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We introduce a hybrid plasmonic-photonic device for on-chip all-optical switching and reading of fer-
rimagnet bits with perpendicular magnetic anisotropy in a racetrack spintronic memory, coupled onto
an indium phosphide waveguide. The device comprises V-shaped gold plasmonic nanoantennas coupled
with a photonic crystal cavity, which enables switching and reading of the magnetic state of nanoscale
bits by enhancing the absorbed energy density and polar magneto-optical Kerr effect locally. Using a
finite-difference time-domain method, we show that our device can switch and read targeted bits down to
100 nm in the presence of oppositely magnetized background regions in the racetrack with widths up to
120 nm, clearly outperforming a bare photonic waveguide. Our hybrid device provides the missing link
between integrated photonics and nanoscale spintronics by tackling the challenges of nonlinear absorption
in the waveguide, weak magneto-optics, and size mismatch, leading to the development of ultrafast and
energy-efficient advanced on-chip applications.
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I. INTRODUCTION

The fields of integrated photonics and spintronics have
been identified as two of the fastest-growing directions
for the new generation of solid-state application platforms.
Integrated photonic platforms, such as the silicon (Si)-
on-insulator (SOI) [1,2] and the indium phosphide (InP)
membrane on Si (IMOS) [3,4], enable high-bandwidth
and energy-efficient data transmission, and have achieved
great maturity over the years. In the meantime, spintron-
ics promises the development of fast, energy-efficient,
ultrafast and ultradense data memory devices [5]. Much
progress has already been made in the areas of magnetic
random access memory (MRAM) [5] with sizable com-
mercialization. Meanwhile, a racetrack memory [6], in
which trains of magnetic bits in magnetic nanoconduits are
controlled by employing cutting-edge spintronic effects,
has been proposed to further upgrade the low-level cache
in terms of speed, areal density and energy consumption
[7,8]. Logically, it can be envisioned that further gains in
speed and energy efficiency can be achieved by merging
photonics and spintronics domains into a single platform
[9]. Nevertheless, such a hybrid integration is not yet avail-
able since the communication between the two domains
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has to be controlled via the electronics acting as an inter-
mediate domain, which creates power/time/area overhead,
compromising the potential advantage of the hybrid inte-
gration. A possible way to mitigate this issue is the direct
access (switching and reading) of spintronic memory by
photonics.

So far, all-optical reading (AOR) of a magnetic mate-
rial exploiting the polar magneto-optical (MO) Kerr effect
(PMOKE), that is, the magnetization-dependent variation
in the polarization state of light reflected off the surface of
a magnetic material, has been used as a standard method of
reading a standalone magnetic bit in the absence of oppo-
sitely magnetized neighboring bits [10–13]. Recently, all-
optical switching (AOS) [14–17] was shown to be a next
step forward for optical access of the magnetic informa-
tion from the fast-advancing spintronic memory platforms
[5,9]. Recent advancements in AOS were embodied in the
discovery of single-pulse AOS in more process-compatible
synthetic ferrimagnets, such as cobalt (Co)/gadolinium
(Gd) [17] and [Co/terbium (Tb)]m [18,19] multilayered
material platforms, having m repetition(s). This approach
provides low switching energy [20] and is compatible with
integration to state-of-the-art spintronic building blocks
[19,21–24].

Nevertheless, coupling light energy directly to spintronic
devices comes with the obvious drawback of inefficient
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interaction due to the large size mismatch between the
waveguide mode and the size of spintronic devices [5], as a
result of the diffraction limit. Such an issue not only offsets
the energy efficiency of AOS but also imposes challenges
on the scalability of such hybrid integration. Moreover,
the large transient power needed for AOS can incur addi-
tional losses in the waveguide due to nonlinear absorption
[23]. Similar issues also persist for AOR as weak coupling
limits the MO interaction, resulting in a small PMOKE,
even at large footprints. Therefore, a photonic design to
focus light beyond the diffraction limit, while ensuring effi-
cient energy transfer, is required. Here, we propose the
concept of a hybrid plasmonic nanoantenna (PNA) and
photonic crystal (PhC) cavity to curb the above-mentioned
challenges.

Noble metal nanostructures such as gold PNAs can
strengthen the light-matter interaction beyond the diffrac-
tion limit by localizing and enhancing incident electro-
magnetic energy in nanoscale spots at the metal inter-
face using localized surface plasmon resonance (LSPR)
[25,26]. The magnified light-matter interaction enables
PNAs to enhance the scattering and absorption cross sec-
tions of coupled nanoparticles, improving their effective
polarizability and absorbed energy density. Such character-
istics have turned PNAs into key components in designing
miniaturized photonic devices in a variety of applica-
tions, ranging from telecoms [27,28] to biosensing [29,30].

Therefore, it is expected that PNAs can likewise play a
key role in enhancing the MO activity at the nanoscale and
consequently addressing the scalability issue.

Despite large enhancement of the electric field provided
by a PNA, the interaction cross section is still limited due
to its small feature size. We propose the use of a PhC
cavity [31–33] to further improve the interaction cross
section. A PhC cavity, basically a Bragg grating cav-
ity based on periodic dielectric structures satisfying the
Bragg condition [34,35], provides high spatial light con-
finement in a diffraction-limited cavity. The confined light
in the cavity enhances the effective light-matter interaction
cross section, making PhC cavities attractive for various
applications such as lasing and optical switching [36–38].

With the above notions, we thus introduce the design
of a hybrid PNA-PhC device coupled with a magnetic
racetrack [8,39,40] to bring all the advantages of both
concepts in one place for performing enhanced AOS and
PMOKE-based AOR of ferrimagnetic bits with perpendic-
ular magnetic anisotropy (PMA) on a photonic integrated
platform [Fig. 1(a)]. Such a compact device allows for a
direct energy-efficient transport of information from the
spintronic domain to the photonic domain without the need
for intermediate electronics for signal conversion. Our
hybrid device, which consists of a double V-shaped gold
PNA coupled to a PhC cavity, can provide the threshold
light fluence for AOS of Co/Gd magnetic films [8,17,20]

(a)

(b) (c)

FIG. 1. Conceptual illustration of the hybrid all-optical switching/reading (AOS/AOR) device. (a) Perspective view showing how
the proposed device functions. (b) Top view of the platform presenting design parameters of the photonic crystal (PhC) cavity, d1−4 =
100, 110, 120, and 170 nm are the holes diameters with a pitch, p , of 370 nm. The waveguides have a width and a height of w1 = 570
nm and h = 280 nm, while the magnetic racetrack width, wrt, is 120 nm. (c) Magnified view of the plasmonic nanoantenna (PNA)
and the racetrack, where the length, height and width of the PNA elements are lPNA = 120 nm, hPNA = wPNA = 30 nm, and they are
oriented at an angle of θ = 45◦ with reference to the waveguide direction. The racetrack height, hrt, is 10 nm.
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and improve the inherently weak PMOKE for AOR by
efficiently focusing light onto a nanoscale spot in a mag-
netic racetrack using LSPR. Note that our Co/Gd- based
magnetic racetrack encodes information as domains with
“up” and “down” magnetization states in a magnetic race-
track. These domains can be coherently moved at high
velocity (faster than 1 km/s) [8] by a combination of spin-
orbit torque [41] and Dzyaloshinskii-Moriya interaction
[7,42] driven domain wall motion exerted by electrical cur-
rent [40]. We stress that our choice for PMA thin films is
motivated by its leading role in state-of-the-art spintronics.

We use three dimensional finite-difference time-domain
(FDTD) method [43] on devices designed in the IMOS
platform. We show that using our hybrid device, for an
incident optical pulse energy of 0.6 pJ, the magnified
absorbed energy density in the racetrack memory can be
large enough to provide a switching fluence of 0.5 mJ/cm2

for switching magnetic bits with sizes of down to about
100 nm in a racetrack with a width of 120 nm. By reducing
the racetrack’s width down to 30 nm, further enhance-
ment of the light-matter interaction increases the absorbed
energy density in the racetrack such that switching of the
magnetization in magnetic bits down to about 60 nm can
be realized for an ultralow incident pulse energy of 0.15 pJ.
Moreover, our hybrid device enables the optical detection
of magnetization in targeted bits down to about 100 nm in a
racetrack with widths of 30–120 nm, regardless of the mag-
netization in the rest of the racetrack. Although simulations
were performed for IMOS, our model utilizes generic con-
cepts that can be implemented in other popular photonic
platforms such as SOI [1] and silicon nitride [44]. We
believe this device can be a significant step toward address-
ing the fundamental issue of hybrid spintronic-photonic
integration imposed by the light diffraction limit and inef-
ficient coupling, allowing the creation of new generation
on-chip and interchip applications.

II. DESIGN CONSIDERATIONS

Within the scope of this work, we explore the MO
interaction between the light in an InP waveguide in a
standard IMOS platform and a magnetic racetrack as a top
cladding of the waveguide coupled to a hybrid PNA-PhC.
The platform concept is schematically depicted in Fig. 1. It
consists of two parallel InP waveguides with silica (SiO2)
side walls, where a racetrack is coupled orthogonally on
top of the waveguides. For the occurrence of single-pulse
AOS in process-compatible metallic magnetic structures,
a combination of a (3d) transition metal ferromagnet and
a (4f) rare-earth ferromagnet is essential [9,14,45]. For
this reason, the racetrack consists of a multilayer stack of
(from bottom to top) a 4-nm heavy metal seed layer, a
2-nm ferromagnetic Co layer, and a 4-nm Gd layer (see
Appendix A 1). A Gaussian pulse (for AOS) and a contin-
uous wave (for AOR) both with a free space wavelength

of 1.55 µm (in the telecom C-band), are coupled into the
transverse electric (TE0) mode of both waveguides. The
propagating light mode in the waveguide couples to the
PhC cavity, where the light mode is spatially confined and
enhanced at the center of the cavity. The spatially enhanced
mode then evanescently excites the PNA by which light
gets further focused and enhanced in a nanospot at the cen-
tral gap of the PNA. The concentrated and enhanced light
energy interacts with the racetrack locally and a domain at
the nanospot is thermally switched [17,45,46]. By inject-
ing current pulses through the racetrack [see Fig. 1(a)],
the switched ferrimagnetic bit at the nanospot of the race-
track on top of the waveguide is moved along the racetrack
toward the bottom waveguide, where it can be read out by
the enhanced PMOKE in the nanospot at the central gap of
the PNA. Such a monolithic integration scheme gives room
to the fabrication of spintronic building blocks directly
in the existing platform, interfacing to both integrated
photonics and complementary metal-oxide-semiconductor
(CMOS) without requirements for a complex interchip
integration.

The design parameters are indicated in Figs. 1(b)
and 1(c). The width and height of the racetrack are wrt =
120 nm and hrt = 10 nm, the width and height of the
waveguides are w1 = 570 nm and h = 280 nm (see Sup-
plemental Material 1 [47] for the design principle). The
PhC cavity is designed by removing the central three
holes from the PhC structure to create a resonant cavity
at a wavelength of 1.55 µm (see Supplemental Material
2 [47]). The holes toward the end of the PhC cavity are
tapered down to lower the backreflection by providing an
impedance match between the waveguide mode and cavity
mode. The pitch, p , is 370 nm and the holes diameters are
d1 = 100 nm, d2 = 110 nm, d3 = 120 nm, and d4 = 170
nm. The PNA, which is composed of two coupled V-
shaped gold nanoantennas, has a length, width, and height
of lPNA = 120 nm and wPNA = hPNA = 30 nm respectively,
and the PNA elements are oriented at an angle of θ = 45◦
with reference to the waveguide direction. The PNA has
a resonance peak at 1.55 µm to optimize the light-matter
interaction (see Supplemental Material 3 [47]).

Next, in order to validate the above-mentioned design in
the sections below, we discuss the considerations regarding
the power/energy limitation in a semiconductor waveg-
uide, taking the example of an InP waveguide, as imposed
by the known nonlinear effects.

A. Energy considerations for all-optical switching

AOS is considered the least dissipative and the fastest
form of magnetization switching [9]. It is accomplished
by ultrafast excitation (heating) of free electrons by a
light pulse and subsequent angular momentum transfer
between two sublattices (Co and Gd in our case) [9,45,
46,48]. Nevertheless, the necessity of heating the metal
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nonadiabatically up to the Curie temperature point within a
pulse duration [14,15,45] requires short pulses with a sig-
nificant peak power. As a consequence, nonlinear losses,
particularly, two- photon absorption (TPA) and free-carrier
absorption (FCA) [49–51], in a semiconductor photonic
waveguide (e.g., made of Si and InP) might be incurred.
Observations have been made previously both in IMOS
[49] and SOI [23] platforms, both showing significant non-
linear losses as the peak power of the pulses surpasses
0.1 W.

Previous works on AOS [14,17,20,52,53] have demon-
strated that an absorbed fluence threshold of around
0.5 mJ/cm2 is needed for switching a domain in a Co/Gd
bilayer spintronic material stack. This fluence corresponds
to an energy deposition of 13 fJ to a waveguide’s cladding
with an area of 50 × 50 nm2 for a pulse shorter than 500
fs, which accounts for a peak power density of at least
1 GW/cm2. Such a peak power density is close to the
photon density that induces nonlinear losses [54]. Due to
the finite coupling efficiency between light in the waveg-
uide and spintronic cladding as well as a limited interaction
cross section, the incident peak power density essential for
switching is expected to be even larger. Fortunately, earlier
works [52,55] showed successful AOS with a much longer
pulse, around 10 ps, where the threshold energy for AOS
has not been increased by more than a factor of 2. There-
fore, to get an idea of the power/energy limitation (due to
nonlinear absorption) in a waveguide in the IMOS plat-
form based on earlier studies is of paramount importance
for device design.

Here, we based our theoretical study on the traveling
wave circuit model using the in-house PHIsim modeling
software [56], with the extension of nonlinear effects (see
Appendix A 2). We further note that the TPA coefficient
is the essential parameter for the TPA-induced nonlinear
losses; it is chosen to be 1.5 × 10−10 m/W, the value
characterized for the IMOS platform [49,51,57]. On the
other hand, the free carrier lifetime is a key parameter for
FCA-induced losses. However, there is a large discrepancy
between values reported so far for InP based structures
(from 1 ps–1000 ps) [50,58,59]. Nevertheless, we found
that FCA contributes negligibly (less than 5%) to the total
nonlinear losses, even for the value of 2000 ps. We there-
fore chose the free carrier lifetime to be a conservative
value of 2000 ps (the higher the lifetime, the larger the
loss), which is believed not to affect the validity of our
result.

In our model we investigated the energy transmission of
a Gaussian optical pulse having a TE0 mode profile with
various pulse energies in a standard IMOS passive waveg-
uide with a length of 1 mm, which corresponds to a rea-
sonable dimension estimated for the length of supporting
photonic distribution networks for AOS. We also consid-
ered different pulse durations in our simulation, keeping
values within the margins for successful AOS [52,55]. The

physical parameters involved are taken from both the avail-
able literature as well as our simulation results from the
MODE solver [60].

As for discussing the generic insight, we first neglect
the passive loss of the waveguide. Figure 2(a) shows the
transmission through the waveguide in which a “cut-off”
behavior can be seen as the energy ramps up over a thresh-
old energy. Such a threshold energy is almost 100 times
higher for a 104-fs pulse than a 100-fs one, due to the fact
that the “cut-off” threshold is limited by the peak power. In
other words, the output energy will saturate over a certain
input energy level. This suggests that in order to ensure

(a)

(b)

FIG. 2. Numerical investigation of the impact of nonlinear
absorption on AOS in the IMOS platform using the PHIsim mod-
eling software [56]. (a),(b) Transmission of an optical pulse and
an output energy, Wout

e , in terms of an incident pulse energy for
various pulse durations through a 1-mm-long waveguide. The
gray dashed lines in (b) relate the threshold incident input pulse
energies (Wth

e ) and their corresponding output energies, Wout
e , for

three different cases of the bare waveguide (BW) for a racetrack
width of wrt = 120 nm and the hybrid device with wrt = 120 nm
and 30 nm.
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the power efficiency for AOS and avoid possible heat dis-
sipation due to nonlinear absorption, the incident pulse
energy needs to be kept below 15 pJ for a 10 ps pulse [see
Figs. 2(a) and 2(b)]. As for short pulses (below 500 fs),
such a requirement is limited to less than 1 pJ. The output
pulse energy (Wout

e ) with consideration of a typical passive
loss of 3.5 dB/cm for an InP waveguide in the IMOS plat-
form is plotted in Fig. 2(b). Results show that the output
energy remains linear relative to the input energy up to the
“cut-off” energy point. Based on this figure, one needs to
stay in the linear regime shown in Fig. 2(b) to have negligi-
ble TPA and FCA, and, for 10 ps, this means the maximum
deliverable energy of around 4.5 pJ for 5 pJ sent in, for
a photonic network of 1 mm. Of course, this is just an
example and Fig. 2(b) will serve as a benchmark in this
paper.

III. RESULTS

A. All-optical switching

As AOS is a heat-driven process [14,45], we assess it in
our numerical study using FDTD [43] based on the instan-
taneous absorbed energy density of the magnetic racetrack
on top of the waveguide. In our simulation, we extract
the spatial distribution of the absorbed energy by the
racetrack, which is then compared with an experimentally
characterized threshold fluence of 0.5 mJ/cm2 to deter-
mine the presence of AOS. The optimal PNA-PhC device
was presented in Fig. 1. Nonetheless, to show our design
protocol for reaching our optimized configuration, we
present the results progressively for case studies of five
configurations involving the intermediate steps, each of
which was optimized, individually.

Figure 3(a) shows the five configurations along side
their corresponding two-dimensional electric field distri-
bution across the waveguide in the X -Y plane. We start
by examining the case of the bare waveguide (BW) as
shown in panel I, where no other photonic component is
present. In this case, the light interaction with the spin-
tronic material is limited due to the diffraction limit, which
can be evidenced by the field distribution showing almost
no modification of the incident light after passing through
the racetrack. As a result of the insignificant light-matter
interaction, around 90% of the propagating light is deliv-
ered to the waveguide’s output. We further calculated the
absorbed energy density in the racetrack and plotted the
results along the Y axis by averaging the value along the
X and Z axes within the region of the racetrack right on
top of the waveguide as shown in Fig. 3(b), where the
peak energy density for the case of BW is normalized to 1.
The nearly flat absorption profile [see the purple curve in
Fig. 3(b)] shows the large footprint of the switching region,
which almost fits the width of the waveguide. In order to
exceed the energy threshold of 0.5 mJ/cm2 [20] for AOS,
we found that an incident threshold pulse energy of at least

Wth
e = 5 pJ is required in this case. This amount of incident

pulse energy is found to be unacceptable (let alone the
large switching footprint) as indicated by the results shown
in Fig. 2(b); see the rightmost gray dashed line, which
shows nonlinear absorption loss of (Wth

e − Wout
e )/(Wth

e ) ≥
16% for a pulse duration of 10 ps propagating over 1 mm,
caused by TPA and FCA. For a pulse durations shorter than
5 ps, such a value cannot be delivered. Considering the ini-
tial result, a certain photonic design is needed to enhance
the absorbed energy density of the racetrack and to min-
imize nonlinear absorption loss as well as to reduce the
footprint of switching.

For the second configuration, we coupled the racetrack
with a PNA as shown in panel II of Fig. 3(a). Based
on the electric field distribution in this panel, a slight
enhancement in the light-matter interaction can be seen,
which resulted in a reduced waveguide transmission of
75%. However, this enhanced interaction is not sufficient
to provide enough energy for AOS such that, according to
Fig. 3(b), the maximum absorbed energy by the racetrack
is enhanced only from 1% to 1.9%. To further enhance
the absorption cross section of the racetrack, we created a
configuration based on a one- dimensional periodic array
of PNAs [panel III in Fig. 3(a)]. By making an array
of PNAs with a certain pitch, plasmonic surface lattice
resonance is excited via coupling LSPR of each PNA
together [61,62]. The resultant lattice resonance can fur-
ther increase the localized electric field and enhance the
absorbed energy density of a nanoparticle coupled to the
PNA array. The light transmission in this case drops from
75% to about 48%, implying further enhancement in the
interaction between the propagating light, PNA array, and
racetrack. By looking at Fig. 3(b), we see a pronounced
spike in the absorbed energy density having a maximum
enhancement of 3.2× with a full width at half maximum
(FWHM) of about 140 nm. Despite the drop in the trans-
mission for the case of the PNA array, we see that the
absorbed energy density of the racetrack did not increase
significantly. Addition of more PNA elements in the array
did not improve the result due to the lossy nature of
gold [63].

Based on the results so far, we looked for alternative
approaches to find a solution that brings further enhance-
ment in the energy absorption by the racetrack. As men-
tioned in Sec. I, a PhC cavity is a photonic component
that can enhance the electric field by spatial confinement
of light. So we designed a configuration based on a PhC
cavity as schematically presented at the left side of panel
IV in Fig. 3(a). The field distribution plot at the right side
of this panel clearly shows the appearance of the cav-
ity mode from which the electric field enhancement of
2.5× in the middle of the waveguide is achieved. For this
configuration, the light transmission is around 54%. For
the design of the cavity, careful attention was paid to the
reflectivity, which is only around 8% and makes such a
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design highly energy-efficient. The reflection was lowered
by reducing the number of holes as well as tapering down
the radii of the holes toward the end sides of this cav-
ity to reduce the mismatch between the waveguide and
cavity modes as much as possible, while keeping the elec-
tric field enhancement reasonably high [see panel IV in
Fig. 3(a)]. According to Fig. 3(b), introducing the configu-
ration with the PhC cavity is promising in that the absorbed
energy density shows an enhancement of 1.6× relative to
the PNA array configuration, that is, the peak absorbed
energy density rises from 3.2 to 5, while in general it
shows 5× enhancement relative to the BW configuration
[see Fig. 3(b)]. However, the drawback of this configu-
ration is its broad absorption profile (with an FWHM of
about 260 nm) across the racetrack, which originates from
the physical issue that a PhC cavity cannot overcome the

diffraction limit of light. Upon increasing the incident pulse
energy, the broad absorption profile of this configuration
can increase the probability of the occurrence of TPA and
FCA at the center of the cavity, which consequently can
prohibit AOS from happening.

In order to take advantage of the higher power absorp-
tion enhancement of the PhC configuration and the nar-
rower FWHM of the PNA one, we propose the hybrid
scheme in which a PNA is coupled at the center of the
PhC cavity as shown in panel V of Fig. 3(a). The reason
for using one PNA instead of an array is to avoid addi-
tional light loss in the system by the extra PNA elements
constituting the array. Using this configuration, the light
transmission decreases further from 54% to 43%, while
the reflection is as small as 12%. Based on Fig. 3(b), the
hybrid PNA-PhC configuration resulted in a maximum 7×

(a)

(b) (c)

FIG. 3. Illustration of AOS. (a) Schematic diagram of five different configurations alongside their correspondent electric field dis-
tributions in the X -Y plane through the waveguide. Normalized absorbed energy density and the projected fluence, averaged along the
width and thickness of the racetrack for: (b) five different configurations, and (c) the PNA-PhC device (V) with racetrack widths (wrt)
of 30 to 120 nm as well as the BW device (I) with wrt of 120 and 30 nm, respectively.
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enhancement in the absorbed energy density compared to
the initial BW configuration. More importantly, using this
configuration, the maximum amount of power absorbed
by the racetrack is high enough such that for an incident
pulse energy of 0.6 pJ, we reached the threshold fluence of
0.5 mJ/cm2 for AOS. Referring back to Fig. 2(b) shows
that for an input power of 0.6 pJ, the relation between the
output and input energies is in the linear regime, which
implies that the probability of the occurrence of TPA and
FCA is significantly suppressed.

With advancements in spintronic applications, an
MRAM size down to below 100 nm with a robust opera-
tion has long been demonstrated [5]. Moreover, the interfa-
cial anisotropy (greater than 0.5 MJ/m2) in Pt/Co/Gd [21,
22,64] is expected to be enough to support thermally stable
sub-100-nm domains. It is a known fact that scaling down
the MRAM and racetrack brings further energy/speed gain
[40,65]. Hence, we inspected the impact of scaling down
the racetrack’s width, wrt, on the AOS performance with
the PNA-PhC device. Here, we keep a fixed distance
between the edge of the racetrack and PNA. The absorbed
energy density is plotted for wrt of 120, 90, 60, and 30
nm in Fig. 3(c). For comparison purposes, the results for
the BW configuration with a wrt of 120 and 30 nm are
also plotted. The hybrid device with wrt = 30 nm achieved
more than 30× enhancement compared to the BW one with
wrt of 120 and 30 nm. This enhancement is related to the
stronger light-matter interaction due to the reduced dis-
tance between the PNA elements. More interestingly, for
such a large enhancement of the absorbed energy density
by the hybrid device at wrt = 30 nm, the threshold fluence
can be reached for an incident pulse energy as small as
0.15 pJ. Furthermore, by looking at Fig. 2(b), one can see
that for pulse lengths of 50 to 104 fs, the system’s response
for a 0.15 pJ input pulse energy is linear, pointing to the
absence of the TPA and FCA phenomena in the device.
Moreover, the absorbed energy density was found to have
an FWHM of about 60 nm, much smaller than the con-
ventional optics are able to focus. Therefore, our results
elucidate the capability of the hybrid design in optically
addressing sub-100-nm spintronic devices, compatible for
high-density data packing.

B. All-optical reading

So far, we have shown the possibility of on-chip AOS in
an area/energy-efficient fashion with the help of the com-
bined efforts of both PNA and PhC. Similarly, MO interac-
tions can be enhanced using the hybrid device. Following
switching a magnetic state, the magnetic information can
be read out on the same photonic chip using PMOKE by
which information can be encoded in the photonic domain
as an intensity variation of the transverse magnetic (TM0)
mode. We will evaluate the performance of AOR based on
the magnitude of the PMOKE-induced polarization change

(Kerr rotation) and the minimum bit size that can be dis-
tinguished independent of all other neighboring bits in the
racetrack. In order to find the minimum bit size readable
in the racetrack, we investigate the evolution of the Kerr
rotation along the propagation direction of light through
the waveguide in terms of the size of the target magnetic
bit in the presence of the oppositely magnetized remainder
of the racetrack. Then, from this information, we calculate
the magnitude and phase of the Kerr rotation in terms of the
target bit size to explore the minimum readable bit size.

Figure 4(a) shows the evolution of the Kerr rotation
across the waveguide of the PNA-PhC device, Fig. 3(a),
in terms of different domain widths (DWs) of the target
magnetic bit. The target magnetic bit is shown in red, sur-
rounded by the oppositely magnetized background in green
as sketched in the inset. As light interacts with the mag-
netic racetrack, a rise in the polarization rotation (i.e., Kerr
rotation) as a result of PMOKE can be seen. The waveg-
uide medium induces birefringence between the TE0 and
the PMOKE-induced TM0 components of light as it propa-
gates through the waveguide, leading to a beating between
the two components. As a result, the induced Kerr rota-
tion will be superposed with the beating oscillation, which
in turn leads to an oscillation in the Kerr rotation along
the light propagation direction as shown in Fig. 4(a). Note
that the small oscillation in the Kerr rotation before the
magnetic racetrack originates from the light backreflected
from the racetrack and PNA. According to Fig. 4(a), the
oscillation of the Kerr rotation, θK , for DW = 60 nm, is
out of phase relative to the case with larger DWs such that
it is almost reversed by 180◦ relative to the larger DWs.

To elaborate on this phase reversal, it is worth pointing
out that the Kerr rotation is the sum of the contributions
from all magnetic regions (i.e., the target bit and the back-
ground regions). For small DWs, the MO response origi-
nates mostly from the oppositely magnetized background
regions, based on which we cannot detect the magnetiza-
tion state of the target bit. On the other hand, as the DW
increases from 120 nm to 570 nm, the MO contribution
from the target bit dominates the MO contributions from
the oppositely magnetized background regions, which con-
sequently makes the magnitude of the Kerr rotation of the
target bit greater than the superposition of the Kerr rota-
tions of the background regions. Therefore, the magnetiza-
tion state of the target bit can be identified unambiguously.
A slight phase shift between the cases is a consequence of
the phase difference in the beating pattern between the TE0
and PMOKE-induced TM0 components. Thus, we used the
magnitude and phase of the Kerr rotation to calculate the
strength of the MO interaction and the minimum readable
bit size.

We extracted both the magnitude and phase of the Kerr
rotation for all five configurations with a wrt of 120 nm [see
Fig. 3(a)] as a function of DW, where the results are plot-
ted in Fig. 4(b). By increasing the DW, there is a minimum
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(a)

(b)

(c)

FIG. 4. Illustration of AOR. (a) The evolution of the Kerr rota-
tion, θK , along the propagation direction inside the waveguide of
the PNA-PhC device in terms of target magnetic bit widths of
DW = 60, 120, 240, and 570 nm. The inset shows the target
bit in red, surrounded by oppositely magnetized background in
green. (b),(c) The Kerr rotation magnitude and phase in terms of
the target DW for: (b) the five different configurations with a wrt
of 120 nm, and (c) the BW and PNA-PhC devices with a wrt of
30 nm.

in the magnitude of the Kerr rotation which is accom-
panied by a sudden transition in the phase of the Kerr
rotation in all devices. The minimum Kerr rotation happens
at DW = 100 nm (200 nm) for the PNA-PhC (BW) device

which comes with a jump in the state of the Kerr rotation
phase as shown in Fig. 4(b). The minimum Kerr rotation
magnitude and the jump in the phase are indeed due to
the destructive interference between the individual Kerr
rotations of the target bit and the oppositely magnetized
neighboring bits in the racetrack. For very small DWs [e.g.,
DW < 100 nm (200 nm) in the PNA-PhC (BW) device],
the PMOKE response of the target bit is much smaller than
the superposition of the PMOKE responses from the back-
ground regions with the opposite magnetization due to the
limited MO contribution. Therefore, the resultant PMOKE
response is determined predominantly by the magnetiza-
tion in the rest of the racetrack. In contrast, with increasing
DW [e.g., DW > 100 nm (200 nm) in the PNA-PhC (BW)
device], due to the continual enhancement of the MO con-
tribution from the target bit, the PMOKE response from
this bit gradually increases and dominates the PMOKE
response from the superposition of the oppositely mag-
netized background bits. So the target magnetic bit with
the “up” magnetization can be unambiguously determined
above this value of DW, independent of the bit pattern in
the background regions. Note that plasmonic effects dis-
tort the polarization state of light near the PNA more than
regions apart. This perturbation leads to a phase difference
between PMOKE responses from the targeted bit and the
rest of the racetrack. The two contributions thus no longer
exactly destructively interfere. That is why for PNA-based
devices, the Kerr rotation magnitude does not go to zero.

The threshold DW above which the magnetization in
the target bit can be detected is considered a measure
for determining the resolution of the device. Based on
Fig. 4(b), we can see that the PhC device improved the
PMOKE response relative to the BW device, but it did
not enhance the resolution due to the diffraction limit.
However, the devices based on the PNA which benefit
from LSPR increased the resolution by about 100 nm by
enhancing the effective polarizability of the target bit in
the subwavelength regime.

Finally, we compared the AOR performance of the BW
and hybrid configurations for a wrt of 30 nm to see the
impact of shrinking the width of the racetrack on the AOR
function. Based on Fig. 4(c), we can see that the detection
resolution of the BW device does not change. In contrast,
in the case of the hybrid device, due to the enhanced inter-
action between the PNA elements, the detection resolution
reaches below 100 nm. Furthermore, by comparing the
strength of the Kerr rotation in both cases, it is clear that
the hybrid device has much better performance compared
to the BW one, with roughly 5× enhancement for DWs
greater than 100 nm. Overall, this subsection showed the
possibility of determining the magnetization state in mag-
netic bits sizes of down to about 100 nm for the racetrack
widths between wrt = 30 and 120 nm, regardless of the
magnetization state in the rest of the racetrack, using the
hybrid PNA-PhC device.
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C. Detection of the magnetization state

Reversing the magnetization state inverts the rotation
angle of the polarization of the TE0 component due to
PMOKE. Consequently, this reversal in the rotation angle
makes the phase of the PMOKE-induced TM0 component
relative to the TE0 component change by 180◦. To be able
to detect this phase variation, a necessary next step is to
convert such a response into a reading signal. In this sub-
section, we adopt the method proposed by Demirer et al.
to convert this phase change to an intensity variation of the
TM0 component [12,13].

Here, we introduce a polarization converter (PC) based
on an integrated plasmonic quarter-wave plate (QWP) [66]
as an essential building block for such a conversion. Com-
pared to conventional PCs based on slanted waveguides
[12,13,67], a plasmonic PC has a higher fabrication pro-
cess tolerance and we can tune the device performance by
easily adjusting its geometrical parameters [68].

As the wave propagates through the PC, the phase differ-
ence can be translated into an intensity variation because
of the partial conversion of the TE0 component to the TM0
component, where the intensity variation can be detected
using an on-chip photodetector. The schematic of the PC
is depicted in Fig. 5(a) in which, for the sake of clarity,
the surrounding SiO2 material is omitted. A gold metal
layer with a thickness of 30 nm is coupled onto the InP
waveguide with a width of w2 = 440 nm. The length of
the PC is lPC = 1860 nm, while its width is wPC = 180 nm.
To avoid excessive absorption loss caused by the gold, a
SiO2 spacer layer with a thickness of 20 nm, so hPC = 50
nm, and with the same length is introduced between the
InP waveguide and the gold thin film. It is important to
note that the dimensions of the proposed PC and the width
of the waveguide are optimized to create efficient QWP
functionality, that is, rotating the eigenstates by 45◦ and
making the difference in the magnitude of the TE0 and TM0
components approach zero [69].

To elaborate on the process of translating the phase
change to the intensity variation using the PC for “up” and
“down” magnetization states, we plotted the polarization
states of the propagating light before, through, and after
the PC using the Poincaré sphere for the hybrid device and
the racetrack width of wrt = 120 nm, where the target mag-
netic bit has DW = 200 nm. This specific value is chosen
according to Fig. 4(b) in which the Kerr rotation magnitude
is almost zero for the BW device. For this purpose, the
Stokes parameters are defined by

S1 = cos 2χ cos 2ψ , (1)

S2 = cos 2χ sin 2ψ , (2)

S3 = sin 2χ , (3)

where ψ and χ are respectively the polarization rotation
angle (Kerr rotation) and ellipticity angle (Kerr ellipticity),

S1 relates to the linearly polarized TM0 and TE0 com-
ponents of light, S2 indicates the orientation of linearly
polarized modes at ±45◦, and S3 shows the light is whether
left- or right-hand side circularly polarized light [70].

According to Fig. 5(b), while the propagating light has
not yet entered the PC, the Stokes parameters on the
Poincaré sphere indicate that S1 ≈ 1, and S2,3 ≈ 0 upon
changing the magnetization direction. According to these
values, we can deduce that the propagating light has a
dominant TE0 component inside the waveguide before the
PC, where changing the magnetization direction induces
a phase difference between the TE0 and PMOKE-induced
TM0 components of light. However, the PMOKE effect
is so small that it cannot make a notable evolution in the
polarization state of the incoming light. In contrast, when
the light passes through the PC, the partial polarization
conversion gives rise to the emergence of the TM0 com-
ponent with significant magnitude. Then both the TE0 and
TM0 components beat together along the waveguide due to
the waveguide’s birefringence. This polarization conver-
sion can be clearly seen in Fig. 5(c), where the polarization
state of the propagating light evolves in the S2-S3 plane
(i.e., −1 ≤ S2,3 ≤ 1). In sharp contrast to the previous case,
we observe two slightly different values of S1 for the “up”
and “down” magnetization directions, respectively [see the
blue and red curves in Fig. 5(c)]. This difference in the
value of S1 reflects the intensity variation in the TM0 com-
ponent of light originating from the PMOKE. In other
words, the PMOKE-induced phase difference between the
TE0 and TM0 components of the propagating light is trans-
lated into a PMOKE-induced variation in the intensity of
the TM0 component. Note that the spiral shape of the polar-
ization evolution before and throughout the PC is because
of the reflection from the gold metal layer back to the
waveguide.

To provide memory readout based on the intensity
variation of the generated TM0 component, a figure of
merit �S1, representing the relative contrast, is defined as
follows:

�S1(%) = |S1,↑ − S1,↓| × 100, (4)

where S1,↑ and S1,↓ are the output S1 Stoke parameters
defined by Eq. (1) for the upward and downward magneti-
zation directions, respectively. Based on Eqs. (1) and (4),
the relative contrasts for the BW and the PNA-PhC devices
are 0.03% and 0.64%, respectively.

We can see that, using the bare waveguide, it is not pos-
sible to detect the difference in the state of a magnetic bit
with a size beyond the diffraction limit. Conversely, our
hybrid device curbed the diffraction limit challenge and
identified the change in the magnetization direction in the
same bit in the presence of oppositely magnetized back-
ground regions. It is worth mentioning that, as plotted in
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(a)

(b) (c)

FIG. 5. Translation of a phase change to an intensity variation. (a) Schematic of the hybrid polarization converter (PC), where
w2 = 440 nm, wPC = 180 nm, h = 280 nm, hPC = 50 nm, and lPC = 1860 nm are the widths of the InP waveguide and PC, the height
of the waveguide and PC, and the length of the PC. (b),(c) Polarization state of light propagating through the waveguide using the
Poincaré sphere: (b) before, (c) through, and after PC for a racetrack width of wrt = 120 nm and the target magnetic bit with DW
= 200 nm. Results for “up” (blue) and “down” (red) magnetization states are shown for an exaggerated value of MO efficiency for
clarification.

Figs. 4(b) and 4(c), DW = 200 nm is not the smallest mag-
netic bit that can be read using the hybrid device. In fact,
our proposed device can read magnetic bits with a foot-
print down to DW × wrt∼100 × 100 nm2 no matter what
the magnetization state of the rest of the racetrack is, point-
ing towards the potential of our proposed hybrid device in
enhancing MO effects at the nanoscale.

IV. DISCUSSION

Hybrid integration of spintronics and photonics has
recently received growing interest. As for approaches to
light projection onto spintronic devices, Becker et al. [71]
proposed a two-dimensional grating coupler to project
light pulses vertically into AOS-switchable magnetotunnel
junctions (MTJs) [19,21,24]. Nevertheless, the large foot-
print and inefficient coupling curbed the further progress
of this approach [23]. In addition, an extra requirement for
interwafer integration imposes further challenges. In terms
of multiplexing, Kimel and Li [9] proposed an integra-
tion scheme between AOS-switchable MTJs and photonic
networks using cross-coupled photonic waveguides. In
that work, the wavelength division multiplexing is based

on arrays of Bragg gratings, which dictate the direction
of wavelength-dependent outcoupling. However, such a
multiplexing scheme of the light control comes with draw-
backs of large footprint (diffraction limited to multiple
of wavelength) and low coupling efficiency. In our pro-
posed monolithic device, energy-efficient multiplexing is
enabled by ultrafast domain wall motion [20] in a magnetic
racetrack [39,40]. Moreover, the racetrack itself allows
for ultradense data packing with a characteristic device
size of 2F2 (where F defined as the characteristic mini-
mum feature size in a given process technology) [40]. Our
compact hybrid device further allows for photonic control
of sub-100-nm spintronic devices, making our design an
enabling technology for bridging integrated photonics with
spintronics.

As to the photonic reading of nanostructured magnetic
claddings on top of a photonic waveguide, our design pro-
vides a step beyond what has been reported by Demirer
et al. [12,13]. Those papers demonstrated photonic read-
ing of a single, isolated magnetic cladding with a size
equal to the width of the waveguide. In contrast, we pro-
pose and analyze a design based on a PNA and a PhC that
enables readout of a selected domain out of a sequence of
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bits in a magnetic racetrack that crosses the waveguide.
Our simulations show that a resolution beyond the diffrac-
tion limit can be achieved, with bit sizes much smaller
than the diameter of the waveguide. Furthermore, com-
pared to the dielectric PC used in refs. [12,13]—needed for
converting polarization to intensity modulation—our plas-
monic PC may provide an advantage because of its ease of
fabrication.

Our photonic reading scheme offers an alternative way
of addressing magnetic information, compared to elec-
tronic readout by magnetoresistive effects, as exploited
for instance in AOS-MTJs [19,21,24]. We argue that our
approach allows us to encode the magnetic information
directly in optical bit sequences in the photonic domain,
without any intermediate electronic steps. This gives fur-
ther room for energy-efficient, high-frequency, and tighter
integration with photonic technologies.

V. CONCLUSION

In conclusion, we have designed an integrated hybrid
plasmonic-photonic device capable of AOS and AOR of
nanoscale ferrimagnet bits possessing PMA in a mag-
netic racetrack coupled onto an IMOS platform. The
hybrid device consists of a double V-shaped PNA cou-
pled with a PhC cavity. Enhanced, localized light offered
by the strong light-mater interaction inside the cavity of
the hybrid device proliferated the absorbed energy density
and effective polarizability of a nanoscale target mag-
netic bit surrounded by oppositely magnetized background
regions in a racetrack. Numerical results demonstrated
that the absorbed energy density can be enhanced up to
more than 30× (depending on the width of the magnetic
racetrack from 120 nm down to 30 nm), exceeding the
fluence threshold of switching in addition to preventing
prevalent nonlinear absorption losses in the IMOS plat-
form. Based on our numerical results, the hybrid device
can enable the detection of the magnetization state in an
approximately 200 × 100 nm2 magnetic bit with a rela-
tive contrast greater than 0.6%, while target bits down
to around 100 × 100 nm2 can be identified distinctly, no
matter what the magnetization state is in the background
regions in the racetrack. All-optical access to a spintronic
platform has turned into a hot topic in the field of spintron-
ics, and we believe our proposed device can potentially
bridge integrated photonics with spintronics for ultrafast
and energy-efficient advanced on-chip applications.
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APPENDIX A: METHODS

1. Simulations of AOS and AOR

The numerical results of our studies in AOS and AOR
are conducted using commercial Lumerical software [43].
The power absorption analysis was carried out using the
Power absorbed (advanced) analysis group. To calculate
the Kerr rotation due to PMOKE, we considered a mul-
tilayer stack of Ta(4)/Co(2)/Gd(4)/Pt(2), where the MO
response is only considered for Co with a Voigt con-
stant of Q = 0.154 − 0.100i [72]. Knowing that Gd shows
no MO response at optical wavelengths, the refractive
index of Pt is used for Gd. To measure the Kerr rota-
tion, we exploited the Polarization ellipse analysis group
which returns the polarization rotation angle and elliptic-
ity angle. Furthermore, a perfectly matched layer (PML)
absorbing boundary condition is used to define the simula-
tion domain. The refractive indices of all the materials in
the simulations are selected from the material database of
Lumerical [43]. Finally, for accurate numerical modeling
of MO activity, a conformal mesh alongside an override
mesh for the PNA and racetrack is defined with maximum
mesh sizes of 5, 5, and 1 nm along the X , Y, and Z axes.

2. Pulse propagation with high intensity in passive
waveguide

The traveling wave circuit model using the in-house
PHIsim modeling software [56] with an extension of non-
linear effects is used to model the propagation of the
fundamental TE0 component of light in an InP waveguide
on the IMOS platform. The nonlinear effects are introduced
through modeling the evolution of the photon density (P),
phase (φ), and its coupling to the charge density with the
traveling distance and time:

dP1,2

dt
= (−γp − γcarN )vgP1,2 − 2�2β�ωv2

g(P
2
1,2 + P1P2),

(A1)

dφ1,2

dt
= �αpN − �2p

β�ωvgn2

c
(P1 + P2), (A2)

dN
dt

= �2β�ωv2
g

�
(P2

1 + P2
2)− N

τ
− BN 2 − CN 3. (A3)
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The photon density as a signature of photon power of
forward (P1) and backward (P2) propagation directions
is modeled as Eq. (A1), where vg is the group veloc-
ity, γp is the passive loss of the waveguide (80/m [49,73,
74]), γcar is the FCA coefficient (7.2 × 10−21/m [49,51]),
and β is the TPA coefficient (1.50 × 10−10 m/W [51]).
The τ parameter is the carrier lifetime (2000 ps). The
B and C parameters are the bimolecular recombination
constant (2.62 × 10−16 m3/s [75]) and Auger recombina-
tion constant (5.27 × 10−41 m6/s [75]), respectively. The
�2 parameter is the two-photon confinement factor (0.7)
as obtained from the Lumerical MODE solver [60]. The
αp parameter is the phase delay factor (1.7 × 10−26 m3

[76]).
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