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P
lasmons in metallic systems are co-
herent collective oscillations of the
conduction electrons, which resonate

at characteristic frequencies of the material,
known as the plasmon frequency. Materials
and structures with such responses are used
in numerous applications, including in de-
tecting trace amounts of chemicals such as
anthrax bacteria1 and trinitrotoluene (TNT),2

in surface enhanced Raman scattering de-
tection of DNA and other biological mole-
cules,3,4 in optical imaging, focusing and
guiding of light far below the diffraction
limit,5�7 in solar energy harvesting,8�10

and in photocatalysis.11

Despite the vast promise of plasmonics,
there are some unresolved challenges in this
field. For instance, among the materials that
show sharp resonances [narrow bandwidth
(BW)], very few are suitable for sensing
applications. In fact, Au has been the only
practically useful metal because all other

known plasmonic materials either have a
tendency to degrade quickly (e.g., Ag and
Cu) or are extremely reactive (e.g., Na, K)
under ambient conditions. The remainder
of metals, including the ferromagnetic ele-
ments, have nonexistent or highly damped
visible plasmons.12�14 Another challenge is
how to control the various characteristics of
a plasmon, such as itswavelength, scattering
intensity, and BW. Last, but not least, is the
ability to engineer good plasmonic pro-
perties in poor/nonplasmonic materials, as
detailed in ref.13 One particular case pertains
to ferromagnetic systems, where there is a
great desire to achieve dynamic control of
localized surface plasmon resonance (LSPR)
wavelength and BW by applying external
magnetic fields. The absence of natural ma-
terials with both usefulmagnetic and optical
properties has limited potential applications
in imaging, computer memory, and meta-
materials.15�17 Until now, there is no direct
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ABSTRACT Interaction of photons with matter at length scales far below their wavelengths has given rise

to many novel phenomena, including localized surface plasmon resonance (LSPR). However, LSPR with

narrow bandwidth (BW) is observed only in a select few noble metals, and ferromagnets are not among them.

Here, we report the discovery of LSPR in ferromagnetic Co and CoFe alloy (8% Fe) in contact with Ag in the

form of bimetallic nanoparticles prepared by pulsed laser dewetting. These plasmons in metal-ferromagnetic

nanostructures, or ferroplasmons (FP) for short, are in the visible spectrum with comparable intensity and BW

to those of the LSPRs from the Ag regions. This finding was enabled by electron energy-loss mapping across

individual nanoparticles in a monochromated scanning transmission electron microscope. The appearance of

the FP is likely due to plasmonic interaction between the contacting Ag and Co nanoparticles. Since there is no

previous evidence for materials that simultaneously show ferromagnetism and such intense LSPRs, this discovery may lead to the design of improved

plasmonic materials and applications. It also demonstrates that materials with interesting plasmonic properties can be synthesized using bimetallic

nanostructures in contact with each other.

KEYWORDS: localized surface plasmon resonance . electron energy-loss spectroscopy . bimetallic nanoparticles . hybridization .
silver . scanning transmission electron microscopy . ferromagnet
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evidence that plasmons with large scattering intensity
in the visible or any other wavelength is possible in a
ferromagnet. One way to achieve this goal is to design
complex plasmonic materials, such as bi- or multi-
metallic nanostructures in which the optical properties
come from the interaction between the various plas-
monmodes of the different components. For example,
when two nanostructures of the same metal come in
close proximity, their plasmons interact with each
other leading to new hybridized plasmon modes.18

More interesting behaviors are expected in interacting
systemswhen the symmetry is broken by changing the
size, shape, and type of materials involved in one or
both of the nanostructures. One example is plasmon
induced transparency,19�22 analogous to the Fano
resonance in atomic systems.23 Fano resonance can
be achieved by the interference of hybridized subra-
diant and super-radiant modes of asymmetric nano-
particle systems,24 as well as interference of dark and
bright modes.24,25 The Fano effect has been observed
in a wide variety of asymmetric structures involving
strong plasmonic materials in multishell nanostruc-
tures26,27 and cavities.28 It has also been observed in
contacting or noncontacting heterodimers of plasmo-
nic noble metals.29�36 However, heterodimers invol-
ving nonplasmonic materials have remained virtually
unexplored.
Here, we report the observation of strong LSPRs in

a nonplasmonic nanoparticle (NP), when in contact
with another plasmonic material in the form of hor-
izontally stacked nanoparticles on a substrate. We
are not aware of any previous study that used such
geometries to excite plasmons in a nonplasmonic
material. Specifically, this was observed in pure Co
or CoFe alloy (8 atom % Fe) NPs when they were in
contact with Ag NPs. In contrast to the highly damped
LSPR modes in the ultraviolet spectrum for Co and
CoFe NPs, the LSPR in the bimetallic NPs is in the visible
range with small BWs that are comparable to that in
one of the best plasmonic materials, Ag.13 We called
this plasmon in a metal-ferromagnet nanoparticle as
ferroplasmon (FP) for two reasons. First, this is a direct
evidence for strong visible wavelength plasmons in a
ferromagnet. Second, this phenomenon appears to be
different from magnetoplasmonic effects in ferromag-
nets that arise from Kerr rotation.16 As demonstrated
later, the observation of LSPR in two different bimetals
(Co�Ag and CoFe�Ag) of different diameters synthe-
sized on two different substrates (conducting carbon
and nonconducting Si3N4) suggests that the effects
are free from experimental artifacts and represent
a true property of the nanostructures. This study clearly
demonstrates that bimetallic nanostructures are
powerful ways to explore and discover new plasmonic
materials.
The present results should not be confused with

previous studies of alloys or heterodimers of nobel

metals.12�14 In the former case, the plasmon frequency
basically interpolates between those of the constituent
metals, damped by additional scattering from site-
disorder (substitutional). In the latter case, sharp plas-
mons exist in both NPs; however, new plasmonmodes
develop in the hereodimers due to hybridization. In
stark contrast, this study shows that sharp plasmon
modes can be excited in materials with nonexistent/
highly damped plasmon modes, when such a NP is in
contact with another NP of a different material with
sharp plasmons.
The choice of this particular bimetallic system was

motivated by the long-term environmental stability
of Co�Ag compared to pure Ag nanoparticles37 and
the immiscibility of the ferromagnetic elements
(Co, Fe) with Ag, even at the nanoscale.37�39 Electron
energy-loss spectroscopy (EELS) in a scanning trans-
mission electron microscope (STEM), which is a power-
ful tool to probe the local plasmonic behavior of
nanostructures,40,41 was used in this investigation.
A monochromated electron source in the STEM made
this technique even more useful for quantitative
analysis of the data. Far-field optical spectra from
the bimetal also showed evidence for strong LSPRs.
A theoretical analysis using current plasmonic inter-
action models between spherical nanoparticles sug-
gests that a Fano resonance could explain the ferro-
plasmon energy level. There is also the possibility that
a dipole�dipole or hybridization interaction model
could be sufficient, provided the particle shape is taken
into consideration.

RESULTS

Experimental Observation of Ferroplasmons. In this study,
we report results for pure Co as well as CoFe alloy
(8 atom% Fe) NPs in contact with Ag NPs, as described
in the Experimental Section. Typical experimental EELS
spectra corresponding to marked locations on various
nanoparticles (NPs) under consideration (CoFe�Ag, Ag,
and CoFe on carbon substrates) are shown in Figure 1.
Specifically, Figure 1(b�d) show high-angle annular
dark field (HAADF) or Z-contrast images from the STEM
of 98 nm CoFe�Ag, 64 nm Ag, and 30 nm CoFe NPs,
respectively. The general structure of the CoFe�Ag NP
shown in Figure 1b can be described as bimetallic with
horizontal stacking of the two primary metals on the
substrate plane. Completely phase segregated Ag and
CoFe occupy distinctly separate regions, with the
brighter region corresponding to Ag and the darker
region to CoFe, as confirmed by the EELS composition
maps (see the Supporting Information). The image
contrast arises from the difference in their atomic
numbers (Z), i.e., Z-contrast. No evidence for miscibility
(of either Co or Fe in Ag or vice versa) in the segregated
nanoparticles was detected within the experimental
resolution of 0.4 atom%. Similar elemental map studies
have been reported earlier,37,38 where it was shown
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that Ag and Co occupy physically segregated regions in
a NP due to (i) immiscibility and (ii) the nonequilibrium
nature of the nanosecond laser dewetting technique.
After elemental identification in the NP by core-loss
EELS studies, low-loss EELS spectra in the imagingmode
were acquired to obtain plasmon information.

In Figure 1a, EELS spectra taken from the square
area marked by a box in Figure 1b from the Ag region
of a CoFe�Ag (solid line), and isolated Ag NP (dashed
line) are shown. Both spectra exhibit peaks in the
visible range corresponding to the well-known surface
plasmon in Ag. In contrast, the EELS spectrum from
the CoFe side of a CoFe�Ag NP is entirely different
from that taken from an isolated CoFe NP [Figure 1d],
as shown in Figure 1e. In place of a featureless spec-
trum for the isolated CoFe NP, a strong and distinct
peak at about 2.7 eV was observed in the CoFe region
of the CoFe�Ag NP (Figure 1e, solid line). Henceforth,
the 2.7 eV excitation in CoFe NPs in contact with Ag
NPs will be referred to as ferroplasmon (FP) for reasons
outlined in the introduction section.

To confirm that the strong FP peaks from the CoFe
region of CoFe�Ag are a general feature of these
NPs, 20 CoFe�Ag particles of different diameters were
selected from random locations on the carbon sub-
strate for the EELS studies. In Figure 2a, the HAADF
images of three different diameter (89, 107, and
168 nm) CoFe�Ag particles on C-substrate are shown
and the corresponding spectra from the (i) Ag surface,
(ii) Co surface, and (iii) the interface between Ag and Co
are shown in Figure 2b�d, respectively. The spectra
correspond to the boxed regions marked in Figure 2a.
All these particles show strong FP peaks in addition
to the expected Ag peak. However, the FP peak posi-
tions varied slightly for the different diameter particles
[Figure 3c]. Spectra from isolated Ag (31, 64, and
180 nm) and Co (10, 28, and 63 nm) NPs of different
diameters also looked similar to those of Figure 1a,e
(dashed lines), respectively. The detailed results are
available in the Supporting Information.

To demonstrate that the appearance of the FP peak
was not due to the small amount of Fe in the alloy or

Figure 1. (a) Experimental EELS spectra from the surface of the Ag region in a CoFe�Ag NP (solid line) and isolated Ag NP
(dashed line). HAADF image of (b) a CoFe�Ag bimetallic NP, (c) an isolated Ag NP, and (d) an isolated CoFe NP. (e) Experimental
EELS spectra from the surface of the CoFe region in a CoFe�Ag NP (solid line) and isolated CoFe NP (dashed line). The spectra
were taken from the regions marked by square-boxes in the respective NPs. The scale bar for each HAADF image is 50 nm. The
dashed box shown in (b) represents the area fromwhich the plasmon intensitymaps, shown later in Figure 5, were constructed.
All theseNPSwereonC substrates. TheNPs shown in (b), (c), and (d) are of size 98 (alongmajor axis), 64, and 30nm, respectively.

Figure 2. (a) HAADF image of various CoFe�Ag NPs on C-substrate, where the size of NP increases from top to bottom. The
scale bar of 100nm is the same for all images. EELS spectra from (b) theAg side, (c) CoFe side, and (d) the interface between the
CoFe and Ag of the CoFe�Ag NPs, as a function of particle diameter.
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due to the conducting C-substrate, we prepared addi-
tional materials. One was Co�Ag NPs (i.e., containing
pure Co) on C-substrate, and another was Co�Ag NPs
on an insulating Si3N4 substrate. In Figure 3b, theHAADF
image of Co�Ag bimetal nanoparticle on C-substrate is
shown, while the EELS spectrum from the Ag portion
and the Coportion (marked by square boxes) are shown
in Figure 3, panels a and c, respectively. Again the
striking feature is that the EELS spectrum from the Co
side of Co�Ag NP shows a strong and distinct peak
at about 2.7 eV (Figure 3c), similar to the case for the
CoFe�Ag NP presented in Figures 1 and 2. In Figure 3d,
we also show the far-field optical absorption spectra
of the array of Co�Ag NPs. The spectra was collected
with normal incidence light over an area of 500 μm2

and, therefore, represented an ensemble averaged in-
formation from the NP array. The array had a wide but
monomodal size distribution, as depicted by the SEM
image shown in the inset, with an average NP size of
105( 30nm. This confirmed that a strong LSPR signal at
2.57 eV was also evident in the far field. Not too much
significance should be attached to this small difference

in energy (2.57 compared to 2.7 eV) between the optical
and EELSdata, since the former is anensemble averaged
energy from particles of different diameters and the
latter from individual NPs of fixed diameters.

In Figure 4b, the HAADF image of a Co�Ag bimetal
nanoparticle on Si3N4 substrate is shown. The EELS
spectrum from the various marked locations of the
Ag region (numbered i to iii on Figure 4b) are shown
in Figure 4a, while that for the Co portion (numbered
iv to vi on Figure 4b) are shown in Figure 4c. The
spectrum from the Co region of the Co�Ag NPs was
generally similar to those shown in Figure 2c, for the
C-substrate, except for a red-shift to 1.8 eV for the Si3N4

substrate. This can be explained by the large difference
in the dielectric permittivity of Si3N4 (4) compared to
that of C (2.3) in the visible wavelength (see calcula-
tions provided in the Supporting Information). The
background intensities in the EELS spectra for the
Si3N4 substrate were comparatively higher than for
the C-substrates since thick (60 nm) commercial Si3N4

substrates were used, in contrast to our lab-prepared
thin (20 nm) C-substrates.

Figure 3. (a) Experimental EELS spectra from the marked location on the surface of the Ag region of the Co�Ag NP shown in
(b). (b) HAADF image of an isolated Co�Ag NP on C-substrate. The marked regions correspond to the locations of the EELS
spectra shown in (a) or (c). (c) Experimental EELS spectra from the marked location on the surface of the Co region of the
Co�Ag NP shown in (b). (d) Far-field optical spectra for an ensemble of Co�Ag NPs on C substrate. An SEM image of the
Co�Ag NP array is shown in the inset.

Figure 4. (a) Experimental EELS spectra from the various marked locations (numbered (i) to (iii)) on the surface of the Ag
region of the Co�Ag NP on Si3N4 substrate shown in (b). (b) HAADF image of an isolated Co�Ag NP on Si3N4. The marked
regions correspond to the locations of the EELS spectra shown in (a) or (c). The scale bar is 100 nm. (c) Experimental EELS
spectra from various marked locations (numbered (iv) to (vi)) on the surface of the Co region of the Co�Ag NP shown in (b).

A
RTIC

LE



SACHAN ET AL. VOL. 8 ’ NO. 10 ’ 9790–9798 ’ 2014

www.acsnano.org

9794

On the basis of these experimental results, some
important findings can be summarized. The first is that
the EELS spectra from CoFe in CoFe�Ag (or from Co
in Co�Ag) NPs are distinctly different from those for
isolated CoFe (or Co) NPs; new, sharp LSPR in the visible
range appears in the metal-ferromagnet bimetals
compared to a featureless spectrum for isolated CoFe
(or Co) NPs. Compared to CoFe (or Co), the behavior of
Ag in the bimetal is not significantly different (except
for slight shifts in the peak position) from isolated Ag
NPs. The far-field optical data also showed strong LSPR
peaks in the visible energy range for the Co�Ag
bimetal. These new features in the bimetals measured
by the EELS and optical techniques appear to be an
intrinsic property of the nanostructures, independent
of measurement artifacts, substrate type, and small
alloying effects (Co with Fe).

Characteristics of the Plasmon Peaks. The EELS spectra
from the CoFe andAg regionswere analyzed further by
fitting several Lorentzian peaks (see the Supporting
Information for details), as shown in Figure 5a,b. In each
case, the experimentally acquired spectra are shown
by the solid curves, fitted spectra by dotted curves, and
Lorentzian peak fits corresponding to the individual
plasmon modes by dashed curves. The fits should be
judged in the context of the energy resolution (0.15 eV)
of the EELS measurements (see Experimental Section).
The EELS spectra from the Ag region in CoFe�Ag
(Figure 5a]) show peaks at 2.6 eV (BW of 1.3 eV),
3.5 eV (BW of 0.6 eV), and 5.0 eV (BW of 1.0 eV). On
the other hand, spectra from the CoFe region in Co-
Fe�Ag (Figure 5b) show a strong, sharp plasmon peak
at 2.7 eV (BWof 1.6 eV) and aweak, broad peak at 5.9 eV
(BW of 4.6 eV). In contrast, the EELS spectra of the

isolated CoFe NP (Figure 1e), were best fitted by a very
weak and extremely broad plasmon peak at 3.8 eV
(BW of 6.5 eV), as shown in the Supporting Information
Figure 6c. Likewise, the EELS spectra from the isolated
Ag NP shown in Figure 1a could be fitted by peaks at
3.0 (BW of 0.7 eV) and 3.5 eV (BW of 0.5 eV) [Supporting
Information Figure 6a].

Next, we quantified the scattering intensities of
the various plasmon peaks observed in Figure 5a,b
in the range of ∼2 to 4 eV. To directly compare the
scattering intensities, the scanning parameters for
every case were kept identical, such as a pixel area
(5.7� 5.7 nm2), electron beam current (7 pA), and total
exposure time (0.1 s) for each pixel. Panels c and d of
Figure 5 are the scattering intensity maps for energies
of 2.6 ( 0.3 and 3.5 ( 0.4 eV, respectively, acquired
from the boxed region (white dashed lines) shown
in Figure 1b. The energy deviation represented the
natural spread in the peakpositions for the cases shown
in Figure 1a,e. As evident in Figure 5c, the scattering
intensity for the 2.6 eV excitation is highest at the
particle/vacuum interface, compared to the interior of
the NP. Another important feature is that the overall

scattering intensity of the 2.6 eV plasmon in the CoFe

region is similar to that in the Ag region (Figure 5c).
Figure 5d shows the spatial intensity map for the

3.5 eV plasmon, which is high on the surface of the Ag
region, but not present in the CoFe region. It is con-
sistent with the characteristic of isolated Ag NPs at the
same energy. This plasmonmode is due to quadrupole
interactions inAg,42,43 andwas also evident in the optical
far-field spectra of Figure 3d.

Surface Plasmon Energy Diagram. To differentiate the
surfaceplasmons from thebulkplasmons,wequantified

Figure 5. Experiment andfits to the EELS spectra from the surface of the CoFe�Agnanoparticle takenat thepositionsmarked
by the square boxes in Figure 1b. (a) From theAg region in a CoFe�AgNP. The peak at 2.6 eV is similar to the FP,while another
plasmon peak exists at 3.5 eV. (b) From the CoFe region in a CoFe�Ag NP. The large peak at 2.7 eV corresponds to the visible
energy FP. (c and d) Spatial maps of the scattering intensities for the 2.6 ( 0.3 and 3.5 ( 0.4 eV plasmon modes over the
CoFe�AgNP regionmarkedby awhite rectangular box in Figure 1b. The y-axis is in nanometer and the right side of the figure
shows the intensity scale (arbitrary units) used to map the surface plasmons.
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the intensity as a function of distance from the particle
interface. It is known that bulk plasmon excitations are
confined inside the material and do not extend signifi-
cantly outside the surface.44 On the other hand, surface
plasmons show a delocalization of electronic charge
density that decays slowly into the vacuum, usually
extending far beyond thematerial surface. It is generally
acknowledged that surface plasmon intensities should
be g1/e at a distance of 0.2D from the surface, where
D is the particle diameter.45 Additionally, the intensities
of the surface plasmons should decrease inside the
particle, and increase for the bulk plasmons. The results
of our measurements are shown in Figure 6a for the
Ag-side and in Figure 6b for the CoFe side of the NP,
with the spectra taken along the solid lines shown in the
HAADF image (Figure 1b). The spatial intensity distribu-
tions indicate that a few specific excitations (such as
at 2.6, 3.5, and 5.0 eV in the Ag region and 2.7 eV in the
CoFe region) retain large intensities even at a distance
of 0.2D away from the particle-vacuum interface, and
they decay upon entering the particle interior. The other
excitations decrease by many orders of magnitude
within a distance of only ∼10 nm from the particle
surface. It should be emphasized that our measurement
of the decay length is based on the near-field interaction
of the electron beam with the plasmons and, therefore,
could result in different values of the decay length
when compared to measurements made using far-field
spectroscopy.44�46

Based on the above analysis, we constructed a sur-
face plasmon energy diagram for the CoFe�Ag, CoFe,
and Ag particles, respectively, as shown in Figure 6c.
(Since no substantial difference was observed between
pure Co and CoFe (8 atom %) alloy NPs, the diagram is

similar for the Co�Ag case.) It is evident that the excited
plasmons in the Ag and CoFe regions of the CoFe�Ag NP

are distinctly different from those in isolated Ag and CoFe

NPs. The surface plasmon at 3.5 eV in the isolated AgNP
remains unchanged in the Ag region of CoFe�Ag. This
plasmon excitation was not supported in CoFe at all, as
was shown earlier in Figure 5d. Instead, a strong excita-
tion at 2.7 eV, with characteristics of LSPR, appeared in
the CoFe region of the composite NPs. Accordingly, the
plasmons excited at 3.0 and 3.5 eV in isolated Ag NPs;
2.6, 3.5, and 5.0 eV in the Ag region of the CoFe�AgNPs;
3.8 eV in isolatedCoFeNPs; and2.7 eV in theCoFe region
of CoFe�Ag NPs were identified as localized surface
plasmons.

DISCUSSION

To understand the possible reasons underlying this
completely unexpected discovery, we focused primarily
on the ability of existing models of plasmonic inter-
actions toward predicting the 2.7 eV ferroplasmon ob-
served in the Co�Ag (and CoFe�Ag) NPs. Plasmonic
interaction could arise due to coupling between the
same polarization modes (dipole�dipole, quadrupole�
quadrupole, etc.) or among different modes (dipole�
quadrupole, etc.). A simple way to understand the
physics of the coupling is to consider two interacting
Hertzian dipoles, as has been used successfully to
describe the electromagnetic energy transfer between
nanoparticles.47 One of the limitations of this dipole�
dipole interaction (DDI) model is that it only takes
into account the near-field dipole interaction or Förster
field, but neglects the interaction of other modes of
oscillation of the system. Alternatively, a model based
on plasmon hybridization (PH) between two spherical

Figure 6. (a and b) Spatial dependence of the normalized intensities (w.r.t. the intensity at the surface) of various energy loss
peaks within and outside of a CoFe�Ag NP (the vertical dashed line is the particle/vacuum interface and the horizontal solid
line defines where the intensity has dropped to 1/e). (a) Surface and bulk plasmon decay trend from the Ag surface/vacuum
interface and (b) surface and bulk plasmon decay trend from the Co surface/vacuum interface. The decay intensity
measurements were made in the same was as those shown in Figure 1b, going from bulk of CoFe�Ag NP to vacuum. (c)
Surface plasmon energy diagram showing the measured energy levels in Ag and CoFe regions of bimetallic CoFe�Ag,
isolated Ag, and isolated CoFe NPs.
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particles could also be used,18 which is analogous to the
interaction between aggregates of organic molecules
that leads to a shift in energy levels. In the hybridization
model, the coupling can be viewed as an instantaneous
Coulomb interaction between the surface charge den-
sities of the various components. For a solid metal
sphere, the charge density can be expressed as σ (Ω,t) =
no e ∑lm(1/Ri

3)1/2Slm(t)Ylm(Ω), 48 where Ri is the radius of
the particle i, Ylm(Ω) is the spherical harmonic of the
solid angle, Ω, Slm(t) is the deformation, and no is the
electron density. The charge distribution will have
the symmetry of the specific angular momentum l and
azimuthal quantum number m. The values of m and l

determine the character of the surface charge distribu-
tion; for example, for the dipolemode of oscillation l= 1,
and soon.With this approach, the interaction is diagonal
in the azimuthal quantum number, which means that
the plasmons with different m decouple, and the inter-
action reduces to the coupling of the different l.
The problem, therefore, reduces to an eigenvalue pro-
blem. In the model, we used the condition for surface
plasmonswithin theDrude limit, where the free electron
response of the metals can be approximated by
ε = {ε¥ þ [ωp

2/(ω2 þ iγω)]}. In this equation, the
interband transition is taken into account by adding a
high frequency part given by ε¥, withωp corresponding
to the bulk plasma frequency of the metal and γ to the
electron relaxation time. With this, the energies of
the surface plasmons of the isolated metal NPs can be
approximated by ωS = ωp{l/[(l þ 1)εh þ lε¥]}

1/2. In this
equation, εh represents the dielectric permittivity of
the host, and we used a value of 2.75 for an effective
surrounding dielectric of the Carbon and vacuum
system.49 The values for the interband contributions
were takenas 1.0 and3.8 for CoandAg, respectively,50,51

while the bulk plasmon frequencies for Ag and Co were
taken as 9.165 and 9.74 eV.13,50 This translated into LSPR
modes at 3.0 and 3.8 eV for Ag and Co, respectively,
consistent with our EELS measurements. We obtained
the following pairs of energy levels (Supporting Infor-
mation Figure 13a): For the longitudinal case (l = 2), the
symmetric bright mode σ has E = 2.5 eV and the
antisymmetric dark mode σ* has E = 4.2 eV, while for
the transverse case (l = 1), antisymmetric dark mode
π* has E = 3.94 eV and the symmetric brightmodeπ has
E= 2.84 eV. Therefore, an important conclusion could be
drawn for the PH model. The predicted bright mode at
energy 2.84 eV appears to be the closest to our experi-
mentally observed value of 2.7 eV. Interestingly, we
found that the DDI interaction gave identical results to
the PH (see Supporting Information Figure 13b). While
one can argue that there is a reasonably good agree-
ment in predicting the FP energy, it appears that these
approaches (PDandDDI) are not completely satisfactory
since the EELS experiments do not reveal the other
predicted dark modes (4.2 and 3.94 eV) or the other
bright mode (2.5 eV).

Another interaction approach is that of Fano inter-
ference (FI), in which interference between various
hybridized modes can lead to a new resonance. For
this to happen, there must be spectral and spatial
overlap between bright and dark modes in the bimetal
NP.24 From our PH model results, we note that the σ
modes cannot interfere with the π modes because
they are orthogonal to each other, and interferences
can occur only within the individual modes. Therefore,
in ourmodel, two possible interactions exist. One is the
interference between the dark mode corresponding to
the π*-type excitation with 3.9 eV, and the π bright
mode excitation with 2.8 eV. The other is interference
between the dark σ* with 4.1 eV and the bright σmode
with energy 2.5 eV. Using the methods outlined in
ref 24 and detailed in the Supporting Information, the
results for the π�π* case can be estimated by using
the coupling strength (c) and the intrinsic damping
term γd, as free parameters. A value of the Fano
resonance corresponding to an energy similar to the
measured experimental energy of 2.7 eV can indeed
be obtained. However, given that there are two free
parameters in this calculation, one could question the
quantitative accuracy of our analysis. Analysis of the
σ�σ* case (see the Supporting Information for details)
shows that a 5 eV peak may be obtained in the EELS,
which, in our experiments, were observed only on
the Ag side of the bimetal NP. Clearly, like our pre-
vious analysis using the PH (or DDI) models, the Fano-
interference may be a possibility, but is also subject to
some uncertainty at this stage.
We suggest two possible reasons why our experi-

mental discovery may not be quantifiable by the
above outlined theoretical methods. The first is that
our model calculations relied on a spherical nanopar-
ticle shape. Presently, there is no analytical approach
to account for the complex shapes seen in our experi-
ment. Therefore, we have performed a calculation by
assuming that a numerical factor R can be introduced
into the PH interaction integral or the DDI Forster field
to take into consideration deviations from sphericity.
The result of this calculation (presented in the Support-
ing Information) shows that, by using an R = 2 for the
DDI or R = 1.5 for the PH interaction models, one can
generate a plasmon at 2.7 eV, identical to the EELS
experimental value. A second aspect of our analysis is
the use of a noncontacting geometry, i.e., the implicit
assumption that the contact between Ag and Co does
not influence the interaction process. It is quite possi-
ble that the contact potential between the metals
could play a role in the final analysis (and for example
determine the coupling parameter c used in the Fano
calculations). Spilling of electrons from one metal
to the other or quantum mechanical tunneling at
the interface may influence the plasmon interaction
between the two metals.52 As stated at the start of this
discussion, we were focused on identifying whether
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the ferroplasmon arises due to an interaction be-
tween the particles. While this appears to be partly
successful from our analysis, future studies on
bimetal systems that are aimed at investigating
the role of shape and materials will likely shed more
light onwhich of the variousmechanisms, i.e., the Fano
interference, hybridization, or dipole�dipole inter-
action, is the more likely case. Therefore, it must
be concluded that new theoretical ideas are needed
for a quantitative explanation of this experimental
discovery.

CONCLUSION

In conclusion, this study experimentally demonstrates
ferroplasmons, which we define as intense localized
surface plasmon resonances in metal-ferromagnetic
nanoparticles [such as the NPs of Ag in contact
with NPs of Co or CoFe alloy (8 atom % Fe)]. The

ferroplasmons have energies in the visible range, with
large scattering intensities and extremely narrow band-
widths, that are absent in isolated Co or CoFe alloy NPs.
The bimetal nanoparticles also show a strong visible
energy plasmon in the far-field optical spectra. A quali-
tative assessment of the origin of the ferroplasmon was
madebasedonexistingmodels of plasmon interactions,
but a full quantitative description will likely require new
theoretical ideas to account for the shape and physical
contact of the nanoparticles. Overall, these results
demonstrate that exploration of plasmonic and non-
plasmonic metal NPs in contact can lead to new and
unexpected optical properties, distinctly different from
their constituent metals. Therefore, this work opens a
previously under explored avenue, which is to combine
plasmonic and nonplasmonic systems, to widen the
choice of photonic materials for new as well as existing
applications.

EXPERIMENTAL SECTION
Nearly hemispherical bimetallic CoFe (8 atom % Fe)�Ag or

Co�AgNPs on an electron transparent carbon substrate (20 nm
thickness) were prepared by a synthesis method that combines
pulsed laser dewetting with a carbon float-off technique
(details in the Supporting Information). The control samples of
isolated Ag, CoFe, and Co NPs were also made by the same
synthesis method. We also prepared Co�Ag NPs on insulating
Si3N4 substrates, as presented in Figure 4. The Si3N4 TEM grid
substrates were commercially obtained from Ted Pella and
the thickness was measured in the TEM to be 60 nm. We also
verified that the plasmonic properties of Co and CoFe were
similar (see the Supporting Information). The plasmonic char-
acteristics of the bimetallic NPs were investigated as a function
of position across their cross sections by electron energy-loss
spectroscopy (EELS) in a scanning transmission electron micro-
scope (STEM). The spatial resolution for these measurements
was about 1 nm. The particles selected in this study were at the
substrate edge to reduce the contribution of the substrate.
No evidence for any substrate material-related phase was
observed following the laser synthesis. To rule out any conduct-
ing substrate related artifacts, studies were also made on NPs
synthesized on an insulating electron transparent substrate of
Si3N4; similar results were obtained. The STEM (Zeiss Libra200)
was equipped with a monochromator that provided an extre-
mely high energy resolution (150 meV) and reduced zero-loss
peak (ZLP) tails, which, in turn, gave superb low-loss spectra with
excellent signal-to-noise ratio. The state-of-the-art quality of the
low-loss spectrum allowed to profile the ZLP with a well-defined
analytical function and to separate it out from the remainder of the
spectrum to obtain high-resolution plasmon spectra (details in
Supporting Information). The low-loss spectra were analyzed by
fitting Lorentzian functions corresponding to each plasmon peak,
which, in turn, provided the quantitative measure of the plasmon
energy, BW, and scattering intensity from every position within a
single nanoparticle. The far-field optical spectrawas obtainedwith
normal incidence unpolarized broadband light via a fiber coupled
ocean optics HR2000þES spectrometer.
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