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Ultracompact high-contrast magneto-optical disk resonator side-coupled to a plasmonic waveguide
and switchable by an external magnetic field
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Here we propose and study a novel type of plasmonic resonators based on a metal-insulator-metal waveguide
and a side-coupled magneto-optical disk controlled by an external magnetic field. The wave-number change and
the transmission of surface-plasmon-polaritons (SPPs) can be tuned by altering the magnetic field and reversible
on/off switching of the running SPP modes by a reversal of the direction of the external magnetic field is
demonstrated. Resonant enhancement of the magnetoplasmonic modulation by more than 200 times leads to a
modulation contrast ratio more than tenfold ratio (90-% modulation) keeping a moderate insertion loss within an
optical bandwidth of hundreds of GHz. Numerical simulations confirm the predictions by the derived analytical
formulas of a high-contrast magnetoplasmonic modulation by the submicrometer ultrasmall disk resonator.

DOI: 10.1103/PhysRevB.98.041406

Plasmonic waveguide-ring and disk resonators are impor-
tant building blocks for many nanophotonic device compo-
nents and key elements in the next-generation of integrated
nanophotonic circuits. They provide several functionalities,
e.g., filtering, wavelength division multiplexing and efficient
modulators in integrated photonics. Localized surface plasmon
modes in plasmonic resonators [1–4] have been intensively
studied for the enhancement of electromagnetic fields. How-
ever, plasmonic cavities have a low quality factor on the level
of several tens which is not enough to achieve a high contrast
in the modulation of the plasmons. In contrast, traveling
resonant modes in waveguide ring resonators (WRR) have a
higher quality factor. A WRR consists of a circular optical
resonator with an unidirectional coupling mechanism to a
straight waveguide. For certain wavelengths, a WRR is in
resonance when the waves interfere constructively in the ring
introducing a significant phase shift near the resonance and
resonantly enhance the interaction. To date, various ring res-
onators based on plasmonic waveguides have been investigated
such as on channel plasmonic waveguides [5], nanoplasmonic
slot waveguides [6], or dielectric-loaded plasmonic waveg-
uides [7]. Ultrasmall cavity mode volumes can be achieved
in plasmonic waveguide disk resonators as studied, e.g., in
Refs. [8–13].

Magnetoplasmonics using nanosystems with combined
plasmonic and magnetic properties is a fast emerging new field
and appealing for many applications. Including a magnetic
material in a plasmonic structure provides a way of controlling
plasmon propagation by using an external magnetic field (for
a review, see, e.g., Refs. [14]). The magneto-optic effect
allows switching that can be faster than those of other effects
such as the electro-optic effect and thermo-optical effect.
The magnetic field reversal by integrated electronic circuits
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can easily reach a speed in the gigahetrz (GHz) regime.
Moreover, the recently demonstrated ultrafast magnetization
switching with circularly polarized light enables a switching
speed in the THz regime [15]. However, the performance of
the ultrafast magnetoplasmonic modulators in the visible and
near-infrared range generally suffers from a small change of
the SPP wave number [16,17], which requires a device size of
at least tens of micrometers to achieve a sufficient interaction
between the external magnetic field and SPP. The wave-
number change could be enhanced by introducing photonic
crystals [18,19] where the transmission bandwidth is limited by
photonic band gaps. Plasmon-enhanced transverse magneto-
optical Kerr effect [20–22] was experimentally demonstrated
to be resonantly sensitive to the magnetically induced change
of the SPP wave number and allow a 50% modulation, but
the corresponding structures are relatively bulky and not fully
waveguide-integrated. A more compact magnetoplasmonic
interferometer using a hybrid ferromagnetic structure was suc-
cessfully demonstrated to present a 2% modulation requiring a
waveguide length of 20 μm [23,24], which can be improved to
12% modulation [14] by adding a dielectric layer with higher
refractive index. The magneto-optical properties of nanowires
(see, e.g., Ref. [25] and references therein) and of the resonant
inverse Faraday effect in nanorings [26,27] have been recently
studied.

In this paper, we propose and study a novel approach
for traveling SPP resonators by using a metal-insulator-metal
waveguide (MIM) with a side-coupled magneto-optical disk
(see Fig. 1). In such ultracompact structure, the plasmon
resonance enhancement is combined with the resonator res-
onance enhancement. The wave number and transmission of
the traveling SPPs depend on the external magnetic field
and on/off switching is demonstrated by the reversion of the
direction of the magnetic field. We find a strong enhancement
of the magnetoplasmonic modulation due to a high quality
factor of the SPPs. The modulation contrast ratio reaches
more than tenfold ratio (90% modulation) keeping a moderate
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FIG. 1. The geometry of magnetoplasmonic disk resonator side-
coupled to a metal-insulator-metal (MIM) waveguide.

insertion loss within an optical bandwidth of hundreds of GHz.
The fabrication of this kind of structure is possible within
the current technology in this field. Recently, assisted by the
rapidly developing nanotechnology, fabrication of circular or
rectangular nanodisk cavity resonators has been reported (for
examples see, e.g., Refs. [8–13,28] and references therein).

The geometry of a magnetoplasmonic disk resonator side-
coupled to a MIM waveguide is shown in Fig. 1. Under
an external magnetic field in the direction of y axis, the
permittivity tensor of ferromagnetic dielectric filling the disk
resonator is expressed as

ε̂ =
⎛
⎝

ε3 0 ig

0 ε3 0
−ig 0 ε3

⎞
⎠. (1)

Here, the gyration g in the off-diagonal components is propor-
tional to the magnetization, g = βM , where β is the magneto-
optical susceptibility. The permittivity of the metal is εm =
−ε1 + iε2, where ε1 � ε2. For a sufficiently large disk radius,
the wave number of the surface traveling magnetoplasmon
approximates that of the planar magnetoplasmon of a metal-
ferromagnetic dielectric interface, which is expressed as [31]

k(g) = (1 − ag)k(0),

a = 1√
ε1ε3

(
1 − ε2

3/ε
2
1

) . (2)

The resonance condition for the SPP modes is determined by
the condition k(g) 2πreff = 2πN , where N is an integer. The
resonance frequency ω0 is sensitive to the disk radius and
does not strongly depend on the other geometric parameters
such as the waveguide thickness and the distance between the
waveguide and the disk resonator. The resonance frequency ω0

is modulated by the external magnetic field as following:

ω0(g) = 1

1 − ag
ω0(0) ≈ (1 + ag)ω0(0). (3)

The transmission of the SPP waveguide coupled to the disk
resonator can be described by the temporal coupled-mode

theory [32] from which the following results can be received:

T (ω,g) = Pout(ω)

Pin(ω)
= [ω − ω0(g)]2 + (γe − γ0)2

[ω − ω0(g)]2 + (γe + γ0)2 , (4)

where ω and ω0 are the considered angular frequency and the
resonant angular frequency, respectively. Pin and Pout are the
input and the output power of the SPPs, respectively. γ0 and
γe are the decay rates due to the absorption in the resonator
and the escape rate due to the coupling between the waveguide
and the resonator, respectively. If we assume the condition
γe/γ0 = 1, which can be realized by adjusting the distance d

between the disk resonator and the waveguide, at the frequency
ω = ω0 − ag0, Eqs. (3) and (4) lead to

T (ω = ω0 − ag0,g) = 1 − 1

[(g + g0)/2gc]2 + 1
. (5)

Here, gc = 1/(2aQ0) is the characteristic gyration, where
Q0 = ω0/2γ0 is the quality factor of the surface traveling
resonant mode of the unload disk resonator. Adjusting the
magnetic field to the value g = ±g0, Eq. (5) leads to

T (ω = ω0 − ag0,g = −g0) = 0, (6)

T (ω = ω0 − ag0,g = g0) = 1 − 1

(g0/gc)2 + 1
. (7)

Equation (6) means the SPPs are completely dropped for these
parameters. With reversed direction of the magnetic field, the
transmission is expressed as Eq. (7). From Eqs. (6) and (7),
we can predict a high-contrast magnetoplasmonic modulation
keeping a moderate insertion loss of 1/[(g0/gc)2 + 1]
if the gyration by the external magnetic field g = g0

is on the level of the characteristic gyration gc. Let us
first make a simple order-of-magnitude estimation of the
magnitude of the characteristic gyration gc. The quality factor
can be expressed as Q0 = ω0(WE + WH )/(−dWE/dt),
where WE and WH are energies of the electric field
and the magnetic field in the disk resonator, respectively.
Using the relations (dWE/dt) = −ω0ε0Im(ε)

∫ 〈 �E · �E〉dV ,
WE = (1/2)ε0[dωε(ω)/dω]ω0

∫ 〈 �E · �E〉dV , and WH =
(1/2)μ0

∫ 〈 �H · �H 〉dV and substituting the electric and the
magnetic field distributions of the planar metal-dielectric
interface [33], we find that Q0 is roughly estimated as
Q0 ≈ ε2

1/(ε2ε3). With the experimental data of the permittivity
of silver [29] as ε1 and ε2 and the permittivity of Bi-substituted
iron garnet (BIG) [30] as ε3, at a wavelength of 750 nm, we
can estimate Q0 ≈ 280. With a ≈ 0.06 calculated by Eq. (2),
the characteristic gyration gc = 1/(2aQ0) is about 0.03,
which is in the order of magnitude of real ferromagnetic
dielectrics [34]. We note that the gyration value for BIG
saturates at 0.06 for B = 150 mT (see the Methods of
Ref. [35]). Obviously, the wave-number modulation a of
surface traveling magnetoplasmons is enhanced by the high
quality factor Q0, allowing a small characteristic gyration
gc, which is experimentally achievable. Figure 2 shows the
transmission T of the SPPs in the waveguide side-coupled to
the disk resonator as shown in Fig. 1 in dependence on the
gyration g of the ferromagnetic dielectric filling of the disk
resonator. The blue circles have been obtained by numerical
solutions of the Maxwell equation at the wavelength of
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FIG. 2. Transmission T of the MIM waveguide side-coupled to
the disk resonator, as shown Fig. 1, in dependence of the gyration
g of the ferromagnetic filling of the disk resonator. The blue circles
present numerical results for a width of 50 nm of the waveguide, a
radius of 400 nm of the disk and a distance of 20 nm between the
waveguide and the disk resonator at the wavelength of 748 nm. The
experimental data of the permittivity of silver [29] as εm = −ε1 + iε2

and the permittivity of Bi-substituted iron garnet (BIG) [30] as ε3.
εd = 2.25 has been assumed. The blue curve is obtained by using
the analytical formula Eq. (5), where gc = 0.035 and g0 = 0.03 have
been assumed to fit the numerical results.

748 nm. The numerical results well agree with the prediction by
the analytical formula (5) (the blue curve), where gc = 0.035
and g0 = 0.03 have been assumed to fit the numerical results.
Figures 3(a) and 3(b) show the distributions of the magnetic
field component of the SPPs at a gyration g = −0.03 and 0.03
of Fig. 2, respectively. As seen by changing the direction of
the magnetic field, the transmission of the SPPs is switched
from an off to an on state via the changed interference pattern.

FIG. 3. Distributions of the magnetic field components of SPPs
in the waveguide side-coupled to the disk resonator at a wavelength of
748 nm for g = −0.03 (a) and 0.03 (b), respectively. Other parameters
are the same as in Fig. 2. The metal rectangle in the center of the disk
is introduced to suppress the excitation of localized modes of the disk.

FIG. 4. Spectral and temporal responses of the magnetoplas-
monic modulator. Transmission spectra according to a deviation of
the frequency ν from the central frequency ν0 corresponding to a
wavelength of 748 nm (a). The deviation of 1 THz corresponds
to about 2 nm in wavelength units. Temporal power Pout of the
transmitted pulses normalized by a peak power P0 of the input pulse
[(b) and (c)]. The full widths at half maximum of the Gaussian input
pulses are 500 (b) and 200 fs (c), respectively. The input pulses have a
central wavelength of 748 nm. The blue and the red curves correspond
to g = −0.03 and 0.03, respectively. Other parameters are the same
as in Fig. 2.

Finally, let us consider the optical bandwidth of the pro-
posed magnetoplasmonic disk resonator. Figure 4(a) shows
the transmission in dependence on the frequency obtained by
the numerical solution of Maxwell equations in the frequency
domain [4]. A high contrast ratio of the transmission exceeding
tenfold ratio (90% modulation) is maintained within an optical
bandwidth of hundreds of GHz. The temporal responses to
input SPP pulses have been calculated numerically by the
superposition of the responses to the Fourier components of
the input pulses. In the case of an input pulse with a FWHM of
500 fs [Fig. 4(b)], one can see a tenfold-contrast ratio keeping
a moderate insertion loss. In the case of a FWHM of 200 fs
[Fig. 4(c)], a lower contrast and even distortion of the pulse
shape is obtained, which are attributed to the reduction of the
optical bandwidth of the resonant device.

In conclusion, we investigated a novel type of an ultra-
compact plasmonic resonator based on a MIM waveguide
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side-coupled to a magneto-optical disk resonator. The wave
number and transmission of the SPPs of the disk resonator
are modulated by the magnitude of the magnetic field and
on/off switching is demonstrated by the change of the direction
of the magnetic field. Moreover, the high quality factor of
the surface traveling magnetoplasmon resonant modes allows

strong enhancement of the manetoplasmonic modulation by
more than 200. A tenfold-contrast ratio of the magnetoplas-
monic modulator with a submicrometer footprint is maintained
within an optical bandwidth of hundreds of GHz. The analyt-
ical predictions have been well supported by the numerical
results.
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