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ARTICLETYPE

Simultaneously Tuning the Electric and Magnetic Plasmonic Response
Using Capped Bi-metallic Nanoantennas’

Brian J. Roxworthy,” and Kimani C. Toussaint, J r.,t

We present a novel, capped bowtie nanoantenna capable of achieving simultaneous enhancement of electric and magnetic fields in
a broad spectrum spanning visible to near-infrared frequencies. By controlling parameters including nanoantenna array spacing,
cap thickness, and bowtie gap spacing, we show magnetic enhancements in excess of 3000 times the incident field, which are
among the highest values reported to date. Further, electric field enhancements > 10* are obtained across the full parameter
range. This is in contrast to diabolo antenna designs that achieve strong magnetic enhancement at the expense of mitigating
the electrical resonance. We further show that this architecture achieves refractive index sensitivities of ~ 700 nm-RIU™!. The
combination of large, tunable electric and magnetic-field enhancements makes the capped-nanoantenna platform highly attractive

for magnetic plasmonics, metamaterial engineering, nonlinear optics, and sensing applications.

1 Introduction

Plasmonic nanostructures are the subject of intense current
research due to their ability to confine optical fields into
deep sub-wavelength volumes, resulting in considerable elec-
tric field enhancement properties. ! These properties have en-
abled breakthroughs in diverse applications including super-
resolution imaging, > single-molecule detection,* surface en-
hanced Raman scattering (SERS),> nanoscale heat gener-
ation,®’ and optical manipulation.®® These advancements
notwithstanding, there is an emerging interest in optical mag-
netism, i.e., generating optical frequency magnetic fields. °-12
Given that most materials exhibit a relative permeability of
U, ~ 1 above terahertz frequencies, plasmonic devices are re-
quired for engineering magnetic near-field enhancement in
the optical regime.!> As such, the field of magnetic plas-
monics has attracted much recent attention, due not only to
interest in studying magnetic plasmons, but also for vari-
ous potential applications such as low-loss plasmon propa-
gation, magnetic sensors, metamaterial research, and nonlin-
ear magnetics. 14716 To date, structures such as plasmonic
oligomer molecules,!! diabolo nanoantennas, !> and metal-
dielectric sandwiches,!” have been utilized to produce opti-
cal magnetism with enhancements up to 3000x the incident
field. '> The common approach is to engineer a large nanoscale
current density in the structure in order to produce the largest
possible magnetic field. However, a consequence of this is re-
duced charge density accumulation in nanoscale gap regions
which mitigates the usually desirable electric field enhance-
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In this paper, we demonstrate the simultaneous enhance-
ment of both electric and magnetic fields using a novel plat-
form based on an Au bowtie nanoantenna capped with a metal-
lic Au or Ag slab. We show electric-field enhancements > 10
in the nanoscale gap and concurrent magnetic enhancements
in excess of 3000x, which are among the highest reported to
date.'? In addition to a broad enhancement continuum span-
ning ~ 600-2500 nm, these capped-bowtie nanoantenna arrays
(c-BNAs) yield distinct resonances in the visible (VIS) and
near-infrared (NIR), for both electric and magnetic fields. We
show that, in general, using a bi-metallic structure consisting
of an Ag cap and Au bowties results in a 10-15% larger en-
hancement compared to an all Au c-BNA structure. The NIR
resonance can be easily tuned over a ~ 500 nm wavelength
range by altering the cap thickness (7), whereas changing the
bowtie gap size (g) enables a ~ 50-nm wavelength tunability
of the VIS resonance. Interestingly, we observe a simultane-
ous blue and red shift of the VIS and NIR resonances, respec-
tively, as the gap size increases. The versatility of this plat-
form to produce simultaneously large electric and magnetic-
field enhancements over a broad spectral range makes c-BNAs
highly attractive for applications in metamaterial engineering,
SERS, and nonlinear optics.

2 Calculation Methods

A commercial FDTD solver (Lumerical Solutions) is used to
calculate the electric and magnetic responses. The c-BNA
structure is simulated by placing an Au or Ag cap of 85-nm
width, 135-nm length, and varying thickness (5 <t < 40nm),
symmetrically on top of a bowtie nanoantenna comprising
two, tip-to-tip triangles of 120-nm height, 15-nm tip radius
of curvature, 50-nm thickness and varying gap spacing (10 <
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g <30 nm). The nanoantenna structure is placed on an SiO;
substrate and the local medium is air; refractive indices of the
substrate and medium are 1.51 and 1, respectively, and the ma-
terial parameters for Au and Ag are taken from Johnson and
Christy. '8 An infinite array with spacing I" = 400 — 600nm is
simulated by using a rectangular region with periodic bound-
ary conditions on the x and y boundaries; perfectly matched
layers on the upper and lower z boundaries prevent spurious
reflections by absorbing the field scattered from the structure.
A refined mesh of 2x2x2 nm encloses the structure in the cen-
ter of the simulation region and ensures a high resolution of
the confined electric and magnetic fields. The entire unit cell
is illuminated with a plane wave spanning a spectral range of
350-4000 nm and the calculated field enhancements are the
maximum values obtained in the gap region.

3 Results and Discussion

Fig. 1 Unit cell of the c-BNA structure comprising the nanoantenna
and SiO, substrate; the wave vector and incident electric and
magnetic-fields are represented by blue, red, and green arrows,
respectively. Cross-sectional view of the (b) magnetic field
produced in the gap by the (c) induced current density. The cross
section of the metal cap is indicated by the black rectangle and
white arrows represent the local magnetic field. (d) Cross-sectional
of the electric field.

Figure 1 depicts the unit structure comprising the c-BNAs.
The input electric field is polarized parallel to the long, tip-to-
tip (x-) axis of the bowtie nanoantenna in order to generate a
strong current density (J) in the structure, which can be seen
in Fig. 1(c). The magnetic field produced by J is shown in
the Fig. 1(b) and the local direction of the field is shown by
white arrows; the local direction of the electric field is shown
in Fig. 1(d). Typical electric and magnetic near-field distribu-
tions of the c-BNAs are plotted on a log scale and given in Fig.
2. Here, we observe the electric and magnetic-field enhance-
ment, defined as |E/Eo|* and [H/Hy|*, respectively, where E

(H) is the peak electric (magnetic) field and Ey (Hp) is the in-
put electric (magnetic) field amplitude. The field distributions
in Figs. 2a and 2b correspond to the NIR and VIS resonances
of the system, respectively. Evidently there are strong electric-
and magnetic-field enhancements in the gap region for the c-
BNAs in both the NIR and VIS resonances. Additionally, the
fields are concentrated into a deep-subwavelength volume of
Vis/Ad s ~ 107* and Viyig /A3x ~ 107 for the VIS and NIR
resonances, respectively, where Vy ;s = Vg is the approxi-
mate mode volume and Ay;s (Aysr) is the peak wavelength of
the VIS (NIR) mode.'® The volume is taken to be the rect-
angular prism with side lengths of 20, 50, and 85 nm cor-
responding to the bowtie gap, bowtie height, and cap width,
respectively.
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Fig. 2 Normalized electric and magnetic-intensities plotted on a log
scale for the (a) NIR resonance and (b) VIS resonance of a structure
with at =20 nm, I' =425 nm, and g = 20 nm.

The novel “dual enhancement” property, which is a unique
feature of the c-BNA structure, can be attributed to simulta-
neous generation of a strong current density throughout the
structure as well as charge density accumulation in the gap re-
gion of the bowtie. In particular, the magnetic-field enhance-
ment originates from a current loop formed in the x-z plane
that consists of the induced current density in the metal and a
weaker displacement current in the SiO, substrate, evident in
Fig. lc, that closes the loop. Excitation of the c-BNA struc-
ture therefore produces a strong magnetic dipole moment ori-
entated predominantly along the negative y-axis. In addition,
significant charge accumulation occurs in the gap region of
the bowties that is due to the lighting rod effect, "> which is
responsible for the large electric-field enhancement of the c-
BNAs.

In order to form a better understanding of the enhancement
properties of the c-BNAs, we examine the spectral response as
a function of cap thickness, ¢, for a bi-metallic structure con-
sisting of Au bowties and an Ag cap with array spacing and
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bowtie gap of I' =425 nm and g = 20 nm, respectively; results
for the mono-metallic, Au c-BNAs and mono-metallic Ag c-
BNAs can be found in the supplementary information.” Figure
3 shows that the spectra are dominated by two distinct reso-
nance peaks located in the NIR and VIS, in addition to a broad
enhancement continuum spanning from 600 to 2500nm, with
a peak magnetic (electric) field enhancement ~ 103 (> 10%).
We see that increasing the cap thickness produces a blue shift
for both resonances and reduces the NIR peak while increas-
ing the VIS enhancement slightly. This leads to an overall shift
of Adyr ~ 500 nm for the NIR peak, and thus demonstrates
the wide spectral tunability of these nanoantennas.
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Fig. 3 Spectral response of the c-BNAs for the magnetic (left panel)
and electric (right panel) fields as a function of varying cap
thickness.

Comparing the results with the mono-metallic Au case, we
find that the bi-metallic structure produces a 10-15% increase
in the peak enhancement values with little change in the spec-
tral locations of the resonances compared to mono-metallic
Au c-BNAs. The extra enhancement can be attributed to
the fact that losses associated with Ag are only 30% those
of Au across the spectral window considered in this study.
For mono-metallic Ag c-BNAs, we find that both the elec-
tric and magnetic field enhancements are more than 50%
larger compared to mono-metallic Au and bimetallic c-BNAs
(with little change in the spectral location of the NIR and
VIS peaks).” However, Ag nanostructures are rapidly oxidized
upon enivronmental exposure, which degrades their plasmonic
response and reduces their efficacy as sensors.?! Furthermore,

the Ag™ ions present in oxidized Ag are toxic to biological
species. 22 Consequently, bi-metallic c-BNAs are better suited
for sensing applications, compared to mono-Au c-BNAs, be-
cause they take advantage of increased field enhancment with
reduced environmental degradation.

The blue shift introduced by varying cap thickness can be
partially understood from a plasmon hybridization picture. 23
Here, the charge density of the c-BNAs is represented by the
superposition of elementary bowtie and cap charges: p (r) =
peap (Y) + Ppowtie (1), where peap (r) (Ppowtie (1)) is the
charge density in the cap (bowtie) region; p (r) is shown in
Fig. 4. Note that the spatial charge density distribution in the
mono-metallic case is indistinguishable from the bi-metallic
case. Examination of the charge densities reveals that for the
NIR resonance, the cap exhibits a quadrupole-like charge dis-
tribution with negative (positive) charge accumulation on the
upper left (right) edges and positive (negative) charge accumu-
lation on the lower left (right) edges. Additional charge signs
are included in the cap region for clarity. Increasing ¢ results
in a larger charge separation between upper and lower edges,
thereby reducing the Coulomb screening effect in pcap (r) and
causing a blue shift in the plasmon resonance.>* The full set of
calculated p (r) distributions is available in the supplementary
information.” Similarly, we observe that as the length of the
cap is increased along the x-axis, a blue shift occurs that can
be attributed to increased separation of opposing charges on
the cap,” which is consistent with the proposed hybridization
model.

p(r)
NIR - -t +
— - = —I
VIS
— —

Fig. 4 Normalized charge density plots for the NIR (top panel) and
VIS (bottom panel) modes in a bi-metallic c-BNA structure. The
charge accumulation in the gap in the VIS case, due to the lightning
rod effect, is not present in the NIR mode.

Given that ppqutie (r) does not change appreciably with
cap thickness, the relative insensitivity of the VIS resonance
to ¢ suggests that this mode is dominated by the pp,wiie (T)
contribution. To verify this, we investigate the enhancement
response as a function of bowtie gap spacing for both bi-
metallic and mono-metallic structures. Figure 5 shows the
magnetic and electric response of the c-BNAs as the gap sepa-
rating the constituent triangles in the bowtie is increased from
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10 to 30 nm. We note that the peak electric-field enhance-
ment is a remarkable 2.5 x 10* in the gap, and that the peak
magnetic-field enhancement > 3 x 10°. The VIS resonance
experiences a blue shift of ~ 60 nm with increasing gap spac-
ing that is accompanied by a reduction in the peak enhance-
ment due to lower field confinement in larger gaps. This ef-
fect is observed in the hybridization model of longitudinally
coupled plasmonic dimers?>* and is consistent with the VIS
resonance being governed primarily by pputie (r). Here, as
g increases, the blue shift originates from reduced screening
of the Coulombic restoring force acting on free electrons in
the two triangles comprising the bowtie.?>?>~27 Interestingly,
the NIR resonance experiences an opposite-red shift with in-
creasing g. Similar simultaneous red and blue shifts have been
observed for split-ring resonator (SRR) geometries and oc-
cur due to coupling of induced magnetic and electric dipoles.
This manifests as non-zero, off-diagonal terms in the polariz-
ability tensor & = [0gEOEy; OEOHE], where opp and ayy
represent the purely electric and magnetic polarizabilities of
the structure, respectively, oy indicates the magnetic dipole
induced by the incident electric field, and oy indicates an
electric dipole induced by the incident magnetic field.?® In the
case of the c-BNAs, the redshift of the NIR mode with re-
duced coupling (increased g) indicates that this resonance is
dominated by transversely coupled magnetic dipoles induced
in neighboring nanoantennas.

3500
— g=10nm
3000f —— &=20nm
— g=30nm
5 2500
£
8 2000
c
£ 1500
&
T 1000
500
0 A ;
500 1000 1500 2000
A (nm)
4
35X 10
— g=10nm
3 — g=20nm
- — g=30nm
525
£
g 2
f =
215
&
w1
0.5
0
500 1000 1500 2000
A (nm)

Fig. 5 Spectral responses of the c-BNAs as a function of the bowtie
gap spacing. Solid (dotted) lines correspond to bi-metallic
(mono-metallic) c-BNAs.

The dependence of the c-BNA magnetic response as a func-
tion of array spacing is given in Fig. 6. We see that as I"
decreases, both NIR and VIS modes experience a slight blue

shift. This result is consistent with related findings using SRR
devices?% and can be seen to arise due to the fact that the mag-
netic dipole moment is aligned perpendicular to the plane of
the c-BNAs (the x-z plane), i.e. transverse coupling dominates
in as I is increased. Moreover, increasing I leads to higher
enhancement of the NIR mode, albeit at the expense of reduc-
tion of the VIS mode. Thus, I can be used as an additional
parameter to selectively tune the c-BNA response. Despite the
apparent similarities between the c-BNA and SRR systems,
the former is unique with regards to the large field enhance-
ments that are not present in SRRs. This marks an important
distinction between the present work and previous efforts de-
voted towards SRRs, and thus warrants further investigation
of capped nanoantenna systems.
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Fig. 6 Magnetic spectral response of bi-metallic c-BNAs as a
function of array spacing.

The efficacy of the c-BNAs for sensing can be evaluated
from the sensitivity dn to the local refractive index.? In or-
der to estimate the sensitivity, we first calculate the shift in the
VIS and NIR plasmon resonances from the respective peaks
in the spectral absorption cross section, given by Ao, as a
function of the local index of refraction n. Figure 7 shows
Ao for bi-metallic c-BNAs (I" = 425 nm, ¢t = 20 nm, g =
20 nm) for both the VIS and NIR modes, indicated by grey
and red squares, respectively. As expected, a red shift is ev-
ident for both modes with increasing n and we see that the
spectral location of both VIS and NIR resonances exhibits
a linear dependence with n. It follows that the c-BNA sen-
sitivity is given by the slope of the linear fit and has units
of nm/refractive index unit (RIU); the VIS and NIR modes
have sensitivities dny s = 270 and Snyr = 680 nm-RIU!,
respectively. Notably, Snyyg is comparable to the particularly
high values obtained from plasmonic mushroom array (1000
nm-RIU~")?° and nanorice (800 nm-RIU~")3? systems. For
mono-metallic Au c-BNAs, dnyg (Ony;s) is ~ 20% lower (~
3% higher) compared to the bi-metallic case.” The differences
in 6n between the two cases can be understood by examin-
ing their spectral absorption cross-sections (G, (A ). For the
NIR mode, mono-metallic c-BNAs have a significantly larger
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value of o,,; compared to the bi-metallic case, whereas for
the VIS mode, the absorption of both structures is compara-
ble. Thus, larger absorption associated with increased plas-
mon damping results in lower refractive index sensitivity for
the c-BNAs.3! Overall, the high-sensitivity and exceptional
field enhancement properties make c-BNAs an attractive ar-
chitecture for chemical and biological sensing as well as stud-
ies in nonlinear optics and nonlinear magnetics.
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Fig. 7 Spectral sensitivity of the c-BNAs. Grey squares represent
data for the VIS resonance whereas red squares indicate NIR results.
Linear fits are included as black lines

4 Conclusion

We have introduced a new class of capped plasmonic nanoan-
tennas capable of simultaneous enhancement of magnetic and
electric fields by more than 3 and 4 orders of magnitude at op-
tical frequencies, respectively. Using the specific example of
c-BNAs, we have shown that the magnetic plasmon response
can be tuned across the VIS and NIR by simple adjustment
of the cap thickness and bowtie gap spacing. Further, us-
ing Ag as the cap material, an additional ~15% increase in
field enhancement can be achieved, which is attributed to de-
creased plasmon damping in Ag compared to Au. Using the
plasmon hybridization model, we have identified that the NIR
mode depends predominantly on the geometric properties of
the cap whereas the VIS mode is dominated by contributions
from the bowtie. Moreover, the resonance splitting effect,
whereby increasing gap spacing introduces a blue (red) shift
to the VIS (NIR) mode, is seen to originate from the coupling
between electric and magnetic dipole modes in the system,
in accordance with previous studies of split-ring resonators.
The c-BNAs achieve a maximum refractive index sensitivity
of ~ 700 nm-RIU~!, making this platform attractive for high-
sensitivity probing of chemical and biological systems. Over-
all, the exceptional field enhancement properties exhibited by
the c-BNAs signify this architecture as an important advance-
ment for not only magnetic plasmonics, but also for diverse
applications in nonlinear optics, sensing, and nano-optics.
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Capped BNAs exhibit the unique ability to simultaneously enhance optical electric and magnetic fields by > 3
orders of magnitude.
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