccula-
tion induced by the addition of an anhydrous (oxygen-free)
mixture 2-propanol/acetone under N2 flow, separated by cen-
trifugation, and then washed three times with acetone to
remove any reactant residuals and unbound surfactants. The
as-purified MP-NHs were rapidly dried under vacuum, then
transferred to a N2-protected glovebox and used to prepare
stable colloidal solutions in anhydrous solvents (CHCl3 or
toluene) under N2 atmosphere. Such MH-NH solutions were
stored in the glovebox prior to further use and analyzedwithin a
few days from the preparation.

Characterization Techniques. Transmission Electron Microscopy
(TEM). Low-resolution TEM images were recorded with a Jeol
Jem 1011 microscope operating at an accelerating voltage of
100 kV. Phase-contrast high-resolution TEM (HRTEM) experi-
ments were performed using a Jeol 2010F UHR microscope
operating at 200 keV. The objective lens had a spherical
aberration coefficient of 0.47 ( 0.01 mm, allowing a resolution
of 0.19 nm at optimum defocus in HRTEM imaging. Samples for
analysis were prepared in a N2-protected glovebox by dropping
a dilute MP-NH solution onto carbon-coated copper grids, then
allowing the solvent to evaporate. Finally, the grids were rapidly
transferred to the microscope. The crystallographic parameters
used for fast Fourier transform (FFT) analysis of HRTEM images
were the following: space group Fd3m, a = 8.396 Å, for Fe3O4;
space group P4332, a = 8.346 Å for γ-Fe2O3; space group Fm3m,
a = 4.307 Å for FeO; space group Fm3m, a = 4.07 Å for Au.

X-ray Magnetic Circular Dichroism (XMCD) and X-ray Absorp-
tion Near-Edge Structure (XANES) Spectroscopy Measurements.
Au-L2,3 XMCD and Fe�K edge XANES spectra were collected at
the ID12 beamline at the European Synchrotron Radiation
Facility (ESRF, Grenoble, France) in fluorescence mode, under
an applied magnetic field of (6 T. Samples for the measure-
ments were prepared by drop-casting concentrated MP-NH

solutions in CHCl3 onto the sample holder, then allowing the
solvent to evaporate, and finally cooling down to 7 K. The
degree of circular polarization was estimated to be 97%, there-
fore no correction for incomplete polarization was applied.
Owing to the small amount of sample used in the XMCD
measurements, no corrections for self-absorption were needed.
The XMCD spectra were first collected by reversing the helicity
of the incoming photon beam. Duplicate XMCD spectra were
also recorded after reversing the direction of the applied field.
This procedure was repeated up to eight times. Once the
equivalence of field and helicity reversal had been checked,
the spectra were averaged over all the scans for each direction
of the field and helicity; then, the Iþ (I�) absorption spectrum
was obtained by averaging the right (left) and left (right)
polarized spectra for both directions of the field. The spectra
were normalized by fitting the pre-edge to a straight line and
averaging the postedge to 1 for the L3 edge, and to 0.45 for the
L3 edge. The XMCD signal was then defined as Iþ � I�. The
unpolarized spectra were obtained by averaging Iþ and I�.

Magnetic Measurements. Magnetic measurements were
performed using a Quantum Design MPMS SQUID magnet-
ometer operating in the 1.8�350 K temperature range with
applied field up to 5.0 T. Samples were obtained by depositing a
few drops of the colloidal MP-NH solution onto a Teflon film in a
glovebox and then rapidly transferring them into the magnet-
ometer. All data were corrected for the diamagnetic contribu-
tion of the sample holder.
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