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1. Monodisperse Magnetite NPs.
1.1. Transmission Electron microscopy images and size distribution.

SI1. Representative TEM micrographs of monodisperse magnetite NPs at different magnification scales.

SI2. Size distribution of the iron oxide NPs obtained from a statistical study on TEM images. The size of the iron 
oxide NPs ranges between 4.0 and 6.5 nm with small occurrence probability at other sizes. The diameter 
dispersion shows a Gaussian profile centred at 5.7 ± 0.6 nm. 

1.2. Magnetic Properites of monodisperse Magnetite NPs.

Magnetite NPs can be synthesised from different iron precursors. Saturation values around 50 emu/g 
are typically found at room temperature, however, this magnitude varies between 30 to 90 emu/g 
depending on the procedure. In general, the saturation is slightly higher for larger NPs but the NP 
quality result essential in order to reach high magnetization values.  Hence, the magnetization and 
blocking temperature, give a first insight about the homogeneity of the synthesis. In the next table we 
show magnetic properties from different kinds of magnetite NPs. Such information will be useful for 
the discussion on the magnetic properties of the hybrid systems studied in the manuscript, mainly in 
the case of the dumbbell-like NPs where the synthesis avoids to obtain a proper reference sample.
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Table SI.T1. Magnetic properties of representative magnetite NPs.

Size (nm) Precursor Ms (emu/g) Superparamag. TB (K) Reference

~5.1 nm Fe(acac)3 51* Yes 29 Our lab

~5.7 nm Fe(CO)5 59* Yes 21 Our lab

~7 nm Fe(acac)3 71* Yes 92 Our lab

5 nm Fe(CO)5 - yes 30 Chem Matter 16, 2814 (2004)

11 nm Fe(CO)5 39 yes 175 Chem Matter 16, 2814 (2004)

19 nm Fe(CO)5 - ferrimagnetic - Chem Matter 16, 2814 (2004)

6 nm FeCl2:FeCl3 45 Yes 125-175 J. Mag. Mag. Mat. 225,30 (2001)

4.8 nm FeSO4 44 Yes - J. Nanopart. Res. 14, 827 (2012)

18 nm FeSO4 51 ferrimagnetic - J. Nanopart. Res. 14, 827 (2012)

27 nm FeSO4 56 ferrimagnetic - J. Nanopart. Res. 14, 827 (2012)

10-15 nm - 31 yes - SSNano (NP Supplier)

5-10 nm - 30-57 yes - mK NANO (NP Supplier)

*Notice that this values are not normalized to the NP powder mass, which allways contains a % of surfactant.

At room temperature Fe3O4 NPs below 20 nm diameter show superparamagnetism (in black at Fig. 
SI3) and become ferrimagnetic at very low temperatures. The inhibition of spin fluctuations can be 
monitored by studying the Hc evolution and shown in Fig. 6 of the manuscript, by determination of 
the Blocking temperature (TB). But TB can be also estimated as the maximum at the Zero Field Cool 
(ZFC). In the case of monodisperse NPs the divergence of the ZFC and the Field Cool (FC) curves 
coincides with the ZFC maximum. In the case of broad size distributions we can expect differences at 
the energy barrier between superspins arising from the different size/shape of the NPs forming the 
distribution. Such range in the energy barrier drives to the diversion at the ZFC-FC curves at 
temperatures above TB.

SI3. Hysteresis loops and ZFC-FC curves of the magnetite NPs showing the evolution of the magnetic 
properties with temperature.



2. Core & Core@shell NPs.
2.1. Transmission Electron microscopy images and size distribution.

SI4. TEM micrographs and electron diffraction patterns of the core (left) and the core@shell (right) NPs. The 
presence of the shell leads to a slight increase in the average diameter and a higher contrast at the TEM images 
because of the increase of the electron scattering at the gold shell. For the same reason, the iron oxide 
contribution is hindered in the electron diffraction pattern.



SI5. Size distribution of the iron oxide core (left) and the core-shell (right) NPs obtained from a statistical study 
on TEM images. The size of the iron oxide NPs ranges between 4 and 6.5 nm being the average size about 5.1 
nm while the core-shell NPs range from 5 to 9 nm with an average diameter about 7.2 nm. As a result an average 
shell growth of about 2 nm in diameter is estimated.

SI6. Size distribution of the iron oxide core (left) and the core-shell (right) NPs obtained from a dynamic light 
scattering (LDS). The average values are larger than the one obtained at the TEM images, since in LDS the data 
obtained correspond to the hydrodynamic size. Despite this mismatch the diameter, the increase after the shell 
growth is within the experimental error.

By means of geometrical considerations we can estimate the relative mass ratio between gold and 
magnetite for a determined core-shell structure. In a first approach we can fix the iron oxide core to 
the average value of 5.1 nm; then the size fluctuations can be attributed just to the shell thickness. 
For each case the ratio Au/Fe is considered and weighted depending on the number of events to 
obtain an averaged ratio value (see the table below). This is <Au/Fe>m = ∑ (Events*Ratio)/∑ Events = 
11.9 g of Au for any g of Fe3O4. Saturation shown in Table I of the manuscript can be re-normalized to 
this value to obtain Ms’(300K)=42.0 emu/g and Ms’(12K)=61.6 emu/g, which are close to the values 
measured for the core NPs (first line on Table SI.T1). Better estimation could be carried out if both, 
the core and shell fluctuations, were considered. However, this is not straightforward and more 
complex statistics must be developed to do that.



Table SI.T2. Estimation of the averaged gold/iron oxide ratio based on the counting statistics.

Core
(average value nm)

Core-shell
(diameter nm)

Events Shell
(nm)

Ratio Au/Fe3O4

(in mass)
Event*Ratio

5.1 <= 5.1 7 0 0.00 0.00

5.1 5.2-6.1 28 0.5 2.64 73.9

5.1 6.2-7.1 87 1 6.30 548.3

5.1 7.2-8.1 79 1.5 11.16 881.5

5.1 8.2-9.1 57 2 17.37 990.3

5.1 9.2-10.1 18 2.5 25.12 452.1

5.1 10.2-11.1 7 3 34.55 241.9

5.1 >11.1 5 3.5 45.86 229.3

On the other hand, the results of the table can be used for weigh averaging the numerical results 
shown in Fig. 3 of the manuscript. This also agrees with the shell distribution estimation (Events vs 
Shell thickness). In Fig SI.7 we plot the calculated spectra in semilog scale for Fe@Au NPs with 
different size shells (left plot). The sum of these spectra are weighted according to the number of 
events in Fig (SI7b) at the right plot. The LSPR of Fe@Au NP with the average values of the 
distribution (core of 5 nm and shells of about 1-2 nm) should be located around 600 nm wavelength. 
However, the optical extinction in larger shell NPs is more than one order of magnitude higher than 
the average, and hence the optical response of the distribution is shifted to 537 nm after weighting 
to the optical response.

Fig SI7. (a) Extinction spectra of Fe@Au with 5 nm core and different shell thickness. (b) Weight 
average of the spectra in (a) according to the number of events estimated in Table SI.T2. This plot is 
used as a reference in Fig. 2(a) from the manuscript.



SI8. EDX measurements of the Fe@Au samples to compare with structural characterization.

3. Dumbbell-like dimmers.
3.1. Transmission Electron microscopy images and size distribution.

The procedure used for dumbbell-like dimmers has not allowed fabrication of reference samples, as 
for example the core in the case of Fe@Au. Notice the gold precursor is injected during the synthesis 
of the magnetite nanoparticles before running out the iron oxide precursor completely. During the 
final step of the synthesis, the gold clusters are grown on a facet of the iron oxide NPs changing the 
charge balance, and hence, varying the growth rate in the other facets. For example, we show in the 
manuscript the case of 11 nm iron oxide with 3 nm Au cluster. The resulting iron oxide clusters present 
wide range of shapes with an important size dispersion, see SI8. In contrast, almost round Fe3O4 NPs 
with an average size of about 6 nm are obtained when the synthesis is finished and cooled down 
instead of gold injection. In this conditions we have considered more truthful referring to summary 
Table SI.T1 during the discussion on the magnetic properties of the Fe(Au).



SI9. TEM micrograph of the dumbbell like NPs studied at the manuscript (top-left). Both constituents, 
the gold and the iron oxide, are observed at the electron diffraction pattern (top-right). Counting 
statistics obtained from different images for the magnetite (left middle panel) and gold clusters (right 
middle panel); accompanied by the respective DLS measurements (bottom panel).



SI10. EDX measurements of the Fe(Au) sample to compare with structural characterization.

In Fig. SI11 we show how small changes in the procedure can dramatically affect the growth of the 
iron oxide, so an accurate control of the synthesis parameters is essential to obtain reproducible 
results. This images correspond to synthesis producing an important amount of bare magnetite 
between the dumbbells. This probably occurs due to a lack of gold precursor in solution or due to an 
early gold injection. It is worth to note that “dumbbells” (or the hetero-structures obtained) in these 
synthesis have got a dramatic size increase with respect to the isolated iron oxide NPs. This 
demonstrates the influence of gold on the growing process. The gold NP size strongly depends on the 
iron oxide seed concentration which enables certain relative size control (i.e. through the number of 
nucleation centres). The fitting of facets at the interface between both kinds of NP is essential for the 
successful dumbbell growth. Large Au NPs become rounder as they grown, reducing the affinity to the 
more flat iron oxide facets. Hence, achieving large gold cluster dumbbells would need a huge synthesis 
effort.

SI11. TEM micrographs of unsuccessful dumbbell synthesis.



3.2. Some remarks.

SI12. Simulation of the Dumbbell-like dimmers (Au= 3 nm, Fe3O4=12 nm) considering the Au cluster 
embedded 50, 40, 30, 20 and 10 % respectively. As mentioned in the text thanks to the dielectric 
character of the iron oxide cluster the embedding degree would not affect the extinction spectra at 
all.

SI13. Simulation of the electromagnetic field distribution of a dumbbell-like dimmer (Au=9 nm, Fe3O4 
=12 nm) under X polarization excitation at 540 nm (left) and 1550 nm (right). It is shown how the 
electromagnetic field distribution into the iron oxide is considerable higher than in the case of a small 
gold NP.

SI14. Polarization factor: graphical description. The magnitudes Ix and IY are determined by the 
areas in shadow.



4. Chemically cross-linked magnetite-gold NPs.

4.2. Transmission Electron microscopy images and size distribution.

SI15. Representative TEM micrographs of the magnetite and gold NPs employed in the linking 
procedure (top and middle panel). (Bottom) Cross-linker aggregate and the corresponding electron 
diffraction pattern.



SI16. Size distribution of the iron oxide NPs (left) and gold NPs (right) before linking.

SI17. DLS measurements at the different steps of the linking process.

Even TEM images show high probability to find large aggregates, most of them should be formed on 
the TEM grids during the solvent evaporation, and hence we could expect much smaller amount of 
such aggregates in solution. DLS results point in that direction, see SI.14: gold NPs present an average 
size of about 11 nm when measured by DLS. The functionalization with PEG drives to an increase of 
the size, coinciding with the hydrodynamic size of that molecule in water. Importantly, the Au-PEG 
composite does not show insights of gold aggregate formation by UV measurements or TEM 
characterization. After linking with the iron oxide a small size increase is observed. In addition the size 
distribution is not broadened at all, as would happened in presence of aggregates



Table SI.T3. Aggregate statistics from TEM images.

Type of Conjugate Occurrence (%) Comment

               

              5 %
Sometimes we found small gold aggregates 
without iron oxide.

16 %
Isolated gold NPs can be also observed.

21 %
Cross-linked hetero-structures appear usually in 
groups of several pairs presenting different inter-
particle distances.

14 %
Trimmers and Quartiers are also common, being 
magnetite the extra NP most times.

<10 NPs

13 %

Small aggregates are observed with similar 
probability, most times maintaining the ratio 1:1. 
They may be formed during the solvent 
evaporation during the TEM grid preparation.

>10 NPs

28 %

Larger aggregates appear probably with a higher 
content of iron oxide than gold (in number of 
NPs). In these cases, interaction between 
magnetic NPs could contribute to aggregation. In 
those cases it is hard to estimate the inter-
particle distances and the magnetite to gold 
ratio.

< 2 %
Eventually we can also found small aggregates of 
iron oxide (without gold).



SI18. EDX characterization of the Fe—Au sample to compare with structural characterization.

5. FZC-FC

The inhibition of spin fluctuations can be monitored by studying the Hc evolution with the 
temperature, see Figs. SI19 (a)-(c). Using this plots, the Blocking Temperature (TB) has been 
estimated in the manuscript. Similar information can be obtained from the ZFC-FC curves, see 
SI19 (d)-(e). At H=100 Oe we found TB

C-S = 26.4 K, TB
D = 165 K, TB

D = 81 K assigned to the point 
where the ZFC curve exhibits its magnetization maximum. The divergence of the ZFC and the 
FC should be found on such maxima but the curves are actually split at higher temperatures. 
The diverting point is called irreversibility point (TI), and its origin lies in the fact that all NPs 
are not blocked at the same temperature due to size, shape or composition unhomogeneities. 
This way the FZC-FC curves help to illustrate the size distribution effects on the magnetic 
response of the NPs.



SI19. Hc vs T curves related to the ZFC-FC.


