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Abstract

Bifunctional nanostructured architectures have shown appealing properties, since a single
entity can combine the diverse properties of its individual constituents. Particularly, by
growing Fe-oxide domains over Ag nanoparticles, the plasmonic and superparamagnetic
properties can be combined in a single particle. Beyond the multifunctionality of this

system, there are several properties that emerge from intrinsic factors, such as: interface
and/or morphology. In this study, we present the synthesis protocols to obtain two sets of
heterocrystals, each one with different morphology: dimer and flower-like. In addition, the
magnetization behavior of these hybrid nano-heterocrystals is investigated and discussed.
These nanomaterials were built by a seed assisted heterogeneous nucleation process, carried
out in organic solvents of high boiling point, using the same batch of silver nanoparticles
with a mean size of 6nm as seeds, and tuning the electron-donor capacity of the reaction
environment at the thermal decomposition of the iron precursor. Ag/Fe;O4 heterocrystals with
dimer and flower-like morphologies were obtained. The synthesis protocols for generating
these types of nanomaterials are discussed step-by-step. Structural and morphological
properties were determined by transmission electron microscopy, x-ray diffraction and x-ray
absorption fine structure. DC magnetization results suggest that the silver/magnetite coupling
generates an increase of the blocking temperature in comparison to those obtained from pure
magnetite. This behavior could be linked to a possible increase in the magnetic anisotropy
produced by an additional disorder at the Ag—Fe;0, interface. The higher interface area of the
Ag/Fe;04 heterocrystals with flower-like architecture leads to a higher blocking temperature
and a stronger magnetic anisotropy. These results are supported by AC susceptibility data.
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Introduction

In the last few years, a prominent part of the research in
nanochemistry has focused on the preparation of multifunc-
tional and heterostructured nanocrystals, capable of combining
two or more inorganic materials into a single system through
a direct atomic bond at the interface and without the presence
of a molecular bridge [1-3]. In these new heterocrystals, the
properties of the different components can be combined or
can give rise to new features associated to morphology or
interface effects, factors that may partially govern the physi-
cochemical behavior of these new kind of systems.

Nanoparticles that combine a noble metal (Au, Ag) with
ferrite type oxides (Fe3O4, CoFe;O4, Co304, MnFe,04) are
among the systems that have gained major interest. In these
peculiar nanostructures, the optical properties of metallic nan-
oparticles and the magnetic properties of Fe-oxide counter-
parts can be coupled. This dual behavior opens the door to
new applications in several fields, including catalysis [4, 5],
antimicrobial agents [6, 7], magnetic and photo/magnetic
hyperthermia therapies [8, 9] and surface-enhanced Raman
scattering substrates (SERS) [10], among others.

The most common process to produce heterostructured
nanocrystals is the so-called seed-assisted method, where a
second component is heterogeneously nucleated over previ-
ously formed nanoparticles (‘seeds’) of a first component.
In this process, the heterogeneous nucleation of the second
material is favored over homogeneous nucleation, especially
when there is some compatibility between the cell parameters
of the crystals [10]. Depending on the nucleation events and
the growth evolution, the formed heterostructures can show
distinct architectures, such as core—shell, dimer or flower-like.
Many efforts have been dedicated to the understanding of the
synthesis conditions and mechanisms that lead to these dif-
ferent morphologies [2, 11-13], mainly because the macro-
scopic properties of the system can be controlled or tuned by
the interface type and the interactions between the different
constituents.

In this work, we study the synthesis and the magnetic
response of two Ag/Fe;O4 heterostructures with different
morphologies: dimer and flower-like type, prepared by a seed-
assisted route in organic solvents of high boiling point. In par-
ticular, we investigate how the solvent nature, associated to
its electron-donor capacity, determines the final morphology.
Correspondingly, we performed a complete magnetic charac-
terization by means of DC and AC magnetization techniques
to understand how the heterostructures architecture and the
distribution of the Fe;O, domains define the macroscopic

behavior of the samples. A discussion on the structural and
optical properties is also presented to reinforce the results and
the conclusions.

Experimental details

Materials

Silver nitrate (AgNO;, >99%, Sigma-Aldrich), sodium
acetate (NaCH3;COO, >99%, Anedra), oleylamine (C;7Hj3;-
CH,NH,, 299%, Sigma-Aldrich), oleic acid (C7H3,;-COOH,
90%, Sigma-Aldrich), 1-octadecene (C;sHig, 90%, Sigma-
Aldrich), diphenyl ether ((C¢Hs),0, 98%, Sigma-Aldrich),
iron(IIl) acetylacetonate (Fe(acac)s, 99%, Sigma-Aldrich)
and 1,2-hexadecanediol (C;¢H340,, 90%, Sigma-Aldrich). All
chemicals were used as received without further purification.

Methods

Ag/Fe;04 nanoparticles were synthesized by a seed assisted
heterogeneous nucleation process in organic solvents of high
boiling point, as described below.

Silver Seeds Nanoparticles (AgNPs) synthesis

AgNPs were prepared according to previous reports [8, 12].
Briefly, 2 mmol silver acetate (AgCH3;COO) were obtained by
stochiometric precipitation of AgNO3; and NaCH3COO. The
so-obtained white powder was dissolved in 2 mmol oleic acid,
2 mmol oleylamine and 5ml 1-octadecene. The mixture was
heated up to 175 °C under continuous stirring for 30 min to
allow AgNPs formation. Finally, the system was cooled down
to room temperature and the AgNPs were precipitated by the
addition of ethanol and isolated by centrifugation at 3000
RPM for 15min. The isolated solid was washed three times
before being redispersed in hexane.

Ag/Fes0, heteroparticles formation

AgNPs were used as fixed seeds for Fe;O4 heterogeneous
nucleation. 1 mmol Ag (as AgNPs), 0.3 mmol Fe(acac)s, 1.5
mmol 1,2-hexadecanediol, 0.75 mmol oleic acid, 1.5 mmol
oleylamine and 5ml solvent (1-octadecene, ODE or phenyl
ether, PHE) were added. The solution was maintained at 125
°C for 1 h under continuous stirring, and then heated (heating
rate = 5 °C min~") up to 260 °C for 60 min under Ar flow to
allow Fe;O4 formation. Finally, the system was cooled down
to room temperature and the nanoparticles were precipitated


https://doi.org/10.1088/1361-6463/aaccc3

J. Phys. D: Appl. Phys. 51 (2018) 295303

P Tancredi et al

AgNPs [ Histogram
Lognormal fit
(Dy=6 nm
c=0.2
8
=]
=)
<
o
(b) ,
0 2 4 6 8 10 12 14 16

D (nm)

Figure 1. (a) TEM micrograph of AgNPs. (b) Size distribution histogram and the lognormal fit.

by the addition of ethanol and isolated by centrifugation at
3500 RPM for 30min. The isolated solid is finally washed
three times to then redisperse it in toluene.

Two samples were prepared, Ag/Fe;O4 ODE (reaction car-
ried out in 1-octadecene) and Ag/Fe;O4 PHE (reaction car-
ried out in phenyl ether). Furthermore, a control sample of
homogeneously nucleated Fe;O, without the addition of the
Ag seeds was prepared (see supporting information (stacks.
iop.org/JPhysD/51/295303/mmedia)).

Characterization

Phase composition and crystallographic characterization
were carried out via x-ray diffraction (XRD) on a standard
Rigaku diffractometer with Cu K-« radiation. X-ray absorp-
tion fine structure (XAFS) spectroscopy patterns for the Fe
K-edge (7.112keV) were recorded at room temperature in
fluorescence mode with the colloidal samples positioned at
45° with respect to the x-ray beam. These measurements were
performed at the Brazilian Synchrotron Light Laboratory
(CNPEM/LNLS, Campinas, Brazil). Absorption spectra,
carried out on colloidal samples (nanoparticles dispersed in
toluene), were recorded at room temperature by means of a
UV-vis—NIR Shimadzu UV-1603 using quartz cuvettes with
10 mm optical path length. Morphology and size distribution of
the samples were determined by transmission electron micros-
copy (TEM) at the CNPEM/LNNano (Campinas, Brazil) in a
JEOL JEM 2100F with a field emission gun (FEG) operating
at 200kV and at the IFW (Dresden, Germany) with a FEI-
Tecnai microscope operating at 200kV. The samples for TEM
experiments were prepared by dripping 10 pl of nanoparticle
dispersion onto a carbon-coated copper grid (Ted Pella) and
drying the solvent at room temperature. DC magnetization
and AC magnetic susceptibility measurements were recorded
with a MPMS-XL7 Quantum Design SQUID magnetometer
and a PPMS Quantum Design magnetometer, respectively.
The samples for magnetic measurements were prepared by
mixing 50 ul of the colloidal dispersion containing the Ag/
Fe;04 heterocrystals and one drop of 1-octadecene. This mix-
ture was stirred until the toluene was evaporated. After that, a
piece of cotton (approx. 15 mg) was impregnated with the Ag/

Fe;04 sample and finally placed in the SQUID/PPMS holder
sample.

Results and discussion

The two-step procedure employed for the Ag/Fe;O, het-
eroparticles synthesis can be conveniently used to study the
reaction mechanism and the conditions that lead to the forma-
tion of different heterostructure morphologies.

The AgNPs (produced separately in a first step) were
incorporated to the synthesis medium prior to the thermal
decomposition reaction and the formation of the iron oxide
phase. One-step reactions have been successfully devel-
oped to produce heterocrystals by exploiting the difference
between the formation temperatures of the metallic nanopar-
ticle and the iron oxide [14-16]. In spite of this, we have
decided to employ a two-step procedure so we can directly
relate the heterogeneous nucleation events and final hetero-
particle structure with the reaction conditions, i.e. solvent
electron-donor capacity, and detach them from other vari-
ables, such as AgNPs size and concentration, for example.
Reports on two-steps heterostructure synthesis have inves-
tigated different options for the iron source, including iron
acetylacetonate, iron oleate or iron pentacarbonyl. However,
the precursor nature does not seem to affect the final par-
ticle conformation because a common transformation to iron
oleate occurs at low temperatures (prior to iron oxide nuclea-
tion) regardless the original reagent [17, 18].

Figure 1 shows a representative TEM image of the prepared
AgNPs. The synthesized AgNPs show a spheroidal-like shape
with a narrow size distribution. Histograms were obtained
by counting more than 200 silver nanoparticles from several
TEM images, which were well fitted using a lognormal func-
tion (figure 1(b)). From this, a mean diameter (D) = 6 nm
with a rather narrow size distribution (o = 0.2) was deter-
mined. These results confirm the well-dispersed nature of the
initial AgNPs colloidal suspension obtained in the first step of
the synthesis. The fcc structure of the silver nanocrystals was
examined by XRD, as is shown in figure S1 (supplementary
information).
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Figure 2. (a)—(c) Representative TEM images of Ag/Fe;04 heterostructures with dimer-like configuration showing the iron oxide
nanoparticles attached to a silver seed. (d) HR-TEM image of a single dimer-like nanoparticle and corresponding Fourier transform (inset).

Figure 3. (a)—(c) Representative TEM images of Ag/Fe;04 heterostructures with flower-like configuration showing the iron oxide
nanoparticles surrounding a silver seed. (d) HR-TEM image of a single flower-like nanoparticle. (d) HR-TEM image of a single dimer-like

nanoparticle and corresponding Fourier transform (inset).

Afterwards, these AgNPs were used as fixed seeds for the
formation of the Ag/Fe;O4 heteroparticles in both reaction
solvents. Figures 2 and 3 show the TEM and HR-TEM of the
two samples. The difference in the atomic number between the
two components makes it possible to distinguish iron oxide
(lighter particles) from Ag (darker particles) in the images.
For the heterostructures prepared in 1-octadecene (Ag/Fe;O4
ODE) dimer-like heteroparticles are predominant (figure 2),
with just one iron oxide crystal attached per Ag seed. On the
other hand, for heterostructures prepared in phenyl ether (Ag/
Fe;04 PHE) flower-like heteroparticles predominate (figure
3), with various iron oxide crystals surrounding a central
Ag seed. In both TEM images (figures 2(a) and 3(a)), some
non-attached iron oxide particles can be seen. However, the

presence of these particles decreased dramatically from pre-
vious samples by carefully tuning the relation between Ag
seeds and Fe precursor and the heating rate. Figures 2(d)
and 3(d) present the HR-TEM images for samples Ag/Fe;O4
ODE and Ag/Fe;O4 PHE, respectively. Additional images
are displayed in the supporting information (figures S2 and
S3). Notice that by applying the Fourier transformation tech-
nique on a simple dimer-like particle (inset on figure 2(d)),
characteristic crystallographic planes for magnetite and silver
phases can be detected, i.e. (222) plane for the Fe;O4 and
(200) plane for the Ag. For the sample Ag/Fe;O4 PHE, the
Fourier transformation (inset on figure 3(d)) reveals two char-
acteristic crystallographic planes for magnetite phase: (220)
and (311). However, none of the crystallographic planes of
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spectra for samples Ag/Fe3;04 ODE, Ag/Fe;O4 PHE and Fe;04. Inset: XANES region. (d) Fourier transformations obtained for the studied

samples.

the metallic silver are distinguished, which is probably related
to the absence of the oriented planes of this material in the
obtained HR-TEM image.

Figure 4(a) shows the XRD patterns of the dried hetero-
structures. As expected, two contributions from two sets of
diffraction peaks can be observed in the diffractograms. One
set can be assigned to the fcc spinel-inverse iron oxide phase
(Fe304 and/or ¥-Fe,03) and the other one corresponds to fcc
metallic Ag. Thus, one can confirm the presence of both crys-
talline structures in the samples.

Optical properties were studied in terms of UV-Visible
absorption and the resulting spectra are shown in figure 4(b).
The surface plasmon resonance peak (SRP) associated to
the Ag seeds in the heterocrystals is weakened compared to
that obtained from the measurement of pure AgNPs. This
behavior is due to the shielding effect caused by Fe;O4 [19,
20]. Comparing both samples, the effect is more pronounced
for Ag/Fe;04 PHE than for Ag/Fe;O, ODE. This difference

can be related to the morphology dissimilarities, as flower-
like structures with a larger Ag—Fe;0y interface can produce
a larger shielding effect compared to dimer-like particles. A
similar decay of the absorption peak was also observed in Au/
Fe;04 particles [19, 21]. A control sample of 10nm magnetite
particles was also investigated for comparison (synthesis
and characterization details are presented in the supplemen-
tary information), the respective UV-vis spectra (red line in
figure 4(b)) is consistent with subwavelength sized dielectric
spheres [22].

In most reports concerning the studies of surface plasmon
resonance on metallic/magnetic hybrid nanoparticles,
including Au/Fe;O4 and Ag/Fe;04, a red-shift of the metal
particle SRP is evidenced. According to some authors, this
behavior results from to the strong coupling of iron oxide,
which exhibits higher values of the real part of the refractive
index with respect to the organic solvents [23, 24]. Strikingly,
the absorption peak of our prepared Ag/Fe;O,4 heteroparticles



J. Phys. D: Appl. Phys. 51 (2018) 295303

P Tancredi et al

(a) Heterogeneous
nucleation of Fe-oxide

o
] Fe precursor o

*\ ﬁ\
Z
CX7
octadecene

9
Octu(;’ecenc ‘ /)' ’
+ =

6 nm AT (260 °C)
AgNPs g
Migration of e- to
compensate the charge
at the interface
(b) Heterogeneous

nucleation of Fe-oxide

4 + ’

phenyl ether ‘ /)’)
+ -
6 nm AT (260 °C)
AgNPs

Migration of e- to
compensate the charge
at the interface

Growth of a dimer-

Electron deficiency like structure

generates "forbidden facets"
for nucleation

//’\\

O

4 ?’
phenyl ether
Simultaneous growth
of several Fe-oxide
domains

e.

Growth of a flower-
like structure
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stays at almost the same position as that of AgNPs. This
behavior was also observed by Huang et al [20] and can indi-
cate a weak interaction between the building blocks. Some
authors also suggest that Fe;O4 growth over the Ag seed does
not always occur epitaxially, leading to nearly independent
surface plasmonic properties of the metallic nanoparticles
[19]. Also, some kind of centrifugation sorting during Ag/
Fe;04 washing steps may have privileged AgNPs with a
UV-shifted peak position. Moreover, since the modification
of the size of the scattering objects are known to affect the
intensity and width of the SPR peak, the observed differences
could also be related to the minor changes in the Ag seeds size
during the second synthesis step.

Measurements of XAFS were carried out in order to
examine the Fe-oxidation states of the iron oxide domains in
the heterostructures. A control sample of Fe;O4 nanoparticles
was also analyzed for comparison. Figures 4(c) and (d) show
the profiles of the x-ray absorption near edge spectra (XANES)
and extended x-ray absorption fine structure (EXAFS),
respectively, determined for the samples Ag/Fe;O4 ODE and
Ag/Fe;04 PHE, as well as for the iron oxide control sample.
According to these results, the pre-edge energy position, the
pre-peak features and the EXAFS profiles of both heteropar-
ticles systems are compatible with a structure that combines
ferric (Fe’*) and ferrous (Fe*") ions [14]. Furthermore, by
comparing the obtained results from the Ag/Fe;O4 with those
one from the Fe;O4 control sample, one can affirm that the
environment of Fe-atoms located in the heterostructures are
disposed to form an iron oxide with a stoichiometric Fe;Oy4
phase.

The study and control of the reaction conditions leading
to different heterostructures morphologies has been a topic of

intense research in the last few years. In a pioneering work,
Yu et al proposed that a charge compensation process within
the metal nanoparticle (Au in their case) governs and defines
the heterostructure conformation [11]. The nucleation of the
iron oxide on the Au surface induces a positive charge at the
growth interface, immediately compensated by free electrons
of the metal. This charge migration produces electron defi-
cient ‘restrained facets’ and denies multi-nucleation process.
However, a change in the medium’s electron-donor capacity
by using a slightly polar solvent could compensate the
charge induced by the polarized growth plane, and thus allow
multi-nucleation. Therefore, the modification of the reaction
medium from octadecene to phenyl ether can modify the final
heterostructure conformation from dimer-like to flower-like
nanoparticles. Figure 5 shows a scheme of the possible path-
ways for the seeded-growth synthesis of Ag/Fe;O4 hetero-
crystals starting from a mixture of Ag seeds and Fe precursor.
This hypothesis was supported by few authors for noble metal
(especially Au) heterostructures [11, 12, 20, 25], and also for
other metal-metal oxide combinations, such as FePt/MnO
[26]. Flower-like nanoparticles were also produced in highly
polar solvents like poly-alcohols [10], supporting the hypoth-
esis that the polarity of the synthesis medium influences the
morphology of the heterostructure. Nevertheless, additional
reports suggest that other reaction conditions like metal
seeds—Fe precursor ratio [27] or metal seed crystallinity [20]
could also define the heterostructure configuration.
Magnetization features of both Ag/Fe;O4 systems were
investigated in order to understand the influence of the nano-
particle morphology on the macroscopic magnetic behavior.
Because the magnetic measurements were performed in highly
diluted samples, interparticle dipolar interactions are expected
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to be negligible. However, on the sample with flower-like
morphology, the presence of several Fe;O4 domains attached
to a single Ag seed can lead to intra particle dipolar and/or
exchange interactions, because these magnetic domains can
be in direct contact with each other and not spatially separated
by the diamagnetic matrix.

Figure 6 shows the magnetization versus applied field (M
versus H) curves performed at 5K and 100K. Notice that the
magnetization units are expressed in terms of emu per mass of
heteroparticles, i.e. mass of Fe;O,4 and Ag. While the saturation
magnetization (Mg) values are lower than those reported for
bulk magnetite, as expected for nanoscale magnetic materials,

these are partially underestimated because the additional mass
of silver. The S-shaped curves can be related to the presence
of monodomain magnetic iron oxide nanoparticles. At 7= 5K
the magnetization loops display a coercive field of ~260 Oe
for the Ag/Fe;O4 ODE sample and ~360 Oe for the Ag/Fe;Oy4
PHE sample, indicating that the nanoparticles are at the magn-
etically blocked regime at this temperature [28]. As can be
noted, the coercive field at 5K is larger in the Ag/Fe;O4 PHE
sample than in the Ag/Fe;04 ODE sample. This behavior can
be understood from two main approaches: (i) because the
presence of several iron oxide domains attached to the same
AgNP in the sample with a flower-like architecture promotes a
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Table 1. Parameters Epy, Tom, K and 7; obtained from the ZFC fit (Fe3O4) and from simulations (Ag/Fe;O4 heterostructures).

Sample Eyp (erg) Tom (K) K (erg cm™3) T; (K)
Fe3;04 (control sample) 8.0 x 10714 212 2.4 % 105 —
Ag/Fe;04 ODE (dimer-like morphology) 3.0 x 10713 73b 9.0 x 10°® 170
Ag/Fe;04 PHE (flower-like morphology) 4.6 x 10713b 120° 1.4 x 10% 200

#Values extracted from the fit of the ZFC curve.
b Simulated values.
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strengthening of dipole—dipole interactions between the magn-
etic entities [12], which could produce a magnetic hardening
in this sample. (ii) Because the effective coupling between
the components can alter the arrangement of those magnetic
moments located at the magnetic surface and thus modifies the
magnetization dynamics. The coercive field in both samples
drastically diminishes at 100K, an indication that the magneti-
zation behavior is close to the superparamagnetic regime [28].

Temperature dependence of the magnetization of Ag/Fe;O4
heterostructures, recorded under zero-field-cooling (Myzpc)
and field-cooling (Mpc) protocols, is presented in figure 7. In
both curves, the ZFC magnetization display a clear and broad
maximum value, at Ty, = 117K for Ag/Fe;O4 ODE and at
Tm = 197K for Ag/Fe;04 PHE. Although in principle, T}, can

be associated to the blocked-to-superparamagnetic transition
of the iron oxide domains, the obtained values are approxi-
mately one magnitude of order larger than ones obtained for
the magnetite control sample, which was found at 7, = 27K
(blue symbols in figure 7(a)) and whose shape can be easily
linked to a weakly interacting monodomain system [28, 29].
The differences of Tp,, between the control sample and the
more complex nanostructures can be explained considering
three different phenomena: changes in the size of the magn-
etic nanoparticles [30], strengthening of dipolar interactions
[31] and variations in the iron oxide phases [32]. However, for
both heterostructures the sizes of the magnetic domains are
quite similar; hence the magnetic phase remains unaltered and
the dipole—dipole and superexchange interactions should not
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strong enough to generate a shift of 77, of 90K and 170K in the
Ag/Fe;04 ODE and Ag/Fe;O4 PHE samples, respectively (in
comparison to the control Fe;O4 sample). Such interactions,
especially in the sample with flower-like morphology, could
affect the effective anisotropy of the structures, leading to a Ty,
displacement (as discussed previously) but in a weaker degree.
Generally speaking, the Ty, shift (as well as the ZFC/FC gen-
eral curve shape) can be influenced by the morphology, metal
seeds features and/or interface effects. For instance, some
authors suggest that the coupling efficiency between metal/
Fe-oxide surfaces can modify the superficial disorder [33, 34],
the energy barrier (E},) and the magnetocrystalline anisotropy
(K) of the magnetic counterpart [35], altering the global magn-
etic behavior of the system. Therefore, two ZFC curves, with
values for T;, matching those obtained from the experimental
measurements of the Ag/Fe;0, heteroparticles were simulated
following the expression reported in [36], which is:

M2H | Epm [T/Tm 1
Mzpc (T) = 3SK [ks/o TYf (v)dy +

f (y)dy} ,

T/Tom

(D
where f (y) is a distribution of energy barriers (adopted as
lognormal-type), y = Ey/Epm being E, and Eyy, the energy
barrier and the mean energy barrier, respectively. Ty, is the
mean blocking temperature, Mg the saturation magnetiza-
tion, H the external magnetic field (50 Oe), K the anisotropy
and kg the Boltzmann constant. These simulations allow us
to approximately quantify the variations on Eyy, and K,r sug-
gested by the mentioned factors. As expected, the Ey,, values
extracted from the simulated curves (blue dotted lines in
figure 7) are larger in comparison to the one obtained from
the ZFC fit of the Fe30, control sample: ~3 x 107!3 erg for
Ag/Fe304 ODE sample, ~4.6 x 10713 erg for Ag/Fe;0, PHE
sample, and ~8 x 10~!* erg for the Fe30, control sample. It is
worth noting that the increase in Epp, also raises the anisotropy
constant, whose mean value can be obtained from K = Ey,,/V,
being V the mean particle volume. Using this expression and
assuming a mean diameter of 8.6nm for the Fe;O4 nanocrys-
tals, the K values are 9.0 x 103 erg cm™> and 1.4 x 10% erg
cm™? for dimer and flower-like samples, respectively. These
values are approx. 3.5 and approx. 6 times larger than the
obtained for the Fe;O4 control sample (K from fit procedure is
2.4 x 10° erg cm ™). All the obtained values are summarized
in table 1. Larger values of Ey,, and K can be partially attrib-
uted to an additional superficial disorder at the Ag/Fe-oxide
interface. In that interface, magnetic moments could be isotro-
pically pinned and still coupled with the magnetic moments of
the magnetite core, generating a magnetic drag over the core
that leads to the increase of the anisotropy [37]. Consequently,
the coupling effects will be more significant for the sample
with a greater interface between the two components, Ag/
Fe;04 PHE in this case.

Notice that it is not enough to just increase the value of
the barrier energy (or K) to reproduce exactly the shape and
the temperature evolution of the experimental ZFC curves
obtained from the dual Ag/Fe;O,4 heterostructures. In order to
achieve this goal for these complex structures, several other
factors need to be considered, such as the dipolar interactions,

O Ag/Fe,0, ODE
& A AglFe,0, PHE
Fit using Eq. |
AL
~
o
o
=
—
8l
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-10 1 . 1 . I . 1 A 1
0.005 0.006 0.007 0008  0.009
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Figure 9. Plots of In(7) versus 1/ TK‘,[/AX and the respective fit
according to equation (1) (red solid line). Here, T3y is the broader
peak of the real component for every measured frequency.

possible effects of spin or charge transfer [38, 39] and cation
exchange effects [40], structural defects [41] among others.

Relevant information can also be qualitatively extracted
from the FC magnetization curves. For example, the flattened
behavior at low temperatures (7 < 50K) followed by a wider
shoulder as the temperature increases could be a signature of
limited nanoparticle aggregation and occurrence of a spin-
glass and/or interacting superparamagnetic behavior [29, 42,
43]. Moreover, the manifestation of an irreversibility temper-
ature (7;), defined as the point in which the ZFC curve bifur-
cates from the FC one, indicates the presence of a distribution
of blocking temperatures, as expected for size distributed
magnetic monodomains. In summary, all examined properties
suggest that the magnetic behavior of the studied samples are
a consequence of a sum of several effects, leading to a com-
plex interpretation of the magnetic results.

AC susceptibility measurements were performed to rein-
force the results from DC magnetic characterizations. The
real and imaginary components of the magnetic susceptibility
versus temperature (' versus T and x” versus T), recorded
at four different frequencies, are shown in figure 8. Although
the x/(T) curves for Ag/Fe;04 nanoparticles follow different
trends, two main features can be highlighted in both systems:
an initial shoulder at low temperatures followed by a broader
peak near the T}, value obtained from the ZFC measurements.
The nature of these events can be related with two independent
blocked-to-unblocked system processes. The equivalent two
events in the imaginary component of the magnetic suscep-
tibility x”(T) is reflected in the presence of two peaks, which
are labeled as TK/‘[;X(I) and TKEI;;X(Z) in figures 8(c) and (d). The
initial shoulder at x/(7) is correlated to the first peak in x”(T)
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Table 2. Extracted and calculated parameters from the AC magnetic susceptibility measurements.

Tiax (K) Tiax (K)
T]\Z/[%( f(Hz) f(Hz)—peak 1 f(Hz)—peak 2
Sample (K) 11 207 2347 9967 11 207 2347 9967 11 207 2347 9967 Ey(erg) Ty (K)
Flower Ag/Fe;04 ODE 108 104 105 106 107 35 35 41 42 98 100 102 104 8x107* 92
Dimer Ag/Fe;O4 PHE 205 180 183 188 190 23 24 31 34 144 145 149 157 2x 1071 133

as expected, and can be assigned to the blocked-to-unblocked
transition of those iron oxide nanoparticles non-linked or
weakly-linked with the Ag seeds. These temperature values
are at similar positions to the ones observed in homogeneously
nucleated nanoparticles (control Fe;O4 sample), as shown in
figure S5 (supporting information). The second event, evi-
denced as a peak at T~ 110K for the Ag/Fe;04 ODE sample
and T =~ 170K for the Ag/Fe304 PHE sample in the \/(T) and
X"(T) curves, is related to the unblocking processes of the
Fe;0,4 domains attached on the heterostructures or, in the case
of flower-like sample with the unblocked-blocked transition
of those magnetic nanoparticles with higher inter-particle
interaction. Notice that these peaks are registered at higher
temperatures for the sample with flower-like morphology, an
indication that in this sample the blocking/unblocking pro-
cess requires more thermal energy to occur. This behavior
also supports the previous evidence of the distinct interactions
and possible alterations on the magnetocrystalline anisotropy
between both systems.

The relative height of the peaks observed in the imaginary
component of the magnetic susceptibility has significant dif-
ference% i.e. for the Ag/Fe;04 ODE sample, Tlif[//;x(l) is higher
than TI\’ZAXQ),
occurred. This difference can be related to the ratio of homo-
geneous to heterogeneous Fe;O4 domains, indicating that the
reaction in phenyl ether avoids the homogeneous nucleation
events and is more effective to produce heterostructures.

From the AC magnetization results, it is also possible to
observe Tyax displacements as frequency function. Such
displacements are rather small when compared to the ones
observed in highly interacting nanoparticle systems, a qualita-
tive indication that the magnetic entities can be in a weakly
interacting state [29, 31, 44, 45]. To clarify this point, the fre-
quency dependence of the peaks in Y/(7T) was analyzed for
both Ag/Fe;0, systems by fitting the experimental data using
the Vogel-Fulcher law, given by:

7 = 10exp (Ev/kp (T — To))

while for the Ag/Fe;O4 PHE sample the opposite

2

where 7 is the relaxation time that is associated to the frequency
f through 7 =1/f, 79 is the characteristic time (ranging
between 102 s and 10725 [46]), kg is the Boltzmann constant,
Ey, is the energy barrier and 7 is a characteristic temperature
that defines if the thermal energy (T > T)) or the interacting
energy (T < Tp) dominates the magnetic moment dynamics
and magnetization process. By plotting the experimental

data as In(7) against 1/ TK,‘IIAX (being TKf[/AX the peak associ-
ated to the blocking-unblocking processes of heterogeneous
nucleated Fe;O,4 domains) and using equation (2) to fit them

10

(figure 9), parameters with coherent physical meaning were
obtained. For Ey, the determined values are 8 x 10~* erg for
Ag/Fe304 ODE and 2 x 103 erg for Ag/Fe;0,4 PHE, which
are closer to the ones extracted from the analysis of the ZFC
curves. Moreover, the obtained characteristic time 7 (~10~'!
and ~107'% s for the Ag/Fe;0, ODE and Ag/Fe;O, PHE
samples, respectively) matches very well with those obtained
from nanoparticle systems with moderate or weak interacting
magnetic nanoparticles [46]. The larger values of T deter-
mined for the sample with flower-like morphology also indi-
cate a strengthening of the dipole—dipole and exchange forces
due to intraparticle interactions. Using the Vogel-Fulcher law
to analyze 7, Ey, and Ty of those magnetic particles attached to
the Ag seeds supports the previous conclusions obtained from
DC magnetic studies, where larger energy barrier values were
detected for linked magnetic nanoparticles. A summary of the
extracted magnetic parameters is presented in table 2.

Conclusions

Controlled synthesis protocols were employed to obtain
magnetic-plasmonic nanoheterostructures of Ag/Fe;Os with
two distinct morphologies. By controlling the polarity of
the reaction medium, the charge compensation can be tuned,
leading to particular architecture formations with Ag and
iron oxide nanoparticles, resulting in dimer and flower-like
configurations. Despite the fact that the magnetite nanopar-
ticles in the heterocrystals have similar sizes and shapes, the
magnetization response seems to reflect different phenomena.
The observed dissimilarities on the AC and DC magnetiza-
tion responses can be related to several factors. In the flower-
like sample, the dipolar interactions between the Fe-oxide
nanoparticles are stronger than in dimer-like counterpart. Also,
in flower-like configuration one could have exchange inter-
actions among Fe-atoms of neighboring particles, owing to
the existence of percolated regions. Comparing the magnetic
parameters of both Ag/Fe;O4 samples with the Fe;O,4 control
sample and performed simulations, we detected important
modifications in the magnetic response. The maximum of the
zero-field-cooling curve was shifted around 90K and 170K
for dimer and flower-like samples, respectively. Furthermore,
the inferred magnetic anisotropies also reveal important varia-
tions. While part of these changes can be understood in terms
of the strengthening of dipolar interactions or variations in
the iron oxide phases, we also addressed the observed magn-
etic complex behavior from the coupling efficiency between
metal/Fe-oxide and its role on the superficial disorder and
hence on the magnetization response.
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