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The waveguide-coupled plasmonic nanocavity is known to be a deep subwavelength platform that combines
on-chip compatibility with a strong light-matter interaction at the resonance of local field enhancement; however,
the resonant local field enhancement provides no magneto-optical activity. We conceptually investigate the
deep subwavelength flow-resonant modes of the waveguide-coupled plasmonic nanocavity at which the local
field enhancement deviates from the strongest and, instead, the power flow reaches its maximum. These
flow-resonant modes exhibit resonant enhancements of magneto-optical activity and the inverse Faraday effect.
Frequency-selective enhancement of light-magnetization interaction at the flow-resonant modes allows us to
propose multichannel all-optical writing and reading of magnetic bits in nanophotonic integrated circuits. Our
findings would open the way towards on-chip deep subwavelength magneto-optical devices and opto-magnetic
recording with a great potential for high-speed on-chip memory.

DOLI: 10.1103/PhysRevB.101.245420

Magnetoplasmonic nanostructures with combined plas-
monic and magnetic properties is appealing for enhancing
interaction between light and magnetization in nanosystems.
Research on this fast emerging topic has resulted in a con-
siderable number of experimental and theoretical papers (for
reviews, see Ref. [1]). Many of their configurations require the
free-space coupling scheme and thus are relatively bulky and
not compatible with on-chip integration. Recently, magneto-
optical disk resonators coupled to plasmonic waveguides [2,3]
were proposed to enhance light-magnetization interactions in
a compact configuration. However, this approach is based on
a traveling mode and thus it has a multiwavelength scale.
Integrating a plasmonic waveguide [4] and a deep subwave-
length nanocavity [5-7] is a well-known approach for fully
integrated nanophotonic devices compatible with on-chip in-
tegration. In spite of intensive work [8—13] to enhance and
manipulate light-matter interactions at the nanometer scale
based on the conception of plasmonic nanocavity-waveguide
coupling, to our knowledge, so far, no work has been pre-
sented to propose deep subwavelength magneto-optical (MO)
devices based on this conception.

The development of the next-generation magnetic mem-
ory devices will be driven by the demand for ultrafast and
high-density recording. All-optical magnetic recording has
become a topic of strong scientific interest at the cross-
roads of photonics and magnetism because of its potential
impact for magnetic memory devices with unprecedented
speed [14]. The request to increase the recording density and
decrease the lowest requested pulse energy motivated studies
for nanoscale-confined all-optical magnetization switching
assisted by plasmonic nanostructures [15-18]. Recently, we
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reported that all-optical magnetization switching due to the in-
verse Faraday effect (IFE) is achievable with surface plasmon
polaritons propagating along plasmonic waveguides without
the need of free-space coupling of circularly polarized light
[19,20].

The conventional resonant mode of plasmonic nanocavity
with the strong local field enhancement does not exhibit
MO activity, which is why the conception of the plasmonic
nanocavity-waveguide coupling has never been proposed for
deep subwavelength MO devices. In this paper we concep-
tually investigate the flow-resonant modes of the waveguide-
coupled plasmonic nanocavity. The flow-resonant modes are
distinguished from the conventional resonant mode at which
the coupled energy and the field enhancement reach their
maxima. At the flow-resonant modes, the field enhancement
deviates from the strongest and, instead, the power flow
inside the cavity reaches its maxima. We note that the flow-
resonant modes are inherent in a single cavity coupled to a
waveguide and they are distinguished from the well-studied
resonance-splitting phenomena [21] in multicavities. These
flow-resonant modes are suitable for frequency-selective en-
hanced interaction between light and magnetization, which
exhibit resonant enhancements of MO activity and as its coun-
terpart, the IFE. Multichannel all-optical magnetic recording
with nanometer resolution is proposed based on multicav-
ity simultaneous excitation of the flow-resonant modes in
a magnetoplasmonic nanocavity array with one multicolor
pulse which allows us to much increase the writing and
reading speeds many times by better utilizing excessive op-
tical bandwidth, as is similarly done in wavelength division
multiplexing (WDM) optical communications.

The geometry of a plasmonic rectangular nanocavity side-
coupled to metal-insulator-metal (MIM) waveguide is shown
in Fig. 1(a). The standing-wave mode resonance exhibits the
strongest field enhancement in the plasmonic nanocavity [the
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FIG. 1. Resonances of power flow in a plasmonic nanocavity. (a) The geometry of a plasmonic nanocavity side-coupled to a metal-
insulator-metal (MIM) waveguide. The plasmonic nanocavity is filled with a MO material. (b) Spectral dependence of the average power flow
(P,) along the direction of x-axis (blue curve) and the average electric field intensity (IE|?) (red curve) over the plasmonic nanocavity. Circles
mark the double flow-resonant peaks. (c) Spectral dependence of the average power flow (P,) along the direction of the x axis, the transmission
shift AT through the MIM waveguide by an external magnetic field along the direction of the y axis which manifests the MO activity of
the plasmonic nanocavity and the average effective magnetic field (H}',FE) by the inverse Faraday effect (IFE). The brackets (-) denote the
average value over the plasmonic nanocavity [the green part of panel (a)]. (d), (e) Near-field distributions of the IFE-induced magnetic field
(H;FE) (colors) and the power flow P (black arrows) at the double flow-resonant frequencies in the plasmonic nanocavity. The arrow size is
proportional to the magnitude of the power flow and the arrow direction is along the direction of the power flow. The power flow is calculated
by P = %Re(ﬁ * x H). In our calculation example we assumed a thickness of 30 nm of the waveguide, a height of 30 nm, and a length of 45
nm of the rectangular nanocavity and a distance of 20 nm between the waveguide and the nanocavity. Also, we assumed the permittivity of
air (&, = 1) as the permittivity of the dielectric, the experimental data of the permittivity of silver [22] as the permittivity of the metal and
the experimental data of the permittivity and the MO susceptibility of Bi-substituted iron garnet (BIG) [23] as those of the magnetic dielectric
(e, =8, @ = 5.5 x 1077 m/A). For the second panel of (c) we assumed the gyration g = 0.06 (the red curve) and g = —0.06 (the blue curve)
[24] in the presence of an external magnetic field along the direction of the y axis and its opposite direction, respectively. For the numerical

calculations of the IFE we assumed the incident mode power through the MIM waveguide to be 10 W/um.

red curve of Fig. 1(b)], which has been widely used for
enhancing light-matter interactions at the nanometer scale;
however, it exhibits the zero value of the average power
flow (P,) along the direction of x axis over the plasmonic
nanocavity [the blue curve of Fig. 1(b)]. The power flow
is calculated by P= %Re(ﬁ *x H ), which is known as the
Poynting vector. The averaged power flow (P,) over the plas-
monic nanocavity has double resonant peaks in the vicinity
of the standing-wave mode resonance, although the average
field intensity (|E2?|) deviates from the strongest. Here, a
power flow is introduced only to the left terminal of the
waveguide. The feeding condition of the waveguide is asym-
metric, thus a power flows through the waveguide. However,
at the resonance, the power flow through the cavity is exactly
zero because, at the resonance, the standing-wave mode is
constructed in the cavity. We note that the well-known single
peak in transmission spectrum which is explained by using the
temporal coupled-mode theory (see Supplemental Material
[25] and Ref. [26]) corresponds to the peak in the field
intensity curve [the red curve of Fig. 1(b)]. The resonant wave-
length can be manipulated by changing the cavity sizes: the
cavity length and width (see Supplemental Material [25]). Its
dependance on the cavity sizes is explained by the standing-
wave mode resonance condition in the MIM nanocavity [27].
The bandwidth of the resonance can be controlled by adjusting
the distance between the plasmonic waveguide and cavity

(see Supplemental Material [25]). This is attributed to the
escape rate y, significantly changing by adjusting the distance
between the plasmonic waveguide and cavity [28]. The larger
distance supports the narrower bandwidth; however, it suffers
from the smaller power flow. In contrast, the smaller distance
suffers from the larger bandwidth which can induce detrimen-
tal interactions with other cavity modes. Thus, we assumed a
moderate distance of 20 nm for cavity-selective coupling with
a multicavity array.

The second panel of Fig. 1(c) shows the transmission shift
AT =T — Ty through the MIM waveguide by an external
magnetic field along the direction of the y axis, where T and Tj
are the transmission in the presence of the external magnetic
field and the one in the absence of the external magnetic field,
respectively. Under the presence of the external magnetic
field, the permittivity tensor of magnetic dielectric filling the
nanocavity is expressed as

& 0 —ig
&= 0 & O . 1)
ig 0 &

Here, the gyration g = oM is proportional to the magnetiza-
tion M, where « is the MO susceptibility. While at the reso-
nance with the strongest field enhancement the transmission
shift AT becomes zero, at the two resonances of power flow
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the transmission shift AT reaches its positive and negative
peaks, respectively. The transmission shift AT manifesting
the MO activity and measurable in the far field is sign-changed
by magnetic-field reversal, which is promising for all-optical
reading of a magnetic bit at the nanometer scale. For the
numerical calculations we assumed the gyrations g = 0.06
(the red curve) and g = —0.06 (the blue curve) for the cases
of the external magnetic fields along the direction of the y
axis and along its opposite direction, respectively. Next we
consider the IFE, which is the counterpart of the MO effect.
The rotating electric-field vector of a transverse magnetic
(TM) plasmonic mode can act as an effective magnetic field
along the transverse y direction due to the IFE, which is
expressed as follows [29,30]:

H"™" = —igoa(EJE, — E<EY). )

As shown in the third panel of Fig. 1(c) the average IFE-
induced magnetic field (H;FE) over the nanocavity has res-
onant peaks at two wavelengths which coincide with the
double flow-resonant wavelengths. The IFE-induced magnetic
field is switchable in sign by changing the frequency from
one to another of the two resonance frequencies. These facts
show that the double flow-resonant modes are suitable for
enhancing the interaction between light and magnetization at
the nanometer scale. Here, we note that the sign reversal of
power flow is not a result of magnetization. It is a result of
waveguide-cavity coupling without magnetization; however,
it is very promising for enhancing the MO effect and as its
counterpart, the IFE.

Now we consider a plasmonic nanocavity array side-
coupled to the MIM waveguide. The geometry is shown in
the first panel of Fig. 2(a). Here the resonant wavelengths
of the nanocavities can be manipulated by the cavity sizes.
In our calculation example the cavity lengths have been ap-
propriately manipulated to provide standing-wave resonances
of 780, 840, and 900 nm, respectively. In the first panel of
Fig. 2(b) the MO activity of the plasmonic nanocavity array
is manifested by the transmission shift A7 through the MIM
waveguide by an external magnetic field. The transmission
shift AT reaches the extrema with both positive and negative
signs at the wavelengths of Ag and A}, (n=1, 2, and 3),
respectively. Here A? and ! are the double flow-resonant
wavelengths of the nth cavity, respectively. It is predicted that
multicavity magnetization states can be read simultaneously
by measuring channel transmissions AT (10) or AT(A!) of
a multicolor pulse. In the second panel of Fig. 2(b) the
IFE-induced magnetic field in the nth cavity has resonant
peaks at two wavelengths which coincide with the double
flow-resonant wavelengths of the nth cavity, respectively. The
IFE-induced magnetic field is switchable in sign by changing
the frequency from one to another of the double flow-resonant
frequencies.

Figure 3 shows distributions of the effective magnetic field
induced by the IFE in the nanocavity array. The magnetic
bits (pi, p2, p3) manifested by the magnetic states of the
nanocavities can be written with an incident multicolor pulse
of the wavelengths (A}, 5%, A%?). Here, p, is 0 or 1, which
is a magnetic bit in the nth cavity. Multicavity simultaneous
excitation of flow-resonant modes in m cavities with a mul-
ticolor pulse of wavelengths of (A{', 25>, ..., AL") enables
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FIG. 2. Power-flow resonances in a plasmonic nanocavity array.
(a) The geometry of a plasmonic nanocavity array side-coupled to a
MIM waveguide. The plasmonic nanocavities are filled with a MO
material. First panel of (b) shows the spectral dependence of the
transmission shift AT through the MIM waveguide by an external
magnetic field along the direction of the y axis which manifests
the MO activity of the nanocavity. Second panel of (b) shows the
average effective magnetic fields (H'=) by the IFE over the first
(red curve), the second (blue curve), and the third (green curve)
nanocavities. A0 and A! are flow-resonant wavelengths of the nth
cavity. Lengths of 45.1, 52.5, and 59.8 nm of the nanocavities have
been assumed to provide standing-wave resonances of 780, 840, and
900 nm, respectively. A distance of 80 nm between the nanocavities
has been assumed. Other parameters are the same as in Fig. 1.

multichannel writing of magnetic bits of (py, pa, ..
with increasing speed by m times.

Table I shows transmissions through the waveguide side-
coupled to the nanocavity array with the magnetizations
(M, M, M3) corresponding to the magnetic bits (p1, p2, p3)-
p1 is read as 0 for 77 < 0.73 and as 1 for 77 > 0.73. p, is
read as O for 7, < 0.75 and as 1 for T, > 0.75. p3 is read as
0 for T3 < 0.74 and as 1 for 753 > 0.74. The blue and red font
colors represent the reading results 0 and 1, respectively. The
reading results [71], [Tz], and [73] coincide with the magnetic
bits p; = [M,], p» = [M;], and p3 = [M3], respectively.

Finally we would like to discuss that the conceptual sug-
gestion based on the flow-resonant modes is very promising
for high-speed on-chip memory. The problem of very fast
switching the magnetization emerged recently as one of the
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FIG. 3. Writing of multichannel all-optical magnetic recording. Distributions of the effective magnetic field induced by the IFE in the
nanocavity array. The magnetic bits (p;, p,, p3) manifested by the magnetic states of the nanocavities have been written with an incident
multicolor pulse of the wavelengths (A", 152, A5*). Here, p, is O or 1, which is a magnetic bit in the nth cavity. Other parameters are the same

as in Fig. 1.

most exciting topics. Usually it takes longer than picoseconds
to switch magnetization. In spite of recent studies demon-
strating magnetization switching with a subpicosecond laser
pulse, optical bandwidth is still excessive [14]. In Fig. 3,
a three-wavelength pulse at once interacts with the three
cavities. Each one of the three cavities interacts with one
wavelength component of the multicolor pulse, respectively.
Because a one-wavelength pulse can achieve one-bit record-
ing, a three-wavelength pulse can achieve three-bit recording.
For example, we can achieve a writing speed of 1 ps with
a three-channel (three-wavelength) 3-ps-duration pulse. On
the other hand, most of the already-proposed configurations
for all-optical writing and reading of magnetic bits require
the free-space coupling scheme and thus are bulky and not
compatible with on-chip integration. The waveguide-coupled
plasmonic structures are promising for on-chip integration
with conventional dielectric waveguides, a feature neces-
sary for future photonic nanocircuits. In particular, the MIM
structures that allow for deep subwavelength optical modes
have a great potential for on-chip integration with a silicon
waveguide, resulting in compact devices suitable for dense
integration (a detail discussion can be seen in Ref. [31]). The
efficient coupling between a MIM waveguide and a standard
silicon waveguide has also been experimentally confirmed
[32]. However, the conception of the plasmonic nanocavity-
waveguide coupling has never been proposed for resonant
enhancements of MO activity and as its counterpart, the
IFE, because the conventional resonant mode of plasmonic

TABLE I. Reading of multichannel all-optical magnetic recording

nanocavity with the strong local field enhancement does not
exhibit MO activity and does not induce the IFE. The con-
ception of the flow-resonant modes of the waveguide-coupled
plasmonic nanocavity are suitable for on-chip MO devices and
all-optical magnetization switching.

In conclusion, we conceptually investigated the double
flow-resonant modes in the waveguide-coupled plasmonic
nanocavity at which the power flow in the nanocavity reaches
its maxima. While at the resonance of local field enhance-
ment which has been widely used to enhance light-matter
interactions at the nanometer scale no power flow and no
MO activity are observed, at the two resonances of power
flow the strongest enhancements of MO activity and the IFE
are observed. The resonant MO activity of the nanocavity
is manifested by a transmission shift through the waveguide
coupled to the nanocavity under the presence of external
magnetic field. The transmission shift is measurable in the far
field and is sign-changed by magnetic-field reversal. Reversal
of the IFE-induced magnetic field is provided by changing the
frequency from one to another of the double flow-resonant fre-
quencies. We also proposed on-chip multichannel all-optical
magnetic recording by multicavity simultaneous excitation
of the flow-resonant modes in a nanocavity array with one
multicolor pulse, which allows us to significantly increase the
writing and reading speeds by better utilizing the excessive
optical bandwidth. Our findings open the way toward on-chip
integration of deep subwavelength MO devices and opto-
magnetic recording.

. Transmissions through the waveguide side-coupled to the nanocavity

array with the magnetizations (M,, M,, M3) corresponding to the magnetic bits (p;, p», p3). We assumed the gyrations g = —0.06 and g = 0.06
for the magnetic bits Oand 1 in the nanocavities, respectively. The magnetic bit p, in the nth cavity can be read by measuring the transmission
T, = T(12) at the wavelength A? which is the shorter wavelength among the double flow-resonant wavelengths of the nth cavity. p; is read as 0
for T} < 0.73 and as 1 for 7} > 0.73. p, isread as O for 7, < 0.75 and as 1 for 7, > 0.75. p; isread as O for 73 < 0.74 and as 1 for T3 > 0.74.
The bold and regular fonts represent the reading results O and 1, respectively.

P P2 P 000 001 010 011 100 101 110 111
T 0.719 0.720 0.722 0.723 0.740 0.742 0.743 0.745
T 0.745 0.748 0.762 0.764 0.743 0.746 0.760 0.762
Ty 0.738 0.753 0.736 0.751 0.737 0.752 0.736 0.750
(LIBT3 000 001 010 011 100 101 110 111
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