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Interplay between out-of-plane magnetic plasmon and lattice
resonance for modified resonance lineshape and near-field

enhancement in double nanoparticles array∗
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Two-dimensional double nanoparticle (DNP) arrays are demonstrated theoretically, supporting the interaction between
out-of-plane magnetic plasmons and in-plane lattice resonances, which can be achieved by tuning the nanoparticle height
or the array period due to the height-dependent magnetic resonance and the periodicity-dependent lattice resonance. The
interplay between the two plasmon modes can lead to a remarkable change in resonance lineshape and an improvement
on magnetic field enhancement. Simultaneous electric field and magnetic field enhancement can be obtained in the gap
region between neighboring particles at two resonance frequencies as the interplay occurs, which presents “open” cavities
as electromagnetic field hot spots for potential applications on detection and sensing. The results not only offer an attractive
way to tune the optical responses of plasmonic nanostructure, but also provide further insight into the plasmon interactions
in periodic nanostructure or metamaterials comprising multiple elements.
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1. Introduction
Metal nanostructures with their optical responses gov-

erned by the localized surface plasmon resonances (LSPR)
have drawn a great deal of attention over the past decades due
to the ability to confine sub-wavelength and enhance the in-
tensity of the optical field.[1–4] In recent years, the coupling
of two or more simple plasmonic structures has been exten-
sively studied to achieve new and enhanced optical proper-
ties based on surface plasmons because the interaction be-
tween different plasmon modes enables spatial redistribution
of the electromagnetic energy and great modification of the
spectral characteristic.[5] One of the coupling systems stud-
ied most is metallic nanoparticle (NP) dimer, such as pair
of nanospheres,[6] nanodisks,[7] nanocubes,[8] nanorods,[9]

nanoshells,[10] nanorings,[11] etc. Each of them exhibits a
large spectral shift with respect to the LSPR of individual
NPs and a huge enhancement of the local electric field in the
gap between two NPs, being strongly dependent on the NP’s
composition, shape, size, relative orientation, interparticle dis-
tance, and dielectric environment.[9,12–14] Another effect of
great interest is the occurrence of magnetic resonance in some
specially shaped NP pairs, which are characterized by circulat-

ing displacement currents that couple strongly to the incident
magnetic field.[15,16] Intense and tunable optical magnetism
at visible frequencies has potential applications in cloaking,
super-resolution imaging, and ultrasensitive chemical and bi-
ological sensors.[17–19]

On the other hand, periodic arrays of metallic nanostruc-
tures become one of the objects of scientific interest due to
their optical responses being dramatically different from those
of isolated NPs, especially when the grating order is trans-
formed from radiative to evanescent.[20–22] Recently, theo-
retical and experimental investigations demonstrated that the
strong coupling between the LSPR of nanostructures and
the grating diffraction (i.e., Rayleigh anomalies) in a two-
dimensional (2D) array can excite narrow lattice plasmon res-
onances by suppressing radiative loss,[22–26] which possesses
a much higher quality factor Q and exhibit promising appli-
cations in field enhancement, polarized light emission, and
sensing.[27,28]

In this paper, we investigate the interaction between the
in-plane lattice resonance and the out-of-plane magnetic res-
onance that arises from the plasmon coupling of two adjacent
NPs in a 2D double nanoparticle (DNP) array. This kind of
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magnetic resonance in nanoparticle pairs has been reported,
but the interaction with the lattice resonance has not been in-
vestigated yet.[16] Comparing with previous work in which the
changes in in-plane architecture (lattice spacing, NP size, NP
shape, interparticle distance, etc.) were used to tune the op-
tical response of the dimers, we indicate that the resonance
wavelength of the out-of-plane magnetic plasmon can be tuned
simply by changing the NP height, without changing the over-
all geometry of the nanostructures. By controlling the out-of-
plane magnetic plasmon via NP height or tuning the in-plane
lattice resonance through array period, the interaction between
them can be achieved, which not only leads to a remarkable
transition of the transmittance lineshape from one resonance
dip to two dips in the considered wavelength range, but also re-
sults in an improvement of magnetic field enhancement. As a
result, the gaps between neighboring NPs become hot spots of
electric field and magnetic field, simultaneously, at two reso-
nance wavelengths. Different from previous reports on achiev-
ing magnetic field enhancement through “stacked” rod pairs or
disk pairs,[15,29,30] the planar DNPs can provide “open” cav-
ities for the excitation and detection of magnetic transitions
in atoms and molecules, showing the potential applications of
magnetic nonlinearity and magnetic sensors.[17–19]

2. Structure and simulation method
The DNP array is shown schematically in Fig. 1(a), where

two cylindrical gold NPs with the same shape and size are ar-
ranged in a square lattice on a silica glass. The periods in x and
y directions are both set to be h = 470 nm. The NP radius and
the edge-to-edge separation between two adjacent particles are
fixed to be r = 60 nm and g = 25 nm, respectively. The NP
height h varies from 60 nm to 160 nm in steps of 10 nm.
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Fig. 1. (color online) (a) Schematic diagram of a 2D square array of two
cylindrical gold NPs placed on a silica glass, with the incident light po-
larization defined. (b) Side view of a unit cell in the DNP array, where
the structural parameters of p, r, g, h represent the periodicity, NP ra-
dius, interparticle distance, and NP height, respectively. The red dashed
line between two particles shows the integration path for calculating the
averaged electromagnetic field enhancement factor.

Numerical electromagnetic simulations were performed
in Comsol Multiphysics 4.2 with the RF module. The com-
putational domain only contained a unit cell as shown in
Fig. 1(b), where periodic boundary conditions were employed
for four lateral boundaries and perfectly matched layers (PML)

were used in the propagation direction to eliminate the non-
physical reflections at the domain boundaries. The cell was
meshed with tetrahedral elements and the local mesh refine-
ment with size less than 5 nm was used around the NPs. A
plane wave with the incident direction perpendicular to the ar-
ray plane and the polarization direction parallel to the dimer
axis, irradiated the top of the unit. The refractive index of sil-
ica glass was set to be 1.45 and an experimentally measured
dielectric function of gold was utilized in the simulations.[31]

To obtain the transmission and extinction spectra, the output
power was integrated at the bottom boundary in a wavelength
range of 500 nm–1000 nm. The transmitted power was cor-
rected by calculating the output power from the same struc-
ture but without gold NPs in order to eliminate the interfer-
ence effect. The extinction is defined as 1−T , with T being
the transmittance.

3. Results and discussion
3.1. Influences of NP height on the far-field and near-field

optical responses of DNP array

Figure 2 shows the transmission spectra of DNP array
with different values of NP height h but fixed parameters of
p = 470 nm, r = 60 nm, and g = 25 nm. There is only one ob-
vious transmission dip around the wavelength of 690 nm for
each of the arrays with smaller height (h < 110 nm), whereas
two transmission dips appear in the considered spectral range
as the height is greater than 110 nm. The dip around 690 nm
becomes more intense with the increase of NP height but its
position is insensitive to the change of NP height, while that
appearing at lower frequency shows red shift with the increase
of h, suggesting a height-dependent optical response.

To understand the transmission characteristic caused by
changing the NP height, we start with the investigation of reso-
nance origin associated with these transmission dips. For a 2D
nanostructure array, the lattice plasmon resonance arising from
the coupling between the LSPR and the array diffraction order
should be considered. For the first-order diffraction edge, its
wavelength can be calculated by λglass(1,0) = d×nglass, where
d is the grating constant and nglass is the index of glass.[23] It
occurs at 681 nm using d = 470 nm and nglass = 1.45, which
is shown by the blue dashed line in Fig. 2. The transmis-
sion dip occurring on the long-wavelength side of the diffrac-
tion edge is a signature of coupling of light into an evanes-
cent surface mode. Therefore, the spectral dip keeping fixed
around 690 nm in the transmission spectra of DNP array with
p = 470 nm (Fig. 2) corresponds to a lattice resonance caused
by coupling of dimer’s LSPR and array’s first diffracted order.
The LSPR is located around 560 nm for h ≥ 110 nm and as-
sociated with the longitudinal coupling of the dipolar mode of
two NPs.[6]
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Fig. 2. (color online) Transmission spectra of a series of gold cylindri-
cal DNP arrays with the NP height h varying from 80 nm (top line) to
140 nm (bottom line) in steps of 10 nm at normal-incidence with the
polarization of E-field along the dimer axis. Other structural parame-
ters are kept constant, i.e., p = 470 nm, r = 60 nm, and g = 25 nm. The
vertical blue dashed line represents the wavelength position of the first-
order diffraction edge. The dark black line in the column of h = 120 nm
corresponds to the transmission spectra of the same array at normal-
incidence with the polarization perpendicular to the dimer axis.

To give a direct insight into the transition of spectral pro-
files from one obvious resonance dip to two dips and under-
stand the physics behind the height-dependent spectral fea-
tures, we then investigate the near-field optical response of the
DNPs arrays with different NP heights, which will demon-
strate the involvement of out-of-plane magnetic resonance.
Figure 3 shows the averaged enhancements of electric-field
(blue line) and magnetic-field (black line) in the gap between
two adjacent NPs, each as a function of the wavelength for
the array with h = 80 nm, 100 nm, 120 nm and 140 nm, re-
spectively. The averaged enhancement factor is defined as∫

l |𝐴| dl/
∫

l |𝐴0| dl, where A and A0 represent the local elec-
tric field or magnetic field at a given position with and without
the DNPs array, and l denotes the integration path indicated by
the red dotted line in Fig. 1(b). In Fig. 3, we also present the
corresponding extinction spectra (red dotted line) of the DNPs
arrays for comparison of the simulated far-field and near-field
optical responses.
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Fig. 3. (color online) Plots of averaged E-field (blue line with solid
squares) and H-field (black line with open squares) enhancement
(
∫

l |𝐴| dl/
∫

l |𝐴0| dl) in the interparticle gaps versus wavelength for
DNP arrays with different values of NP height (h = 80 nm, 100 nm,
120 nm, and 140 nm). Other structural parameters are kept constant,
i.e., p = 470 nm, r = 60 nm, and g = 25 nm. The corresponding extinc-
tion spectra (red dotted line) of these DNP arrays are also provided here
for comparisons.

Figure 3 indicates that the DNP array gives rise to both
electric and magnetic field enhancements in the gap regions.
There appears only one enhancement peak for each field oc-
curring at different wavelengths with smaller NP height (h =

80 nm). An obvious red shift of the magnetic field enhance-
ment peak is observed as h increases from 80 nm to 100 nm.
When the NP height further increases (h > 110 nm), both the
electric and magnetic field enhancements split into two peaks
and overlap. The electric or magnetic enhancement peak at
690 nm seems to be unchanged in position with the NP height
while another exhibits remarkable red-shift with the further in-
crease of h. The former is consistent with our above discussion
about the lattice mode, and the latter displays the characteris-
tics of LSPR due to the geometry-dependence. These indicate
that both electric and magnetic resonances contribute to the
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two transmission dips in Fig. 2. The sensitivity of the magnetic
field enhancement peak (or the magnetic resonant frequency)
to NP height can be understood based on the capacitive cou-
pling of two adjacent NPs. By increasing the NP height and
keeping other parameters constant, the capacitance between
two adjacent NPs becomes larger, which will result in the de-
crease of magnetic resonant frequency ( fm ∝ 1/

√
LC).[32]

In terms of the spectral line shape exhibited in Fig. 3, the
electric field enhancements present similar spectral features to
the optical extinctions obtained in the far field, whereas the
spectrum of H-field enhancement is inconsistent with that of
extinctions for smaller NP height (Fig. 3(a) or Fig. 3(b)). This
is because the magnetic resonance characterized by antiphase
dipole oscillation in adjacent NPs has near-zero net dipole mo-
ment (also known as dark mode[33]), therefore presents an in-
significant contribution to the far-field spectrum. Neverthe-
less, the averaged enhancement factor of magnetic field in-
creases with NP height increasing and reaches the maximum
of more than 10 till h = 120 nm and then declines as the height
is further increased. Contrastively, the averaged electric field
enhancement in the gap region decreases monotonically with
h increasing from 80 nm to 160 nm.

Figures 4 illustrates the corresponding field distributions
of Ez, |E|, and |H| in the cut-plane through the dimer axis for
DNP arrays with h = 80 nm and h = 120 nm at the peak wave-
lengths of averaged H-field or E-field enhancement. The field
distributions of Ez are provided here due to the out-of-plane
electric component responsible for the out-of-plane plasmon
mode. For h = 80 nm, the out-of-plane anti-phase plasmon os-
cillation between two adjacent NPs is excited at λ = 600 nm
(Fig. 4(a)), which corresponds to the antisymmetric magnetic
mode and contributes to the H-field enhancement in gap re-
gion (Fig. 4(c) and Fig. 3(a)).[15,16] However, in-plane dipo-
lar interaction between two particles dominates the optical re-
sponse of DNP array at λ = 690 nm (the Ex distribution is
not shown here), leading to the E-field enhancement in the
gap (Fig. 4(e) and Fig. 3(a)). For DNP array with smaller NP
height (h = 80 nm), the gaps between two adjacent NPs be-
have as hot spots of H-field or E-field at different excitation
wavelengths (600 nm and 690 nm, respectively).

For the DNP array with h = 120 nm, the out-of-plane
magnetic plasmon and the in-plane lattice resonance associ-
ated respectively with the H-field and the E-field enhance-
ments can be excited simultaneously at both 679 nm and
711 nm (Fig. 3(c)). The two resonances carry fully the char-
acteristics of both modes as shown in Figs. 4(h)–4(i) and
Figs. 4(k)–4(l), suggesting the near-field interaction between
them. Actually, the magnetic field of the lattice surface mode
has the same direction as the induced magnetic moment of the
magnetic resonance (along the y direction). Similar to two
coupled dipoles giving rise to transverse coupling, the mag-

netic field of the lattice resonance can interact with that of
the magnetic resonance in NP pairs, leading to two mixed
modes, which can be explained based on the coupled oscil-
lators model.[34] Simultaneous E-field and H-field enhance-
ments can be achieved in the gaps at two resonance frequen-
cies as the interaction between both modes occurs. In addition,
quadrupole components are observed in the E-field distribu-
tion (Figs. 4(h) and 4(k)) due to the excitation of the multipole
mode in a larger particle with higher NP.[35]
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Fig. 4. (color online) Field distributions of 𝐸z, |𝐸|, and |𝐻| in the x–z
plane for the DNP array with different NP heights at the peak wave-
lengths of averaged H-field or E-field enhancement: (a)–(c), h = 80 nm
and λ = 600 nm; (d)–(f), h = 80 nm and λ = 690 nm; (g)–(i), h =
120 nm and λ = 679 nm; (j)–(l), h = 120 nm and λ = 711 nm.

3.2. Tuning the optical response of DNP array through the
periodicity

The interplay between out-of-plane magnetic plasmon
and in-plane lattice resonance can be further explored by
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investigating the influences of periodicity on far-field and
near-field optical properties of DNP array with h = 120 nm.
As illustrated in Fig. 5(a), there are two transmission dips
for the array (h = 120 nm, r = 60 nm, and g = 25 nm)
with a smaller period and only one for a larger period
(p ≥ 500 nm). The corresponding averaged H-field en-
hancement spectra indicates a noticeable weakening of the
enhancement effect around the wavelength of 690 nm, accom-
panied by a negligibly small enhancement peak at the long
wavelength as the array period exceeds 500 nm (Fig. 5(b)).
The small H-enhancement peak is expected to be contributed
by the induced H-field of the electric resonance. For the
case of an averaged E-field enhancement, an obvious red-
shift of one peak is observed as the periodicity increases
(Fig. 5(c)). These phenomena can be understood very well
by the fact that increasing the periodicity enables a lin-
ear red shift of the lattice resonance and consequently non-
overlapping with the magnetic resonance, which can be con-
firmed by investigating the averaged near-field enhancement
spectra of DNP array with h = 80 nm at different periodic-
ities. As illustrated in Fig. 6(b), increasing the array period

550 650 750 850
0

0.2

0.4

0.6

0.8

1.0

T
ra

n
sm

is
si
o
n

Wavelength/nm

h=120 nm

(a)

550 650 750 850
1

3

5

7

9

11

(b) p=470 nm
 p=500 nm
 p=530 nm

h=120 nm

H
fi
el
d
 e

n
h
a
n
ce

m
en

t

Wavelength/nm

550 650 750 850

6

9

12

15

18

21
(c)

E
fi
el
d
 e

n
h
a
n
ce

m
en

t

 p=470 nm
 p=500 nm
 p=530 nm

h=120 nm

Wavelength/nm

 p=440 nm
 p=470 nm
 p=500 nm
 p=530 nm

Fig. 5. (color online) Plots of transmission (a), averaged H-field (b),
and E-field (c) enhancements versus wavelength for DNP array with
different values of periodicity p and fixed structural parameters of
h = 120 nm, r = 60 nm, and g = 25 nm.

leads to a linear red shift of E-field enhancement peak asso-
ciated with the lattice resonance, but has negligible influence
on the H-field enhancement peak caused by the out-of-plane
magnetic plasmon. As a localized surface plasmon resonance
(LSPR) mode, the out-of-plane magnetic resonance is strongly
dependent on the geometrical structure of the DNP rather than
the lattice period. The corresponding transmission spectra of
DNP array with h = 80 nm but different periodicities are also
provided in Fig. 6(a) for comparison. Therefore, the interplay
between two plasmon modes due to their resonance overlap-
ping can give rise to a remarkable spectral profile and optimum
H-field enhancement effect in the gap region.
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Fig. 6. (color online) Plots of transmission (a), averaged H-field and E-
field (b) enhancements versus wavelength for DNP arrays with different
values of periodicity p and fixed structural parameters of h = 80 nm,
r = 60 nm, and g = 25 nm.

When the magnetic field of incident light is parallel to
the dimer axis, no impressive spectral responses are observed
because the out-of-plane magnetic resonance cannot be ex-
cited under this polarization configuration as shown by the
dark black line in Fig. 2 for the array with h = 120 nm. In
addition, we also demonstrate that a planar gold quadrumer
array consisting of four identical nanocylinders arranged in a
square configuration exhibits the similar optical responses as
displayed in Figs. 2 and 3, independent of the incident polar-
ization for symmetric configuration (not shown here). More-
over, the performances of H-field and E-field enhancements
in the gap regions can be improved by further structural op-
timization, such as the interparticle distance, due to the mag-
netic and electric resonances of the nanoparticle pairs associ-
ated greatly with the coupling of two adjacent NPs.

4. Conclusion
In the present paper, we numerically demonstrate that the

2D DNP array supports the interplay between out-of-plane
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magnetic plasmon and in-plane lattice resonance. The former
can be tuned more easily over a larger wavelength range by
controlling the NP height without changing the overall geom-
etry of the nanostructure, whereas the latter depends greatly on
array period. The interaction between the two plasmon modes
can give rise to a remarkable change of the resonance line-
shape and result in more than 10 times averaged H-field en-
hancement (h = 120 nm and p = 470 nm) in the gap region.
Both the E-field and H-field hot spots appear simultaneously
in the gap between neighboring particles at double resonance
frequency as the interplay occurs, presenting potential appli-
cations in molecular detection and sensing. Our results not
only offer an attractive way to tune the optical properties and
achieve nano-localized electromagnetic field enhancements in
plasmonic nanostructures, but also provide further insight into
the plasmon interaction, especially for periodic nanostructures
or metamaterials consisting of multiple large nanoparticles.
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