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Hybrid magnetite–gold nanoparticles as
bifunctional magnetic–plasmonic systems: three
representative cases†

J. Canet-Ferrer, *ab P. Albella, bc A. Ribera,a J. V. Usagrea and S. A. Maiera

Hybrid systems based on magnetite and gold nanoparticles have

been extensively used as bifunctional materials for bio- and nano-

technology. The properties of these composites are assumed to be

closely related to the magnetite to gold mass ratio and to the

geometry of the resulting hetero-structures. To illustrate this, we

compare and analyze the optical and magnetic properties of core–

shell, dumbbell-like dimers and chemical cross-linked pairs of

magnetite and gold nanoparticles in detail. We explore how the

combination of gold with magnetite can lead to an improvement of

the optical properties of these systems, such as tunability, light

scattering enhancement or an increase of the local electric field at

the interface between magnetic and plasmonic constituents. We

also show that although the presence of gold might affect the

magnetic response of these hybrid systems, they still show good

performance for magnetic applications; indeed the resulting

magnetic properties are more dependent on the NP size dispersion.

Finally, we identify technological constraints and discuss prospec-

tive routes for the development of further magnetic–plasmonic

materials.

Introducction

Emerging nanotechnologies are continuously demanding the
development of hybrid materials able to provide multiple
functionalities on the same technological platform. For this
reason, in the last few years the synthesis of magnetic–plasmonic

noble metal nanoparticles (NPs) has received a lot of attention.1–3

In these systems, the magnetism and the optical properties arising
from localized surface plasmon resonances (LSPRs) co-exist at the
metal–dielectric interfaces.4,5 Among the different options,
magnetite–gold systems are being extensively developed, mainly
because they have successfully shown the above mentioned
capabilities together with high chemical stability both in aqueous
media6,7 (as required for biological applications) and in organic
solvents (compatible with organic electronics and lithography
resists).8,9 Gold NPs support plasmon resonances in ultra-violet,
visible and near infrared and can be combined with colloidal
quantum dots, dyes and other functional molecules.10,11 Magnetite
NPs support electron paramagnetic resonances at microwave
frequencies and allow selective filtering, ordering and positioning
on a surface in the presence of an external magnetic field.12,13 In
addition, the assembling of the resulting materials on a surface
enables additional applications.7,14,15

However, synthesis is still one of the main difficulties during the
development of manifold composites. A wide range of procedures
for the fabrication of multi-functional hetero-structures based on
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Conceptual insights
Huge efforts are being made not only to find novel hybrid magnetic–plasmonic
structures and to optimize the procedures, but also to improve their efficiency
and reproducibility. However, the wide range of different applications that rely
on hybrid magnetic–plasmonic materials, make it very difficult to find a
unique system fulfilling all the requirements. This makes it hard to choose
the best option for each case. The main difference here with respect to previous
works, is that we opted for presenting a detailed comparison between the
magnetic and optical properties in three representative cases, instead of only
paying attention to the design of hetero-structures. Our aim is to illustrate the
capabilities of magnetic–plasmonic systems in all possible scenarios. We
believe that the main novelty is that we distinguish the role played by both
the magnetic and the plasmonic clusters in the resulting material properties.
Moreover, the results are presented in a way that they can be easily extrapolated
to other composites. Consequently, with this comparison we offer a tool to
qualitatively foresee the properties of different kinds of hetero-structures.
Based on the systems here described, the reader is invited to evaluate the
most relevant parameters for the pursued technological application.
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NPs can be found in the literature.16 Depending on the application,
the options vary from the most compact core–shell NPs to more
complex composites with multiple nano- or micro-clusters of
different compositions.4,17–19 Since several step reactions are
usually required, these approaches are still challenging; and the
fabrication techniques show important issues that need to be
solved, such as the efficiency, reproducibility, or filtering of
undesired products. Huge efforts are being made to find novel
structures, to optimize the syntheses and to prove the applications
mentioned above. In most works, the bi-functionality of these
hybrid structures is demonstrated, but without paying enough
attention to the physics leading to those properties. In fact, very
few works have studied in detail the coupling between magnetic
and plasmonic clusters.20,21

In this work, we compare the electric and magnetic properties
of: core–shell NPs, dumbbell-like dimers and chemical cross-
linked pairs of magnetite and gold NPs; Fe@Au, Fe(Au) and
Fe–Au, respectively. We focus on these because they are
representative cases with strong, moderate and low electromagnetic
interaction between their constituents, respectively. The highest
interaction is found in the Fe@Au configuration, where the LSPR
can be tuned with the core size, and the magnetic core is completely
covered by the plasmonic shell. An alternative to reduce the gold
content in the hybrid system is found on the Fe(Au), by growing
small gold clusters on large magnetite NPs. It is also worthy to note
that Fe(Au) has been mainly developed for applications in catalysis,
but rarely employed in plasmonics.22,23 Consequently, there is a
clear lack of reports on the optical properties of this system. Since
very recently some authors proposed the use of Fe(Au) for
surface enhanced Raman spectroscopy (SERS), fluorescence or
optical labelling,24–26 here we aim to provide the theoretical
background required for the application of Fe(Au) in these and
further developments. The lowest electromagnetic interaction is
observed at the Fe–Au because of the inter-particle distance due
the linker molecule length. As an advantage, the energy of LSPR
is not affected by the presence of the magnetic NP after cross-
linking. Based on a comparison of these systems, a complete
overview of the hybrid NP composites is offered here. Our
results can be used as a reference for a qualitative forecast of
magnetic and plasmonic properties of more complex systems.

Experimental section

The systems under study are depicted in Fig. 1 and accompanied
by their corresponding representative TEM images. The complete
structural characterization is presented in the ESI.†

Synthesis

Synthesis of the nanostructures has been carried out by thermal
decomposition of gold and iron oxide precursors under argon
environment in organic solution at a controlled temperature.
More details about the procedures are offered in the ESI.† In
Fig. 1, we show on the left an illustration, and on the right a
TEM image of the systems under study (core–shell, dumbbell
and cross-linker configurations). Firstly, in Fig. 1(a) and (b) we

show the Fe@Au as obtained by growing a gold shell by injection
of gold precursor in a solution of previously synthesized Fe3O4

NPs (which are used as nucleation centers).27 In particular we
present the case of magnetite NPs with an average core diameter
of DC = 5.1 � 0.7 nm. The diameter of the NP increases up to
DC–S = 7.2 � 1.2 nm after the shell growth (see ESI†). Small
variations of the core diameter can be achieved by the accurate
control of the synthesis parameters during thermal decomposi-
tion of the iron precursor (temperature, solvent, concentration,
time, etc.), while maintaining an average shell thickness of about
1 nm. Also note, that for larger tuning capabilities, NPs with cores
ranging between DC = 4–100 nm and shells up to 40 nm can also
be prepared.27–31

For the case of the dumbbell, Fe(Au) composites have been
synthesised with minor modifications on the procedures of
ref. 32. The synthesis begins with the growth of Fe3O4 NPs but
in this case, the gold precursor is injected before all the iron
oxide precursor in the solution runs out. Under these conditions,
the iron oxide NPs act as seeds (i.e. nucleation centers) for the
gold clusters [see Fig. 1(c)]. A TEM micrograph corresponding to
the case of DAu = 2.9 � 0.8 nm gold NPs grown on iron oxide
seeds is shown as an example in Fig. 1(d). The average diameter
of the iron oxide is DFe = 11 � 3 nm with a certain size and shape
distribution. Even though this method allows the fabrication of

Fig. 1 Scheme of the three hydrid systems proposed (left) accompanied
by representative TEM images (right). (a and b) Fe@Au. (c and d) Fe(Au).
(e and f) Fe–Au. In the TEM images, the dark particles are associated with
the gold while the light grey ones correspond to the iron oxide. The higher
contrast is explained by the higher electron density of gold.
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sizes from DAu = 2 to 8 nm for gold and from DFe = 4 to 20 nm for
iron oxide,33,34 in this work we focus on small gold NPs to
demonstrate that in this situation we found a minor influence
of gold on the magnetic properties.

Finally, Fe–Au is obtained from the chemical cross-linking of
magnetic and plasmonic NPs [see Fig. 1(e)]. The strategy is
based on previous studies demonstrating that the –NH2 groups
of the capping can be readily substituted by stronger ligands
(such as –HS or –COOH).35 In Fig. 1(f) we show a TEM micro-
graph corresponding to the cross-linking of magnetite and gold
NPs with diameters of DFe = 7 � 3 and DAu = 12 � 3 nm
respectively. This procedure allows the combination of previously
synthetized gold and iron oxide NPs and it offers multiple
combination possibilities.36–38 The procedure includes two dialysis
steps to remove extra surfactants and remaining reagents to
prevent the formation of large aggregates, as confirmed by
dynamic light scattering measurements (DLS), see the ESI.†

Optical properties

The extinction spectra of the samples in organic solution are
plotted in Fig. 2 (red lines) together with its corresponding
numerical simulation (in black), and with the spectra from
solutions containing the same concentration of magnetite NPs
(in dark yellow), i.e. 0.1 mg ml�1. The Fe@Au NPs with DC = 5.1�
0.7 nm core diameter (CC–S = 7.2 � 1.2 nm after shell growth)
present a red tone in chloroform, attributed to the LSPR of the
gold. In agreement with numerical simulations, the spectrum is
dominated by a broad peak centered at l = 535 nm, see Fig. 2(a).
As a reference, we plot the intensity spectrum of bare iron oxide
NPs; this consists of a background starting at the near-infrared
and increasing its intensity as we move to higher energies. This
spectrum explains the pale tone usually found in magnetite NP
solutions.

In Fig. 2(b) we show Fe(Au) nanostructures with DAu = 2.9 �
0.8 nm gold NPs grown on DFe = 11 � 3 nm iron oxide NPs, in
organic solution. Now, the extinction spectrum is dominated by
magnetite because of the lower gold content in the system.

However, the position of the LSPR of gold NPs can be observed
around l = 540 � 20 nm, as expected from the numerical
simulations. This uncertainty is found because the LSPR barely
protrudes from the iron oxide background, making the accurate
deconvolution of the peak position or broadening estimation
difficult. Another important signature of the iron oxide is found
at near-infrared wavelengths, with the presence of a broad band
centred at l = 1400–1500 nm, see Fig. 2(b). The intensity of this
peak could be explained by the larger amount of iron oxide in
this hetero-structure. Also, in the numerical simulations shown
in the next section we can expect a certain influence of the gold
NPs on the extinction enhancement.

In Fig. 2(c) we show the extinction spectrum measured
before and after the cross-linking process of magnetite and
gold NPs with diameter sizes of DFe = 7� 3 and DAu = 12� 3 nm
respectively. The extinction spectrum of the gold NP in water
after functionalization with PEG is plotted in green showing the
LSPR around l = 520 nm. The spectrum of the magnetite NPs in
toluene is depicted in dark yellow. The red plot corresponds to
the previous Au–PEG solution after magnetite incorporation.
The Fe–Au system is proposed as an example of a low electro-
magnetic interaction between the magnetic and plasmonic
NPs. Indeed the difference between both Au–PEG and Fe–Au
solutions consists of a decrease of the peak intensity, but notice
that this reduction might be negligible if the spectra were
normalized to the number of Au NPs. On the other hand, the
near infrared band of the iron oxide cannot be characterized in
this sample due to the water absorption bands in that spectral
range. Moreover, theoretical simulations in the following section
do not indicate relevant optical activity at these frequencies in the
case of magnetite NPs of 7 nm diameter.

Numerical study

Numerical simulations of the three hybrid systems have been
carried out to explain the experimental extinction spectra. The
calculations have been performed by means of the boundary
element method (BEM).39,40 Details about the method and its

Fig. 2 Experimental extinction cross section from NPs in solution (concentration 0.1 mg ml�1). (a) Fe@Au in red and reference Fe3O4 NPs in dark yellow.
In this plot the numerical simulation (dashed in black) corresponds to the average extinction spectrum weighted according to the shell size distribution
(as described in ESI†). (b) Fe(Au) in red and numerical simulation dashed in black; for this sample we could not got the proper reference since the iron
oxide growth is strongly affected by the introduction of the gold precursor. Instead, the dumbbell structure and bare Fe3O4 NPs are compared in the
numerical spectra, in black. (c) Fe–Au in red, Au–PEG in green, reference Fe3O4 NPs in dark yellow and numerical simulation dashed in black. Notice in
(b and c) the numerical simulation corresponds to a single NP since the relative size variation does not affect the spectral location of the extinction peaks.
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reliability for describing the scattering and absorption response
of NPs can be found in the literature.41–44

In Fig. 3 we plot the extinction spectra for the three systems
under study considering different NP sizes. This illustrates the

impact of the NP size on the optical properties for every
geometry. In Fig. 3(a), we plot the extinction spectra corres-
ponding to the DC = 5 nm core Fe@Au covered by different thick
shells. It can be seen, that the LSPR is found around 700 nm in

Fig. 3 Numerical results for the three systems under study. (a) Extinction spectra of a 5 nm core Fe@Au NP considering different thick shells.
(b) Wavelength evolution of the LSPR at the Fe@Au as the core and shell size are increased. (c) Fe(Au) extinction spectra for three different gold sizes (3, 6
and 9 nm Au) attached on a 11 nm iron oxide seed; and evolution of the polarization anisotropy at the Fe(Au) as a function of the gold cluster size (d). (e)
Extinction cross section of Fe–Au composed by 7 nm iron oxide and 11 nm gold NPs linked for different inter-particle distances. And (f) evolution of the
polarization anisotropy at the Fe–Au as a function of the iron oxide size in Fe–Au.
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the case of thinner shells, e.g. 1 nm, and it is blue shifted as the
shell thickness is increased. In the case of the 7 nm shell, the
LSPR is found at 528 nm very close to the value expected for
solid gold NPs. Also worth mentioning is that there is no sign of
iron oxide around l = 1500 nm. This is in good agreement with
the experimental results and means that the NIR absorption of
the core is negligible in comparison with the shell contribuiton.
In Fig. 3(b), we show how the tuning range can be extended up
to 900 nm wavelength by varying the core radius from DC = 5 to
12 nm. This means a 400 nm range for tuning, which is a good
figure if compared with the size variations required. Both, the
blue-shift with the shell thickness and the red-shift due to the
core size increase, can be explained in terms of the hybridation
model,20,45,46 as will be discussed later.

In Fig. 3(c) we show the extinction peak P1 associated to the
LSPR in the Fe(Au) hetero-structure for a fixed magnetite
diameter of DFe = 11 nm. It can be seen how, in the case of
gold NPs with diameters smaller than DAu = 3 nm, the LSPR of
the gold NP does not stand out much from the background.
Also in good agreement with our experimental measurements,
the LSPR signature in structures with DAu = 3 nm can be
identified as a low intensity peak, which starts to dominate
the extinction spectra as the dumbbell holds larger gold NPs.
On the other hand, a dependence of these spectra on the
incident light polarization can be observed, see Fig. 3(d). These
polarization effects can be explained in terms of the system
symmetry and in particular they are associated to the different
strength of dipolar moments induced in any particle. Hence,
the electromagnetic interaction between both constituents can
be revealed by the evaluation of the polarization anisotropy. To
do that, the polarization ratio is defined as RPOL = IEXT

X /(IEXT
X +

IEXT
Y ), where IEXT

X and IEXT
Y are the integrated intensity of the

extinction peak at the corresponding polarization direction
[see axes at Fig. 1(b)]. The difference between the IEXT

X and
IEXT
Y becomes more important in the case of larger gold NPs, see

red and blue lines in the Fig. 3(d). However, higher RPOL values
are found for the dumbbells hosting the smallest gold NPs, in
black. This can be attributed to the interaction between the
plasmonic and magnetic NPs, and is more important when the
diameter of the iron oxide cluster widely exceeds the gold one.
For example, in the case of small gold clusters IEXT

Y takes the
values expected for isolated gold NPs; in contrast IEXT

X gets
enhanced about 10 times. However, the enhancement starts
to be compensated as the size of the gold NPs approaches the
iron oxide diameter, reducing the polarization anisotropy.
Importantly, the near-infrared absorption peak associated to
the iron oxide (P2) also shows polarization dependence. As a
result we can conclude that the gold cluster not only contributes
with its own optical properties but it also increases the optical
activity of the iron oxide. Notice that the polarization anisotropy
cannot be measured due to the Brownian motion and random
orientation of the NPs in solution, but it could be relevant if this
system were employed on functionalized surfaces.

Finally when working with Fe–Au, the linker length represents
an important parameter, in some cases as significant as the NP
size. Conductive linkers would enable additional resonances

arising from monopolar modes due to charge transfer through
the molecular bonds.47,48 However, in this research, the only
role of the linker is keeping a gap between the gold and the iron
oxide NPs. This is because of the linker in use [thyol carboxilyc
polyethylene glycol (PEG Mw = 3400)], which is essentially
formed by a large (and high resistivity) carbon chain. In
Fig. 3(e) we show the extinction spectra calculated for Fe–Au
hetero-structures considering magnetite and gold NPs of DFe = 7
and DAu = 12 nm in diameter, respectively; and separated by
gaps of d = 1, 2 and 4 nm. Even for such small distances,
numerical simulations do not reveal any frequency shift of the
LSPRs. This is an expected result if we take into account the low
shift observed in the Fe(Au), where the NPs are in close contact.
However, as shown in Fig. 3(f) the maximum of the extinction
spectra decreases with the linker length showing certain polarization
dependence for shorter inter-particle distances. Both, the extinction
enhancement and the polarization anisotropy depend on the
size of the NPs forming the hetero-structure. In the following,
we will show how this can be attributed to the presence of a hot
spot between both NPs.

To understand the far field spectral response, shown in the
previous figure, we plot in Fig. 4 the electromagnetic near field
distribution of the three hetero-structures. It is well known that
the optical resonances shown by the Fe@Au come from the
coupling between the external and internal resonances at the
shell. In Fig. 4(a) the sphere-like mode corresponds to the LSPR
on the air–gold interface while the cavity mode corresponds to
the resonance occurring at the gold–magnetite interface. In the
case of a magnetite core (with e r 5 at the spectral range of
interest49) the cavity mode is expected to appear at higher
energies than that of the sphere mode.21 Due to the interaction
between such resonances, bonding and antibonding modes are
split. The bonding mode correlates with the peak shown in
Fig. 3(a), at smaller energies than that of the sphere mode.
However, the splitting of the bonding and anti-bonding modes
will depend on the strength of the coupling between the outer
and the inner LSPRs. Hence, the blue-shift of the absorption
peak can be understood by a reduction of the coupling degree
as the shell radius is increased.

Fig. 4(b) shows the electric near-field distribution calculated
for the dumbbell configuration at the wavelengths of interest
for both polarizations. In our simulations we have considered
that the NPs are connected so that 10% of the gold NP radius is
covered by iron oxide. Notice that the gold cluster is formed
before the iron oxide precursor fully runs out. Then, iron oxide
still grows in the presence of the gold NPs, leaving the latter
partially embedded. In terms of calculus, this approach avoids
singularities in the geometry, and allows us to define the gold
NPs as a closed surface improving the accuracy of the BEM
algorithm.50 This is possible in our system because of the
dielectric character of the iron oxide which will allow certain
shape modifications with minor consequences on the numerical
results51,52 (see the ESI†). At l = 540 nm the LSPR of the gold is
affected by the presence of the iron oxide when the system is
excited with X-polarized light. This results in an enhancement of
the field distribution close to the interface and explains the
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higher extinction calculated in this direction. The reason is that
the dipoles induced in both constituents are spatially overlapped
when impinging with X-polarized light, driving to a dipole–dipole
interaction responsible for the red-shift50 [from l = 520 nm for
single Au NPs to l = 540 nm for the Fe(Au)]. In contrast, under
Y-polarization there is a negligible dipolar interaction explaining
the polarization anisotropy. At l = 1550 nm an analogous
situation is found, responsible for the moderate increase of P2
for X-polarization. It is worth noting that at this wavelength the
field enhancement is small in dumbbells with a DAu = 3 nm Au
NP, but it rises up dramatically with the diameter of the gold NP
(an example is shown in the ESI†). As a result, we can expect both:
a polarization dependent enhancement of LSPR from the gold NP
due an asymmetric dipole–dipole interaction in the presence of
the iron oxide; and an improvement of the optical activity of the
iron oxide at the NIR due to the increase of the electric field
distribution surrounding the gold NPs.

In Fig. 4(c) the near-field distribution of the magnetic and
plasmonic constituents of the Fe–Au is represented in different
situations: as isolated NPs (left) and as Fe–Au with inter-particle
distances of d = 8 and d = 2 nm (middle and right respectively).
The hot spot suggested by the results in Fig. 3 can be observed
in the case of short inter-particle distances. But notice that the
intensity of this hot spot does not differ too much with respect to
the case of isolated gold NPs. The low electromagnetic interaction
between both NPs can be attributed to gap size but also to the
dielectric character of the magnetite. For example, in ref. 50 it is
predicted that gaps below 0.1 times the NP radius are required to
observe coupling between gold disk dimers, and gaps of about
half the radius are required to observe a clear red shift of the LSPR.
On the one hand, we cannot expect an important resonance shift

in the Fe–Au when the linker length is larger than the magnetite
NP. But on the other hand, the dielectric constant of the iron oxide
prevents a high field increase at the hot spots. Then, TEM imaging
is performed to estimate the effective linker length. A wide range of
gaps is observed in the TEM images (see the ESI†), but notice that
the inter-particle distances are strongly influenced by electrostatic
and adhesion forces, that the linker suffers during the solvent
evaporation. As a result, the effective linker length is randomly
modified when the Fe–Au is deposited on a surface, and the inter-
particle distances found in the TEM images are not representative
of the linker length in solution. For this reason, the Fe–Au gap is
estimated to be in the order of d = 10 nm, according to the
hydrodynamic size of gold NPs after functionalization with PEG.
Under these conditions we can be sure that the Fe–Au system is
representative of a low electromagnetic interaction between
constituents. We have indeed, not observed any insights into
the presence of NP aggregates in solution. These results should
be taken into account for the design of manifold composites,
since only in the case of large clusters in close contact will the
electromagnetic interaction between constituents be relevant.

Magnetic properties

The applications of hybrid systems are mainly determined by their
magnetic properties, so it is essential to describe the magnetism of
these systems. Magnetite is a ferrimagnet; an ordered material
where the spins are antiparallel aligned forming magnetic
domains. In contrast to antiferromagnets, ferrimagnets show a
non-zero spontaneous magnetization because their individual
moments are not completely cancelled in these domains.53 The
bulk magnetite is found forming multi-domain structures since
the magnetostatic energy is increased with the domain size.54,55

Fig. 4 Electric field distribution in the systems under study. (a) The hybridization model is used to discuss the optical properties of Fe@Au. (b) Electric
field distribution of Fe(Au) for both polarization directions at 540 and 1550 nm, i.e. P1 and P2 wavelength. (c) Electric field distribution of isolated NPs of
both gold and magnetite, followed by Fe–Au with 8 and 2 nm inter-particle distances.
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However, the energy required to maintain a domain wall into a
NP is not compensated by the corresponding magnetostatic
potential decrease, and hence, single superparamagnetic domains
are observed at the nanometer scale.56 In Fig. 5 we show magnetic
measurements carried out on our three representative cases. The
magnetization curves are measured at different temperatures by
sweeping the external magnetic field from 50 000 to �50 000 Oe.
However, we plot the range between 10 000 and �5000 for a
better view of the hysteresis loops. The results are summarized
in Table 1.

At room temperature, the magnetization curves present very
low coercitive fields (in the order of HC B 10 Oe) in the three
systems under study, blue lines in Fig. 5(a)–(c). As expected from
superparamagnetic NPs, the temperature must be reduced to
find a clear increase of HC, curves in red. Superparamagnetic
magnetite NPs always present MR/MS o 0.1.15,57 In Fe@Au the
ratio between the remanent and the saturation magnetization is
MR/MS B 0.01 at room temperature, well below superparamagnetic
values. However, at very low temperatures the HC is increased;

for example, at 12 K we found HC = 74 Oe and MR/MS = 0.18. In
a similar way, Fe(Au) also presents low hysteresis at room
temperature. In this case MR/MS = 0.03 is a bit larger, but still
in the range of superparamagnetism. As a difference, the
coervitivity is considerably larger than that of Fe@Au (e.g. at
12 K HC = 210 Oe with MR/MS = 0.30), and an increase in the
coercive field is observed below 100 K. This means that in Fe(Au),
superparamagnetism is inhibited at higher temperatures. The
same behaviour is observed for Fe–Au, superparamagnetism at
room temperature with negligible hysteresis (with MR/MS o 0.01),
and superparamagnetism inhibition as the temperature is reduced
(e.g. MR/MS = 0.17 at 12 K).

Because of the behaviour observed we can conclude that our
NPs are single domain and superparamagnetic, even though AC
measurements are usually required for distinguishing super-
paramagnetism from ensemble spin states (such as spin glasses).
Under these conditions, the experimental magnetization curves
can be fitted to a superparamagnetic model using the Langevin
approach:58

MEXP = VFMS[coth(a) � 1/a] (1)

where a = pm0MSd3H/(6kBT); d3 being the cube diameter of the
iron oxide cluster (in m3), kB Boltzman’s constant and T the
temperature (in K). From the fitting we can estimate MS (in A
m�1 if the applied magnetic field is expressed in A m�1), and the
adimensional volume fraction (VF). Then, the relative density of
the magnetite (rFe3O4

= 5.2) and the absolute mass of each
sample are used to normalize the experimental curves [scatters
in Fig. 5(d)–(f)]. The results of the fittings are shown in Table 2.

Fig. 5 Magnetization curves from the three systems under study. (a–c) Hysteresis plots of the Fe@Au, Fe(Au) and Fe–Au respectively, measured at 300
(in blue) and 12 K (in red) on NP powder samples of 32.92, 42.41 and 40.4 mg respectively. (d–f) fitting of the room temperature hysteresis loops from the
Fe@Au, Fe(Au) and Fe–Au respectively. The scatters represent the experimental data while the best fit to eqn (1) is plotted in cyan. The upper (dashed in
grey) and lower (doted in grey) bound curves illustrate the size distribution effects on the magnetization. For the fitting we have considered the NP
diameter distribution obtained from counting statistics. For the bound curves we considered a fixed NP size corresponding to the larger and smaller NP
diameter observed on the distribution.

Table 1 Summary of the magnetic properties

Magnitude Fe@Au Fe(Au) Fe–Au

MS (300 K) (emu) 5.1 2.57 0.051
MR (300 K) (emu) B0.04 0.087 B5 � 104

MR/MS (300 K) B0.01 0.03 B0.01
HC (300 K) (Oe) 12 15 14
MS (12 K) (emu) 6.7 2.89 0.058
MR (12 K) (emu) 1.2 0.87 0.01
MR/MS (12 K) 0.18 0.30 0.17
HC (12 K) (Oe) 74 210 203
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From the best fitting (w2 = 1 � 10�2) on the Fe@Au we found
high magnetization values of MS = 572 kA m�1 (i.e. 110 emu g�1)
and volume fractions of VF = 0.053 (i.e. 5.3% in volume). Notice
the volume fraction only accounts for the volume of magnetite
in the sample, and according to geometrical considerations, the
volume of gold should be about 3.56 times larger (see the ESI†).
Then, the volume of Fe@Au in the powder would be in the order
of 19% and the rest must be surfactant or other organic
residuals. Given the high relative density of gold rAu = 19.3 and
the low relative density of the surfactant (usually in the order of
r = 1.2 for organic molecules), the volume fraction drives to a
concentration of MFe@Au

F = 82% in mass for the whole core–
shell system.

In the case of Fe(Au), the experimental magnetization also
fits the Langevin approach (w2 = 2 � 10�3), giving values of
MS = 312 kA m�1 (60 emu g�1) and VF = 0.602. The higher
volume fraction points out that this system is clearly designed
to give more importance to the magnetic constituent, reducing the
volume of gold up to 5% (according to geometrical considerations).
This way we can estimate a composition of about MFe(Au)

F = 74% in
mass of Fe(Au) with 26% of organic residual. In the case of
Fe–Au we found MS = 442 kA m�1 (85 emu g�1) and VF = 0.0022
with w2 = 1.5 � 10�2. In contrast to the Fe(Au), in this case we
show a reduction in the volume fraction of iron oxide due to the
larger size of the gold cluster, which can be estimated to be
about 6.4 times the volume of iron oxide one. This would drive
to a mass content of about MFe–Au

F = 73%.
The saturation values obtained are a good reference for

checking the quality of our magnetic clusters. MS is considerably
reduced in the presence of crystal defects or impurities, or
because of the co-existence of additional iron oxide phases:
such as maghemite or hematite. At room temperature, saturation
values of 475 kA m�1 (90 emu g�1) are expected for high quality
crystalline magnetite,59,60 considerably higher than other iron
oxides. As a result, we can assume magnetite is the dominant
phase in the magnetic cluster of Fe–Au, because we have obtained
values very close to those expected for magnetite. In contrast, in
the case of Fe(Au) a reduction of MS is observed. This can be
related to the synthesis procedure. As described above, the iron
oxide cluster continues growing after gold injection, but when
hosting the gold, the charges of the magnetite surface are not
well-balanced. This drives the non-isotropic growth responsible
for the broad shape and size distribution observed. TEM images
together with the values obtained from the fitting suggest that
the crystallinity and stoichiometry of the resulting iron oxide
might be altered under these conditions. The opposite case is
found for the Fe@Au where the observed saturation values are
larger than expected, i.e. about 20% higher than crystalline
magnetite. This can be understood as an overestimation of MS

in the Langevin approach. In the next section, we discuss the
origin of such overestimation.

For a better discussion first we study the dependence of the
coercivity on the temperature; with this we are going to estimate
the anisotropy constant (K). Considering randomly oriented non-
interacting NPs, HC is described by this simple expression:61

HC(T) = H0[1 � (T/TB)] (for T o TB) (2)

where TB is the blocking temperature and H0 = 2 K/(t0MS) the
hysteresis field at T = 0 K. TB indicates the inhibition of spin
fluctuations. According to the Stoner–Wohlfarth model, an
anisotropic single domain (e.g. a prolate NP) has an effective
magnetic moment with two stable antiparallel orientations that
define its easy axis.62,63 In the presence of a null (or very low)
external field, the rotation of the magnetization easy axis is
spontaneously induced by the thermal energy. However, fluctuations
are prevented if the thermal energy is smaller than that of the barrier
between the two stable states, and therefore, the effective magnetic
moment remains blocked. This way, TB is determined by the energy
barrier.63 In Fig. 6(a)–(c) the evolution of the coercivity above and
below TB is shown. Fitting the experimental data to eqn (2)
(cyan curve) we can roughly estimate H0, TB and K, to be
compared with the anisotropy constant of highly crystalline
magnetite, K = 13.5 kJ m�3 at room temperature.59 The results
are listed in Table 3.

Similar values of H0 are found in the three systems under
study. In Fe@Au we found a slightly lower value, H0 = 31.0 kA m�1

(390 Oe), consistent with the smaller NPs and with the low
coercivity. However, we found the highest anisotropy constant,
KFe@Au = 11.1 kJ m�3. In Fe–Au, we find an anisotropy constant
close to the core–shell values, just a bit lower (i.e. KFe–Au =
10.4 kJ m�3). These values are on the order of those for bare
magnetite NPs. In the case of Fe(Au) we obtain KFe(Au) = 6.7 kJ m�3.
Consistent with the saturation values, the reduction on KFe(Au) can
be explained by variations in stoichiometry or crystallinity. For
instance, the anisotropy constant of maghemite is about three times
lower than that of magnetite. On the other hand, the differences in
TB are clearly related with the different NP size dispersion. Fe@Au
shows lower values, TB = 22 K, coinciding with the smaller
diameter of the core NPs. Consistently TB is increased to 100
and 55 K for Fe(Au) and Fe–Au, respectively. Within the non-
interacting approach, TB can be related with the anisotropy
constant as follows:64

TB = KV/[kB ln(tm/t0)] (3)

where V is the NP volume in m3, tm is the measurement time
(40 s in our experiments) and t0 is the inverse of the effective
relaxation frequency (ranging from 1 � 10�9 to 1 � 10�7 s�1

depending on the magnetic diameter of the NPs).65 As a result
ln(tm/t0) B 20–24. Due to the dependence on the relaxation
mechanisms, TB results in an indicative feature of NP size
dispersion, but also of the magnetic dipole–dipole interaction.
That is, the cyan curves in Fig. 6 cannot be reproduced by
introducing parameters from eqn (3) into eqn (2). The reason is
the magnetic dipole–dipole interaction in our densely packed
materials. We can estimate the strength of this interaction

Table 2 Results from the fitting in Fig. 5

System MS (kA m�1) MS (emu g�1) V
Fe3O4
F Msystem

F (%)

Fe@Au 572 110 0.053 82
Fe(Au) 312 60 0.602 74
Fe–Au 442 85 0.022 73
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using a modified relaxometric parameter (LN) instead of
ln(tm/t0). That is, re-defining TB = KV/[kBLN]. This way, the cyan
curves are reproduced by using LN values from Table 3. From
the LN values we can estimate an increase of more than seven
orders of magnitude in t0, which points out the strength of the

interaction between magnetic NPs in our samples. The lower
and upper bond curves, dotted and dashed grey lines, can be
also estimated using LN.

Comparison of results and impact on
potential applications

With the help of optical and magnetic characterization, the
advantages and disadvantages of the three systems are compared
to discuss in detail their potential technological interests. Due to
the wide range of applications that may rely on such hybrid
magnetic–plasmonic materials, it is hard to find the best option
to be employed in each case. To throw light on this, the capabi-
lities of our magnetic–plasmonic systems have been described in
different scenarios: a range of NP sizes, gold to iron oxide ratios,
inter-particle distances, etc. With this is mind, the results dis-
cussed in the previous sections have been presented in such a way
that they can be extrapolated to more complex hetero-structures.
For example, Fe@Au would represent the particular case where
magnetic NPs are embedded. The behaviour observed in the
Fe(Au) system also gives insights into the properties we should
expect from decorated NPs.4,19 On the other hand, some compo-
sites contain magnetic and plasmonic NPs close to each other, but
not in contact with each other. Sometimes they are separated by
polymers, functional molecules or silica microspheres.38,66 The
response of these composites could be discussed based on our
studies of the Fe–Au heterostructures.

Particular cases are discussed below, but as general remarks,
we can mention that the effects of gold on the magnetic properties
are mainly related to the reduction of the volume fraction of iron
oxide in the system. However, the effect of size dispersion would
be more determinant, hindering possible diamagnetic effects. It is
also worthy to mention that we did not observe hard restrictions on
the potential applications, in the sense that superparamagnetism is
preserved at room temperature in any case.

Core–shell: embedded magnetic NPs

From Fig. 3 we can expect a broad tuning range for the optical
response of plasmonic systems with embedded dielectric NPs.
However, the tuning capabilities seem to be considerably reduced in
practice. A properly weighted average shows that this reduction is
due to the higher contribution of the thicker shell NPs. This fact
must be taken into account in optical applications. For example,
Fe@Au could be employed for sensing functional molecules by
carrying out SERS measurements at the LSPR wavelength. However,
bio-sensing often demands the use of longer wavelengths to avoid
fluorescence from functional molecules, and typically 785 nm laser
diodes are employed for that purpose. In principle, LSPRs at this
wavelength can be supported by Fe@Au structures with cores
ranging from 8 to 12 nm and shells thinner than 2 nm. However,
due to the higher contribution of the thicker shell NPs the ensemble
spectra will be blue-shifted from the average. Filtering of these
undesired thick shell NPs is technically hard, and a more reliable
strategy to overcome this issue would consist in the synthesis of
large core NPs. Considering the shell dispersion estimated in our

Fig. 6 (a–c) Hysteresis plots as a function of the temperature on the
Fe@Au, Fe(Au) and Fe–Au respectively. The scatters correspond to the
experimental data while the fitting to eqn (2) is depicted in cyan. The lower
and upper bound are dotted and dashed in grey, respectively. The grey
curves are generated by using the fitting parameters in Table 3.

Table 3 Results from the fittings in Fig. 6

System H0 (Oe) H0 (kA m�1) TB (K) K (kJ m�3) LN

Fe@Au 390 31.0 22 11.1 1.4
Fe(Au) 431 34.2 100 6.7 1.9
Fe–Au 472 37.5 55 10.4 1.4
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core–shell NPs (e.g. DFe@Au = DCORE + 2.1 � 1.2 nm), cores of about
DCORE = 20 nm would be required to fit the resonance of the NP
distribution to 785 nm.

Regarding magnetism, we got figures really close to the ones
expected for magnetite NPs. Only in the case of the saturation
in magnetization we found overestimated values. In samples
with a significant content of gold, diamagnetic effects might
cause deviation from the Langevin approach even to magneti-
zation curves without evident saturation.33,67 In our Fe@Au we
observe that MS overestimation is about 20% (from 90 emu g�1

expected for bare magnetite NPs to 110 emu g�1). Quantifying
the diamagnetic effects arising from the presence of gold,
would require a study out of the scope of this work. On the one
hand, AC measurements would be required in order find the
proper relaxation times in the presence and in the absence of the
gold shell. On the other hand, a range of narrow shell thickness
distributions would be desirable. These developments would be
more related for the case of optimization of the synthetic routes.
Moreover, a deeper study would apply only to the particular system
under investigation. Here we prefer to tackle the problem from a
more general point of view, and discuss about the nature of such
overestimation. According to the definition a = pm0MSd3H/(6kBT);
MS will increase its value during the fitting to compensate the
reduction on the fixed parameters: d, H or T. The most reasonable
error source is the NP size dispersion; firstly, because it is estimated
from the counting statistics, and secondly, because a depends on d3.
As far as the other parameters are concerned, the temperature error
can be neglected while 20% damping of H is exaggerated for a few
nm shell. In the end, the important conclusion is that Fe@Au NPs
exhibit good performance for magnetic applications and magnetic
capabilities similar to the bare magnetite NPs, but taking
advantage of the bio-compatibility of the gold shell.

Dumbbell: decorated NPs

Results from dumbbell hetero-structures show the possibilities of
large magnetic NPs decorated with small gold clusters for photo-
magnetism. Particularly relevant is the absorption of the iron
oxide at the near-infrared, as observed in the Fe(Au) system. There
is a clear trend in photomagnetism to move to near-infrared
wavelengths. For example, to date light-induced excited spin-state
trapping (LIESST) measurements have been mostly carried out with
visible lasers. However recent studies have found that LIESST active
materials can be more efficient by exciting the molecular ligands
using larger wavelengths.68,69 Combination of LIESST active NPs
with gold clusters would be an interesting strategy to manage mag-
netic states via light absorption enhancement. In the case of iron
oxide, dumbbell structures favour the absorption peak at telecom
wavelengths [P2 in Fig. 3(c)], which is another interesting scenario to
explore further applications of iron oxide in photomagnetism.

In our numerical simulations, an important absorption can
be observed by increasing the size of the gold cluster. But notice
that, the main advantage of the Fe(Au) is the reduction of gold
content. Importantly, the stoichiometry of the iron oxide could
be affected when the magnetic cluster is grown in the presence
of gold, as concluded from magnetic measurements. This could
be a point to improve in further developments.

Cross-linked NPs: many cluster composites and aggregates

In the linker hetero-structure, we found a weak hot-spot between the
magnetic and plasmonic NPs. As a difference with respect to metal–
metal cross-linked systems, the Fe–Au case showed no energy shift
when changing the inter-particle distance, even in the case of very
small gaps. Certainly relevant for further developments is to know
that small clusters of iron oxide do not affect the LSPR of the gold
NP. This means that the optical properties of the original plasmonic
constituent are preserved after cross-linking.

The linker system also helps to retain the properties of the
magnetic NPs. The magnetization measurements fit very well the
Langevin approach and the saturation and anisotropy constant
values are really close to crystalline magnetite values. The result
is that the magnetic and plasmonic constituents can be synthe-
sized, besides tailoring their respective properties. This is an
advantage with respect to other procedures where the growth of
one constituent depends on the other one. Customizing the optical
response while keeping superparamagnetism will improve the
already demonstrated capabilities of the magnetite–gold hybrids.

Conclusions

Fe@Au, Fe(Au) and Fe–Au hetero-structures have been studied
as representative cases of different coupling degrees between
magnetic and plasmonic NPs. The three hybrid systems are
compared to illustrate the contribution of both the gold and the
iron oxide NPs to the magnetic- and plasmonic-properties
respectively. The iron oxide NPs provide magnetic activity, and
most of the time, they also contribute to improve the optical
response, e.g. increasing the tuning range or the light scattering
when forming the hetero-structures. In certain circumstances, an
excessive presence of gold may affect the magnetic capabilities of
the resulting materials, mainly due to the reduction of the iron
oxide volume fraction, but in a good balance, the plasmonic
constituent should not affect the potential applications as concluded
from magnetic characterization. Indeed, magnetic properties seem
to be more dependent on the NP diameter and NP size dispersion
hindering possible effects related to the gold. With these results, we
have discussed the technological limits of the systems and we have
given some tips to improve the new generation of magnetite–gold
based functional materials. Moreover, the comparison among
the three hetero-structures can be extrapolated to more complex
composites since the systems under study are representative of
NPs enclosed, in contact or separated from each other. This
offers a qualitative prediction about the capabilities of novel
systems, opening the possibility to predict the interaction between
different constituents and the consequences on the performance
of the resulting materials.
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