PHYSICAL REVIEW APPLIED 11, 014032 (2019)

Nonvolatile Current-Modulated Four-State Magnetoplasmonic Memory
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The operation and readout of a nonvolatile current-modulated four-state magnetoplasmonic metal-
insulator-metal (M-I-M) waveguide device is modeled as a function of device and material parameters.
Current pulses applied to electrically isolated stacks containing a ferromagnet and an active layer (either
a metal with large spin-orbit coupling or a topological insulator) embedded within a plasmonic metal
(Au) situated on either side of the insulating core can switch the orientation of the magnetic layers via
the spin-transfer torque mechanism. The four possible magnetic-orientation combinations interact with
the surface-plasmon-polariton mode to produce four distinguishable values (on the order of 0.1-1%) of
the effective index of refraction. By overcoming the optical losses traditionally associated with magnetic
materials within a plasmonic environment, this four-state optical memory element is able to exploit both
the robust magnetic stability of metallic magnets and the spin-torque switching mechanism that can reori-
ent these magnets via on-chip currents without requiring external magnetic fields. Using this element, we
propose a 2-stage plasmonic memory register with a range of states that can scale as 4" for n stages.
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L. INTRODUCTION

Conventional and photonic computational architectures
both benefit from high-performance nonvolatile memory
elements: robust and stable physical bits that can endure
fast low-power switching events over many cycles. In
conventional architectures, magnetic elements with sta-
ble antiparallel domains are commonly chosen; how-
ever, until recently, bulky and power-hungry external
magnets were required to induce switching between
the magnetic states. This limited the scalability and
reduced the energy efficiency of this technology. These
limitations, however, were overcome by the spintronics
community with the introduction of spin-torque magnetic-
random-access (ST MRAM) memories [1], which replace
external-field switching with on-chip switching driven by
current-induced spin-orbit torques (SOTs) [2]. SOTs are
generated by spin accumulations along the surfaces of met-
als with large spin-orbit coupling (SOC) [3,4] or topolog-
ical insulators (TIs) [5,6]. The magnetic torque generated
by spin accumulations with sufficient intensity can reori-
ent individually addressable localized magnetic domains.
The reading out of spin-torque memory devices typically
involves either tabletop optical setups that employ the
magneto-optical Kerr effect (MOKE) [7] or setups that
measure magnetic resonance or magnetoresistance [3,4].
Of these, magnetoresistance measurements, specifically
magnetic tunnel junctions (MTJs), are typically chosen to

*mark.nowakowski@ngc.com

2331-7019/19/11(1)/014032(10)

014032-1

read out scalable memory devices in conventional comput-
ing architectures. Unfortunately, a corresponding readout
scheme suitable for scalable photonic architectures has not
yet been developed.

Surprisingly, the well-established ST MRAM commu-
nity has not strongly embraced the emerging photonic-
computing sector amid their efforts to develop nonvolatile
photonic memories [8]. While well-known magneto-
optical readout techniques are suitable for tabletop
research environments, magnetic materials integrated into
photonic or plasmonic circuits often introduce unaccept-
able losses that limit readout performance [9]. Because of
this, photonics researchers have sought nonvolatile behav-
ior in more photonically compatible alternative physical
systems such as plasmonic nanoparticles [10], flash-based
technologies [11], and phase-change materials [12] that are
sensitive to all-optical control methods. However, none of
these material systems succeed in replicating the combined
stability, endurance, and low-energy switching properties
possessed by ST MRAM devices. The resolution of this
materials incompatibility would benefit both the photonics
and the spintronics communities, producing (simultane-
ously) both a nonvolatile photonic memory and a device-
scale depth-dependent magneto-optical sensor that may be
scalable into smaller form factors than existing tabletop
magneto-optical measurements [13].

The solution to this challenge requires an optimization
of the presence of magnets within conventional photonic
materials to maximize their measurable magnetic sig-
nals within acceptable loss margins. Initial studies [14,15]
following this prescription have shown that composite
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plasmonic heterostructures, embedded with nanometers-
thick magnetic layers, do not suffer severe losses. Further-
more, the off-diagonal components of the dielectric tensor
in these thin magnetic layers impart a stable and mea-
surable magneto-optical influence on the surface-plasmon-
polariton (SPP) dispersion relation, which can be modeled
using the effective medium approximation [16]. These
proof-of-concept results, however, have employed bulky
and power-hungry external magnets, limiting the scal-
able potential for these magnetoplasmonic devices. In this
work, we propose and characterize a magnetoplasmonic
device design that integrates spin-torque (ST) bilayers
(magnets and materials with large SOC), introducing a
nonvolatile ST MRAM memory element engineered for
scalable switching within a photonic readout architecture.

First, a preliminary analysis is performed for a single
heterostructure with one embedded ST layer to deter-
mine the character of the evanescent fields as a function
of device, material, and magnetic variations, in order to
define realistic bounds for choosing materials compatible
for this demonstration. Following this, the optical trans-
mission for a full magnetoplasmonic metal-insulator-metal
(M-I-M) waveguide structure is analyzed, where each M is
a metal-like heterostructure with the embedded ST layers
and the insulating core [ is Si0,. We find that a device
designed with unbalanced magnetic-layer thicknesses on
either side of the insulating core imparts four possible
index values based on the combined orientation of the two
magnets. The discrete and distinguishable index values can
be manipulated by independently switching either side of
the device on demand via the ST mechanism, while the
robust and stable magnetic layers provide the sought-after
nonvolatile behavior. The anticipated switching currents,
rates, and scalability of such a device are briefly discussed
and, finally, a proposal for a nonvolatile plasmonic mem-
ory waveguide register employing n magnetplasmonic ele-
ments is considered, which imparts a range of states that
can scale as 4”.

II. ANALYSIS OF A SINGLE-SIDED
INTERFEROMETER HETEROSTRUCTURE

A cross section for the proposed heterostructure is
shown in Figs. 1(c) and 1(d). It is a bilayer stack com-
posed of a thin magnet (thickness ¢, dielectric constant
€mag) directly adjacent to a metal with large SOC or a
TI (d, €s), encased between two thin dielectric layers
that provide electrical isolation (b, €j5,) and surrounded on
either side by a metal optimized for plasmon propagation
(ém), where the top layer has a thickness a and the bot-
tom layer is assumed to be large compared to the other
layer thicknesses. The magnetoplasmonic influence of the
SPP dispersion for this stack can be measured using a
plasmonic interferometer, as shown in Appendix A. The
well-documented analysis from such experiments extracts
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FIG. 1. Cross sections and SPP field intensities at . = 808 nm

for four plasmonic stacks: (a) air/Au, (b) air/Au(15)/Co(6)/Au,
(c) air/Au(15)/MgO(2)/CoFeB(5)/W(5)/MgO(2)/Au, and (d)
air/Au(15)/MgO(2)/CoFeB(5)/Pt(5)/MgO(2)/Au. In part (c), the
layer thicknesses (a, b, ¢, and d) are indicated. In part (d), the
generic dielectric constants (€,,, €is0, €mag, and €4p) are indicated.

a figure of merit known as the magnetoplasmonic sensi-
tivity: |Akmp|Lspp, Where |Akyp| is the SPP wave-vector
difference between antiparallel magnetic orientations and
Lgpp is the SPP propagation length [14,15]. For this analy-
sis, the dielectric constants in each layer have been chosen
assuming a wavelength A = 808 nm; however, studies
have indicated that SPP modulation is possible over a
broad range of wavelengths [14,15,17].

The model for this heterostructure examines the mag-
netoplasmonic influence of bilayer stacks composed of a
5-nm CoFeB magnet and a 5-nm-thick layer of either W
or Pt, encased within two 2-nm MgO dielectric layers [see
Figs. 1(c) and 1(d), respectively]. This choice is motivated
by the geometries of experimentally verified devices that
have demonstrated ST-based switching [3,4,6]. In these
materials, the current-induced spin Hall effect generates
an interfacial surface-spin accumulation that drives the ST
mechanism; therefore, for brevity, we generally call this
electrically active layer the spin Hall layer. Alternatively, a
topological insulator, such as Bi,Ses, which generates sim-
ilar surface-spin accumulations via spin-momentum lock-
ing [5,6], could replace these spin Hall metals; however,
that case is not considered.

The magnetic-orientation-dependent plasmonic signal
level |Akmp| = [kM=" — k,M="1| and SPP propagation
length, Lspp™=*!, are estimated by solving for the disper-
sion relation of this system, where M = +1 indicates the
antiparallel magnetic orientations and k,”==! are the het-
erostructure propagation constants for each case. Solutions
are obtained numerically by solving a system of equations
consisting of the wave equation in each material layer and
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the determinant of a matrix formed from enforcing bound-
ary conditions at each interface, as shown in Appendix B
[18]. Notably, the dielectric tensor of the magnetic layer
possesses off-diagonal elements, €., which are limited to
first order. The parity of €., is magnetic-orientation depen-
dent and influences the electric-field component of the SPP
modes in the model, giving rise to the magnetoplasmonic
signal | Akpyp|.

Figures 1(a)-1(d) plot the SPP field profile as a func-
tion of depth for four structures: a standard air/Au interface
(black), an air/Au(15 nm)/Co(6)/Au geometry measured in
a previous study [14] (red), and the proposed geometries,
air/Au(15)/MgO(2)/CoFeB(5)/XX (5)/MgO(2)/Au, where
XX is either W (blue) or Pt (green), respectively. These
curves are generated assuming complex optical dielec-
tric constants obtained from the literature at A = 808 nm
for each material: € o, = —24.80 + 1.50i, €c, = —17.10 +
24.20i, €coren = —0.33 4+ 21.45i, epy = —66.40 + 9.52i,
ey = —12.8 + 8.014, and epyo = 2.98. In the model, the
influence of the magnetic layer is g = i€ ./€mae, Where
€mag 1S either €c, or ecoren, respectively. For both Co
and CoFeB, we assume the value of ¢ = 0.0345 4 0.0100:
[14]. These data indicate that the presence of W, Pt, and
the MgO layers does not contribute to a significant devia-
tion of the field profile compared to the air/Au interface, in
a manner similar to the Au/Co/Au stack. In fact, the dielec-
tric layers enhance the field strength. From these plots, we
conclude that the small perturbations to the SPP environ-
ment introduced by the W, Pt, and MgO thin films do not
prohibit the proposed device functionality.

The potential effectiveness of the proposed device is
explored in Fig. 2(a), which compares the magnetoplas-
monic sensitivity of the Au/Co/Au stack (red) to the pro-
posed stack with either a 5-nm Pt (green) or W (blue)
layer as a function of the capping Au thickness a. As
a increases, the active bilayer is pushed farther from
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FIG. 2.

the surface, reducing its sensitivity. Previous studies [14]
have measured magnetic signals from embedded layers
approximately 50 nm deep into the surface—this point is
indicated on Fig. 2(a) and its sensitivity value is approxi-
mately 0.0015. We consider this value the minimum signal
threshold required to detect an analogous current-induced
magnetic reorientation. According to the model, the sen-
sitivities of both proposed devices meet this criterion for
thicknesses a < 50 nm for both W and Pt. Even though the
maximal values in all three proposed devices are less than
the Au/Co/Au stack, we expect, based on previous exper-
imental results, that a current-induced magnetic reorienta-
tion will be observable using the interferometer geometry.
Moreover, this plot also highlights the value of this design
as a depth-sensitive device-scale magneto-optical sensor
that complements existing tabletop MOKE setups. In con-
trast to the depth profile of Gaussian beams that laterally
change based on the spot size [13], the evanescent light
profile in the magnetoplasmonic device is laterally uniform
to the extent of the device geometry. This ensures that a
global signal is measured over the entire magnetic thin
film or interface under test, simplifying data interpreta-
tion. Furthermore, employing a photonic readout with this
geometry permits a more scalable magneto-optical sensor
form factor, in contrast to conventional tabletop probes.
The spin Hall layer could be replaced with another mate-
rial, such as a TI [5,6]; however, the complex optical
dielectric constants for such thin-film replacements may
not be known. The complex optical dielectric parameter
space for the stack—Au(15)/MgO(2)/CoFeB(5)/ XX (5)/
MgO(2)/Au, where XX 1is the replacement spin Hall
layer—is explored in Fig. 2(b). The influence on the mag-
netoplasmonic sensitivity of the replacement layer XX is
studied by varying the real and imaginary optical constants
in the ranges —70-0 and 0-30, respectively. We indicate
the values that we used for Pt and W in Fig. 2(a) on this
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(@) | Akmp|Lspp vs the capping Au thickness for Au(a)/Co(6)/Au (red) and Au(a)/MgO(2)/CoFeB(5)/XX (5)/MgO(2)/Au, for

XX =W (blue) and Pt (green). The horizontal dashed line indicates the upper bound of the experimentally detected limit, while the
vertical dashed line is a guide to the eye [14]. (b) [ Akyp|Lspp vs Re(eg,) and Im(egy) for Au(15)/MgO(2)/CoFeB(5)/XX (5)/MgO(2)/Au.
Values for ep; and € are indicated. The dashed line in the color scale indicates the detection limit identified in part (a). (c) | Akmp|Lspp
vs |q| for Au(15)/MgO(2)/CoFeB(5)/W(5)/MgO(2)/Au. The horizontal dashed line indicates the detection limit identified in part (a)
while the vertical dashed line is a guide to the eye. The value of |¢| used in parts (a) and (b) is indicated with an arrow.
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plot. Using the same sensitivity threshold as before (indi-
cated by the dashed line on the color scale), this plot finds
that, for the assumed thicknesses, a substitute material with
large SOC possessing a complex optical dielectric value
anywhere within the plotted range of reasonable values
would still permit an acceptable magnetoplasmonic signal.

Until now, we have assumed a fixed contribution
from the off-diagonal magnetic dielectric term g; how-
ever, the magnitude of this value is also material
dependent. In Fig. 2(c), we plot the magnetoplasmonic
sensitivity for a range of |g|, as the real and imagi-
nary components of g are varied from 0 to 0.05, for the
stack Au(15)/MgO(2)/CoFeB(5)/W(5)/MgO(2)/Au, and
indicate the value we have used in our previous plots
with an arrow. Because €., is taken to first order, we
observe a linear dependence between the magnetoplas-
monic sensitivity and |g|. It is important to consider this
relationship in the context of choosing a ferromagnet as
a nonvolatile memorylike element within a magnetoplas-
monic device. While the strength of |¢g| may vary between
ferromagnets, these results indicate that reasonable sensi-
tivities (| Akmp|Lspp > 0.0015) may be obtained for values
of |¢| > 0.01; this is approximately 3 times lower than the
value we had previously assumed, and suggests that a wide
variety of magnets could be selected as the active memory
component for this device.

ITI. ANALYSIS OF A DOUBLE-SIDED
WAVEGUIDE HETEROSTRUCTURE

Encouraged by these results, we now examine the opti-
cal transmission dependence of a M-I-M-like plasmonic
waveguide, where the M for either side consists of the pre-
viously modeled plasmonic stack with the embedded ST
layers and the insulating core / has a thickness e and a
dielectric constant €. A cross section of the proposed
device is shown in Fig. 3(a). The bilayer stacks on either
side of the insulating core are mirrored to achieve symmet-
ric magnetic influences. Additionally, fabrication by evap-
oration or sputtering permits the magnetic-layer thickness
on either side to be independently tuned with high preci-
sion (< 1 nm). The magnetic-layer thicknesses for sides 1
and 2 are ¢ and c¢;, respectively; otherwise, the remaining
thickness values and dielectric constants are identical to
those of the previous model. Since this waveguide geom-
etry replaces the interferometer geometry, analyzing this
system by extracting |Akmyp|Lspp is no longer appropri-
ate. Instead, the M-I-M heterostructure is characterized by
the effective index of refraction negx = Re(ky/ko), where
ky, in this case, is the propagation constant numerically
calculated for each possible magnetic-orientation combi-
nation and ko = 27 /A, as shown in Appendix C. For this
model, the same materials are chosen as before; however,
this time only W is chosen for the spin Hall layers, due
to its larger value of the spin Hall angle [4]. Finally, SiO,
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FIG. 3. (a) The cross section and SPP field intensities

at . =808 nm for the M-I-M-like plasmonic waveguide
stack Au/MgO(2)/W(5)/CoFeB(5)/MgO(2)/Au(3)/Si0,(50)/
Au(3)/MgO(2)/CoFeB(5)/W(5)/MgO(2)/Au. (b) The effec-
tive index of refraction of the device, nes, as a function of ¢,
(at ¢; =5 nm) for each magnetic combination: UU (black),
UD (red), DU (blue), and DD (green). (c) The optical distin-
guishability Anes as a function of ¢, for the magnetic-state
combinations UU-UD (orange), UU-DU (magenta), UU-DD
(cyan), and UD-DU (tan). A dashed line at zero indicates
where states are optically indistinguishable. (d) The optical
distinguishability Angy for each state combination as a function
of the core thickness e for ¢y = 5 nm and ¢, = 2.5 nm.

(esio, = 2.11) is selected as the core material to minimize
losses [19].

Assuming the values ¢y =5 nm and e =50 nm,
Fig. 3(b) plots ng as a function of the ¢, thickness from
0 to 10 nm at 1 nm intervals for each possible orien-
tation combination: up-up (UU, black), up-down (UD,
red), down-up (DU, blue), and down-down (DD, green)
for sides 1 and 2, respectively. The ¢ for the ¢, layer is
linearly scaled with respect to the ¢, thickness. The opti-
cal distinguishability for each state combination at each
¢, thickness is emphasized in Fig. 3(c), where the effec-
tive index differences Anqg are calculated for the UU-UD
(orange), UU-DU (magenta), UU-DD (cyan), and UD-DU
(tan) combinations. The DD-DU and DD-UD differences
are identical to UU-UD and UU-DU by symmetry. Impor-
tantly, for a device with a magnet on only one side of the
core (¢; = 0), the opposing magnetic orientations produce
two distinct index levels, which correspond to two distin-
guishable optical transmission values. This result, on its
own, confirms that magnetic states fabricated with ST-like
switching controls can impart nonvolatile behavior onto
the effective refractive index, which can, in principle, be
read out by a photonic or, in this case, a plasmonic cir-
cuit. This device-scale magneto-optical readout is the pho-
tonic circuit dual to a conventional MTJ magnetoresistance
readout. Furthermore, this design only dissipates power
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during switching, in contrast to conventional MTJ-based
ST MRAM devices that require modest magnetoresis-
tive sensing currents in addition to switching-current
pulses.

In devices with ST layers on both sides of the core
(c2 > 0) that are nonsymmetric (c; # ¢;), four distinct
optically distinguishable states emerge, shown in Figs. 3(b)
and 3(c), corresponding to the difference between the mag-
netic states on either side of the core. When ¢; = ¢,, the
UU and DD states become indistinguishable. Maximizing
the magneto-optical distinguishability requires balancing
the trade-off between the UU-UD and UU-DD states; as ¢,
approaches ¢;, UU-DD diminishes while UU-UD grows,
as indicated by the orange and cyan data points in Fig. 3(c).
A suitable balance arises near ¢; = ¢;/2. In Fig. 3(d), the
four state distinguishabilities are plotted as a function of
the core thickness e, which is varied between 15 and 55
nm at 10 nm intervals for ¢; =5 nm and ¢; = 2.5 nm.
Unsurprisingly, as e decreases, the fields from both M
sides of the waveguide interact more strongly, leading to
a strong core-thickness dependence of the optical distin-
guishability, which can reach values of order 107~102
or 0.1-1% of n.s. The maximization of the signal-to-noise
ratio in a fabricated device will depend strongly on this
parameter.

Scaling of the waveguide length can further minimize
plasmonic losses. The embedded ST structures are robust
to scaling in this dimension. Similar ST stacks fabricated
to submicron lateral length scales possessing similar thick-
nesses to the optimized M-I-M device have switched with
critical currents on the order of 100s of nA [3,4]. Equa-
tions regarding the scalability of critical currents in these
geometries are well known [3,4,20,21] and are anticipated
to also apply to the M-I-M waveguide device. Further-
more, current-based magnetic switching techniques have
been shown to operate with subnanosecond pulses, sug-
gesting the potential for operating these magnetoplasmonic
waveguides in the gigahertz regime [22,23].

IV. A PROPOSAL FOR A MAGNETOPLASMONIC
NONVOLATILE MEMORY REGISTER

When combined with the proven stability and endurance
offered by the magnets, these scaling and switching met-
rics reveal a previously unexploited, yet realistic, device
pathway to achieve nonvolatile memory within a photonic
device. Consider the plasmonic waveguide in Fig. 4(a),
with two magnetoplasmonic element stages spaced by A
(where A can be on the order of 100s of nm or less [3,4]).
The effective index of refraction within the waveguide
adjacent to these magnetic elements is 7m,e ', compared
to a nominal value n,,y,. Assuming no transmission loss,
light channeled through the waveguide will experience
four index-of-refraction boundaries (two for each stage)
that will impart some reflection that will depend on the
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FIG.4. (a)A schematic of a 2-stage plasmonic memory register
that employs the ST-based memory element. Each memory ele-
ment is spaced by A and generates a spatially isolated effective
index of refraction nmgl’2 relative to the nominal index of refrac-
tion within the waveguide #,0n,. (b) The minimum transmission
distinguishability after stage 2 for all magnetic permutations as
a function of the stage 2 ¢; and ¢, values. (c¢) The expected
transmission after each stage, assuming no loss, for all mag-
netic permutations for ¢; = 5 nm and ¢, = 2.5 nm in stage 1 and
¢; = 6 nm and ¢, = 3.5 nm in stage 2. The colors indicate trans-
mission originating from the stage 1 magnetic orientation: red
(UU), blue (UD), green (DU), and purple (DD).

relative magnetic orientations in each stage, as shown in
Appendix D.

For stage 1 with ¢; =5 nm and ¢, =2.5 nm, the
expected normalized transmission for UU (red), UD (blue),
DU (green), and DD (purple) is shown in Fig. 4(c). The
transmitted light then encounters two more magnetically
dependent barriers at stage 2. For suitably chosen stage 2 ¢,
and c¢; values, 16 distinct transmission values are permit-
ted, based on the magnetic permutations from both stages.
The systematic minimum-transmission distinguishability
between any two individual levels after the second stage
(AT) is plotted in Fig. 4(b) as the values for the stage 2
c¢1 and ¢, thicknesses are varied from 1 to 10 nm in steps
of 0.5 nm. The maximum value of this plot is found for
stage 2 ¢ and c¢; thicknesses of 6 and 3.5 nm, respectively;
however, additional step resolution may suggest other lev-
els with even more separation. The transmission response
after stage 2 for these values, plotted in Fig. 4(c), reveals 16
distinct transmission levels. Further stages would continue
this trend, leading to a maximum number of states that
scales as 4" for n stages. Distinguishing all of these values,
however, will ultimately depend on the resolution limit of
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the readout equipment. This unprecedented 4" scaling fac-
tor exceeds the 2" scaling of conventional ST MRAM and
is a direct consequence of having ST layers on both sides
of the waveguide.

V. CONCLUSION

The operational principle of this memory device fuses
the well-established cornerstone traits of the ST MRAM
and photonics research communities. The potential appli-
cations of this device design, though, extend well beyond
a nonvolatile photonic memory. Many active spintronic
research efforts rely on tabletop setups to demonstrate all-
optical proof-of-concept experiments in a wide variety
of material systems, including III-V semiconductors and
defect centers in diamond or SiC. The integration of these
materials within photonic circuits such as the one proposed
here could further advance existing efforts [24] to techno-
logically exploit exciting emergent spintronic physics in a
more scalable manner. Collaborative efforts from orthogo-
nal research fields, such as the one suggested in this work,
may inspire other photonic device concepts that can probe
new physics or enable new technological opportunities.
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APPENDIX A: INTERFEROMETER
MEASUREMENT GEOMETRY

To create a plasmonic interferometer similar to the one
demonstrated by Temnov et al. [14], focused-ion-beam
(FIB) cuts are required to create a transparent through slit
and a slanted groove consisting of only the capping metal
in the stack, as shown in Fig. 5. The slit is oriented along
the y axis (parallel to the magnetization direction) and the
groove is at an angle 6 with respect to the y axis. In this
geometry, plasmonic light, excited by a laser source with
wavelength A, propagates along the surface and interferes
with the light transmitted through the slit.

APPENDIX B: EXTRACTING PROPAGATION
CONSTANTS FROM THE INTERFEROMETER
GEOMETRY

A laser of wavelength A excites surface plasmon polari-
tons (SPPs) at the surface of a heterostructure stack; the
layers of this stack are explicitly defined in Table I. The
magnetic-field components of the resulting SPP in each

Laser Groove

/Through slit

“———Insulator

Au

N\

Au

Ferromagnet

“Spin Hall”
layer <

To objective

Glass
substrate

FIG. 5. An experimental schematic of the plasmonic interfer-
ometer geometry.

layer are assumed to have the following form:
Hy, = Ae Kair? glkex—wn)
Hy2 = [Bekmz + Ce—km(2+a)] ei(kxx—wt)
Hy3 — [Dekiso(z+a) _|_Ee—kiso(z+a+b)]ei(kxx—wt),
Hy4 — [Fekmag(2+a+b) + Ge*kmag(z+a+b+c)]ei(kxx—w[)’
Hy5 — [Heksh(2+a+b+c) 4 [e_kSh(Z+a+b+C+d)]ei(kxX—wt),
Hy6 = [ Jekiso(z+a+b+c+d) + Ke™ sh(z+a+2b+c+d)] ei(kxx_wt)’

Hy=L hm(Etat2btetd) yilkvr—ot)

Maxwell equations are used to derive the SPP electric-field
components:

o — ODx

ztty — at B
oD,

3H, = =,
ot

where D = € E is the displacement field and

€x O 0
e=10 ¢, O
0 0 ey

is the dielectric tensor for nonmagnetic layers, while

€x 0 e
€ = 0 €ox 0
:F EXZ O éxx

is the dielectric tensor for the magnetic layers; €, is
the bulk dielectric value for any individual layer (i.e.,
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TABLE L.

The interferometer geometry boundary conditions.

Layer number

Layer medium

Dielectric constant

Layer boundaries

1 Air €air
2 Plasmonic metal €m
3 Isolating dielectric €iso
4 Magnet €mag
5 Spin Hall or TI €sh
6 Isolating dielectric €iso
7 Plasmonic metal €m

z>0
0>z>—a
—a>z>—(a+b)
—(@+b)>z>—(a+b+c0)
—(a+b+c)>z>—(a+b+c+d
—(a+b+c+d) >z>—(a+2b+c+d)
z<—(a+2b+c+d)

€m» €iso» €mag, €1C.), and €. is the off-diagonal compo-

nent generated from the magnetic polarization (M = +£1).
—

Calculating D generally for each layer gives

€ 0 e\ [Ex €k L e E.
0 €x O E | = 0 ,
:Fexz O EZ E)C)CE;‘Z :F 6)CZE;VX

€xx

where €, — 0 for nonmagnetic layers. Plugging D into
the Maxwell equations gives

_azHy = 00, = 2(ExxEx *e L),
at ot

0.H, _ 9D =3(e E. F e Ey)

xtdy 9t 9t xxt=z xztx)-

Solving this system of equations for E gives

Assuming that E, has a form similar to H,, the SPP
electric-field components in each region, n, are given by

d :

B_ZEx = —iwkE,,

E _ :F(exz,n/e)cx,n)axHy,n - 8zl_Iy,n
o —iw (Gxx,n + sz,n/exx,n) .

Taking e,, to first order (€2, — 0) gives

:F(ze,n/éxx,n)axHy,n - 8zl_ly,n
Ex,n = N .
—lWExx n

Next, the following boundary conditions are applied at
each interface:

Hn = Hn+17
E, = En+1-

After setting i€y, /€mag — ¢, the resulting boundary con-
dition equations form a system of equations Ap,X = 0,

0 F(€xz/€xx)0cH, — 0.H, ;
—E, = i Xz r = where Ay, is as follows:
at (€xx + €2 /€xx)
1 -1 —ekma 0 0 0 0 0 0 0 0 0
kai k k
- 2 M ehma 0 0 0 0 0 0 0 0 0
€air €m €m
0 e fma 1 -1 —ehisob 0 0 0 0 0 0 0
0 kL” o kma Kon _ @ klﬁ e Kisob 0 0 0 0 0 0 0
€m €m €iso €iso
0 0 0 e Kisol 1 -1 —¢ mage 0 0 0 0 0
o 0 0 o ke Koo Gme k) (e Foh) e 0 0 0 0
€iso €iso €mag €mag
0 0 0 0 0 e Kmage 1 -1 —ekand 0 0 0
0 0 0 0 0 (kmag =+ qky) o—lmage _ (kmag F k) _kih kihe— shd 0 0 0
€mag €mag €sh €sh
0 0 0 0 0 0 0 e kand 1 -1 —e kb 0
0 0 0 0 0 0 0 Kb pga ks ko Kiso _pop g
€sh €sh €iso €iso
0 0 0 0 0 0 0 0 0 e FisoD 1 -1
ki ki k
0 0 0 0 0 0 0 0 0 19 gisob i ——
€iso €iso €m
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TABLE II. Waveguide geometry boundary conditions.

Layer number Layer medium

Dielectric constant

Layer boundaries

1 Plasmonic metal €m
2 Isolating dielectric €iso
3 Spin Hall or TI Eh
4 Magnet €mag
5 Isolating dielectric €iso
6 Plasmonic metal €m
7 Insulating core €core
8 Plasmonic metal €m
9 Isolating dielectric €iso
10 Magnet €mag
11 Spin Hall or TI €sh
12 Isolating dielectric €iso
13 Plasmonic metal €m

z>(a+2b+c+d+3)
(@+2b+ci+d+5>z>@+b+e+d+3)
(@a+b+ci+d+5>z>(@+b+ci+35)
(@a+b+ci+3)>z>(@+b+3)
(@a+b+3)>z>(@+3)
(@a+3)>z>3%
5>z>—2
—5>z>—(a+3%)
—(@+35)>z>—(a+b+3%)
—(@@+b+35)>z>—(a+b+cr+3%)
—(a+b+tca+5)>z>—(a+b+ca+d+3)
—(@@+b+cy+d+3)>z>—(a+2b+c+d+ %)
z<—(@+2b+c+d+7%)

To extract the propagation constants, the following sys-
tem of equations must be solved; these enforce the bound-
ary conditions and account for the wave equation in each
heterostructure layer. Note that €,, is again taken to first
order:

kK =k + €k,
Ky = ko, + €nki,

k)zc = klzso + Glsoké;
kﬁ = kﬁla + Gmagkéa
k= kg + ek,
det Amat = 0,

where k, is the heterostructure propagation constant, ki,
ki, Kisos kmag, and kg, are the perpendicular wave-vector
components in each region, and ky = w/c = 27 /1. This
system is then solved numerically. The magnetoplasmonic
signal, | Akmp|Lspp, is obtained after solving this system for
both magnetic polarization conditions (M = +1), where

| A | = [RY=1 — M=)
1

Lspp = ———.

S D Im(ky)

APPENDIX C: EXTRACTING PROPAGATION
CONSTANTS FROM WAVEGUIDE GEOMETRY

A laser of wavelength A excites surface-plasmon-
polariton (SPP) modes in an M-/-M-like plasmonic waveg-
uide structure; the layers of this stack are explicitly defined
in Table II. The magnetic-field components of the resulting
SPP in each layer are assumed to have the following form:

Hyl — Ae—km(z—(a+b+C|+d+e/2))ei(kxx—a)t)’

[-[y2 — [Bekiso(Z—(a+b+C1+e/2)) + Ce™ iso(Z—(a+b+Cl+e/2))]

glthx—an)

[De ksh (z—(a+b+e/2)) 4+ Ee™ ksh (z— (a+b+e/2))]el(kvx wt)
= [Fe kmag(z—(a+e/2)) | Go—hmag(z— (a+e/2))] i(kex— wt)
= [He Kiso(z—€/2) | Jo= iso(z—6/2)]ei(kxx—wl),

= [Je kmz —I—Ke_k’”z)] i (ke x— a)t)

[L kcorez 4 Me™ kcoreZ] i(kxx— wt)
— [Ne knZ 4 Oe~ k,,,z] githv—on)
= [Pe kiso(z+e/2) +Qe*klso(2+e/2)] i(kxx— wt)
le = [Re kmag (z+a+e/2) + Se™ kmag(2+a+e/2)]el(kxx wl)
Hyyy = [Te ksh(ztatbte/2) 4 Ue—ksh(z+a+b+e/2)] glthi—an
Hypy = [Ve kisoG+atb+eate/2) | We—klso(z+a+b+02+e/2)]

el(kxxfwt) ,

Hy13 — Xekm(z+a+b+cz+d+e/2)ei(kxx—wt)’

The SPP electric-field components in each region are
calculated in a manner identical to those for the interfer-
ometer device. Taking €, to first order gives

+ (exz,n/exx,n) 8xl_]y,n
_iwéxx,n

- 03.H,,

Ex,n =

Applying boundary conditions at each interface and taking
i€x:/€mag —> ¢ gives a system of boundary-condition equa-
tions, Amat, Similar to those for the interferometer device.
To extract the propagation constant for each magnetic-
orientation combination, the following system of equations
is solved, which enforces the boundary conditions and
accounts for the wave equation in each heterostructure
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layer. Note that €,, is still taken to first order:

I =k, + €nks,
kf = kizso + eisok(z)a
Ky = Kinag + €maghps
Ky = K + ek,

kf = kfore + Gcorek(z) 5
det Apae = 0.

Four separate k, solutions are obtained for each magneti-
zation combination, where the directions correspond to the
orientation on side 1 and 2 of the core, respectively: up-
up (UU), up-down (UD), down-up (DU), and down-down
(DD). The effective index of refraction for each of these
cases is obtained from the following equation:

R, K
ner = Re | —
eff ko 9

where ko = 2w /1. The optical distinguishability, Ang, is
the difference between the effective index for the different

: o : UU-UD _ ,UU _ ,UD
magnetic combinations (i.e., Angy ™~ = ngy — ngy).

APPENDIX D: TRANSMISSION THROUGH THE
MAGNETOPLASMONIC MEMORY REGISTER

Transmission through a normally incident barrier
between two different indices of refraction (n; and ny) is

as follows:
n —ny\?
T:l—R:l—(1 2)
ny +np

Thus transmission going through both barriers of a single

stage is
=)
T=1-2 .
ny + np

For the memory register proposed in the main text, n; is the
nominal effective index of refraction n,,m and ny is nr'ﬁig
for each respective stage. Additionally, the transmission
loss is assumed to be zero for this simple proof-of-concept
demonstration. The transmission through a two element

register is as follows:

1 \?2 2\ 2
Ainom — Pag fnom — Mgy
Tot =1—2 — | - 2 — |
Pnom + Pag Apom + Mihag

The effective indices of refraction n}ﬁﬁg, as shown in

Appendix C, are dependent on the relative magnetic ori-
entation between the magnets on either side of the core.

1,2,,n :
For each memory element, n,;,=" has four possible val-

ues, implying that an n-stage register could, in princi-
ple, possess 4" distinct states for suitably chosen design
parameters, as discussed in the main text.

The power reported is

Pout = 1010g(Tout)-
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