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We discuss a new class of phenomena that we call “spin plasmonics”. It is motivated by three different recent trends
of physics research: (i) spintronics, (ii) plasmonics, and (iii) topological properties as is exemplified by the quantized Hall
effect. This involves the physics of the “magnetic surface plasmon” (MSP) which provides for an analog of the edge states
discussed in the quantized Hall effect. Their properties can be easily tuned by an external magnetic field. They are coupled
to the electromagnetic field and can be injected into metallic structures and induce spin and charge currents and hold the

promise of miniturization of nonreciprocal devices.
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1. Introduction

One of the distinct properties of magnetic materials is
their nonreciprocal behavior, which is due to the broken time
reversal symmetry intrinsic in them. This unique characteris-
tic has been exploited in many devices, such as circulators and
isolators. In current designs, the sizes of these devices are of
the order of the wavelengths of interest. A current theme of
research is subwavelength structures. Surface plasmons (SP)
are modes of electromagnetic (EM) radiations that are strongly
coupled to collective oscillations of free-electrons at the inter-
face of conductive materials. Resonances, such as the surface
plasmon (SP), are found to enhance the transmission of elec-
tromagnetic waves through subwavelength holes in a metal-
lic film.['! The possibility that SP can provide a subwave-
length transport of an electromagnetic (EM) wave has also
been studied.”>-%! They enable the confinement of EM fields
into subwavelength volumes with strong local field enhance-
ment, which can be exploited to enhance light-matter interac-
tions at the subwavelength scale, leading to a wide range of

intriguing applications, such as active plasmonic devices,!”-8]

biosensing,[®1°1 and surface-enhanced spectroscopy.!!:1?]

Because of the symmetry of Maxwell’s equations with re-
spect to its magnetic and electric degrees of freedom, there is a
magnetic analog to the (electric) surface plasmon (SP), which
on bulk surfaces is known as the Damon—Esbach mode.!!3] We
have found that the term magnetic surface plasmon (MSP) is
more expressive and more general. Thus, we shall use it in this
paper. MSPs hold the promise for subwavelength nonrecipro-
cal devices.

The nonreciprocal nature of the MSP states are similar to
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that of electrons in the quantized Hall effect. Over the last ten
years, there have been many studies on the effect of magnetic
fields on the transport of electrons. An example is the quan-
tized Hall effect, in which “edge states” 14! that behave like
giant eddies which circulate around the edges of a sample, is
believed to carry the current. These edge states are topolog-
ical. They go only in one direction and have a finite Chern

[15-17] The MSPs in a magnetic photonic crystal form

number.
a dense set of bands and exhibit increasing Chern numbers
modulo the degree of rotation symmetry of the crystal.!!8! The
properties of the MSPs have an additional feature in that they
can be easily tuned by an external magnetic field. They are
coupled to the electromagnetic field and can be injected into
metallic structures, and induce spin and charge currents. States
such as the MSPs are the focus of the present paper. These
states can potentially be exploited in spintronics devices with
lower energy consumption than current ones.

In this paper, we describe some examples of the MSP ex-
citations in different structures. Then, different physical phe-
nomena related to the MSP will be described.

2. Excitation
2.1. “Bulk’” MSP

To remind the readers why we call the Damon—-Esbach
mode the MSP, we recapitulate in Appendix A the derivations
of the dispersions of the Damon—Esbach mode and the sur-
face plasmons, so that the similarity of their derivation will
be clear to the readers. Interests in this have been revived by
recent spin polarized transport experiments!!?~231 focusing on
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the vertical structure with a layer of metal completely on top
of YIG. We first recapitulate the bulk dispersion of the MSP,
the Damon—Esbach mode.

The magnetic permeability tensor and its inverse are

given by (2426
u —ig’ 0 d —ib 0
L=po|ig p O, p'=lib 4 0|, (1
0 0 1 0 0 1

where 1 and p’ are of the resonance form: = 1+ fi,(fo +
i)/ [(fo+iaf)> = 2, 1 = —fuf /[(fo+iccf)? — £2] with
a characteristic bare spin wave frequency fo = YHy. Here Hy
is a sum of the external field Hex and the anisotropy field H,,
Y is the gyromagnetic ratio, f, = Y4wM; measures the cou-
pling strength of the magnetic material with the EM waves,
M is the saturation magnetization and o denotes the magnetic
damping. d = pt/(u* — u%), b= —p'/(u* — w’?). For a mag-
netic insulator, such as YIG, Hy = 900 Oe, 4nM; = 1750 Oe,
o =7 x 1073, and the permittivity & = 15417 x 1073125201

The frequency of the MSP at the air-YIG interface as a
function of the wave vector k, for the above parameters is il-
lustrated in Fig. 1. This band lies in the bulk spin wave gap at
long wavelengths above the spin wave frequency fow = 2T Wy
observed in typical ferromagnetic (fmr) experiments

fsw = fo(fo+ fm)- 2

The (electric) surface plasmon of infinite wave vector occurs
at a frequency f;p such that € = —1. Similarly, at the MSP
frequency,

fs=fo+fm/2, 3)

the effective magnetic permeability for one of the circular po-
larizations, Uefr = 1 — 1’ is equal to —1. This corresponds to a
mode of infinite wave vector and forms the upper limit of the
MSP band. Physically, tess = —1 (¢ = —1) corresponds to the
Mie scattering resonance of all angular momenta n > 0 (n) of
a 2D circular cylinder for TM (TE) modes in the long wave-
length limit. The group velocities vysp of the MSP are of the
order of 10® cm/s. The distance traveled is controlled by the
damping coefficient o and is of the order vvsp/ (0 ®).
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Fig. 1. The dispersion of the MSP at the surface of YIG.

When the dielectric constant & is larger than one, there
is another branch with k, < 0. This is the case for the fer-
rite. This mode has not been taken into account in most recent
works.

A MSP is a mixture of a spin wave and an EM wave lo-
calized near the interface. The spin wave amplitude decays ex-
ponentially as a function of |y|. The spins rotate longitudinally
with components perpendicular to the YIG surface and along
the direction of propagation. These two components are ninety
degrees out of phase. A spin wave state localized near the sur-
face with a width of the order of an exchanged length has been
discussed theoretically recently by Xiao and Bauer.*’! The ef-
fect of the dipolar interaction is included with the constraint
that the curl of H and the divergence of B inside the ferro-
magnet is equal to zero.!?®! As is explained in Appendix A,
the MSP is obtained from the constraint of the continuity of
B, and H| across the interface with the full electromagnetic
wave dispersion taken into account. (Beyond the quasi-static
limit.) This was not included in this theoretical calculation.
As a result, the electric field is not coupled to the surface spin
wave calculated in Ref. [27], which is different from the MSP.
The EM field can have an effect on the transport properties.
The relative magnitudes of the components of the magnetiza-
tion and the electric field depends on the frequency. Figure 2
shows the ratios ZH, /E., ZH, / E., at the interface as a function
of the frequency, where Z is the free space wave impedance.
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Fig. 2. The magnitudes of the components of the magnetic field along
the wave vector (ZH,) normalized by the electric field for the k, = 0
MSP states as functions of the frequency f. Here Z is the free space
wave impedance. The red line corresponds to the dispersion shows in
Fig. 1; the blue line corresponds to the dispersion for a MSP mode mov-
ing in the opposite direction (not shown). The yellow and cyan regions
in Fig. 1, denote two frequency ranges where MSPs propagate unidirec-
tionally.

The MSP is completely described by its EM field, the in-
formation of the spin wave is implicitly included in the mag-
netic susceptibility. The interaction of the MSP and M can be
formulated in terms of its EM fields.

2.2. MSP in a magnetic photonic crystal

Recently, there has been much interest in photonic crys-
tals consisting of a periodic array of dielectric materials.[?°-34]
It is natural to consider a magnetic photonic crystal (MPC),
which includes magnetic materials as one kind of its con-
stituents. An external static magnetic field can affect the pho-

tonic band gaps (PBGs) of the MPC. As a typical tunable
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PC, the MPC has attracted much interest’>>-431 due to the fast
switching time of magnetic systems.

We recently examined the photonic band of an MPC con-
sisting of an array of ferrite rods**! and found three different
types of PBGs, which arise, respectively, from: (i) the multi-
ple Bragg scattering; (ii) the Mie scattering resonance of indi-
vidual ferrite cylinder de to the MSP; and (iii) the spin wave
resonance. Not all of the PBGs are easily tunable, only those
related to the MSP and the spinwave resonance can be easily
manipulated. Most importantly the resonant types of PBG are
robust against the position disorder of the magnetic scatterers.
We will describe some typical examples of the photonic bands
next.

We consider a MPC consisting of a two-dimensional (2D)
array of ferrite rods. In this section, we focus on the 2D case
with the wave vector perpendicular to the rods. In the 2D EM
systems, the transverse electric (TE) mode and the transverse
magnetic (TM) mode are independent eigenmodes and can be
studied separately. For the TE (TM) mode, the magnetic (elec-
tric) field of the EM wave is polarized along z direction, paral-
lel to the rods, The tunability works only for the TM mode.

The properties of the system can be described by the scat-
tering phase shifts of the cylinders. By matching the tangential
components of EZ and H at the boundary, the scattering phase
shift 1, for the nth angular momentum channel (AMC)#+>-48
can be obtained. The tangent of the scattering phase shift is
found to be[++4]

x0&J), (x0) —x2D,(x2)J 1 (x0)
xOSSN:l (xO) —xD, (xZ)Nn (XO) ’

tan nf =— (4)
for the H mode. Here x, = kyrs, xo = kors , rs is the radius
of the ferrite rod. J,(x) and N,(x) are Bessel and Neumann
functions, respectively, and D, (x) = J,(x)/J,(x), nZ is inde-
pendent of the sign of n. Similarly

133 (x0) —x0& [§n + Da(x1)] I (x0)
X1}, (x0) — X0 [Gn + D (x1)] N (x0)”

tan nf = ®))
for the E mode, where {, = nb/(x;d), and x| = kjrs. As can
be seen, because b # 0, the phase shifts nZ for the nth and the
—nth AMCs are different. Typical phase shifts for the lowest
three angular momentum channels as a function of frequency
are illustrated in Fig. 3. The scattering exhibits many reso-
nances when the phase shift is equal to 7 /2.

Most photonic band structure calculations have been
based on the plane-wave expansion method!**! or the finite
difference time domain method.’!! However, for dispersive
systems with gyromagnetic scatterers, it is rather difficult to
achieve a reliable convergence of the solutions at frequen-
cies near the scattering resonances. In particular, sometimes
the plane wave expansion method may produce unreliable
results.>?l For PCs consisting of non-overlapping spheres

or circular cylinders, the multiple scattering method (MSM)

44,52-611 provided that the scat-

proves to be the most powerful.
tering matrix for individual scatterer can be obtained exactly.
Thus, the multiple scattering method using the exact scattering
matrix for 2D gyromagnetic rod*>=#4+39-611 js employed in the

photonic band structure calculation.
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Fig. 3. Scattering phase shift of a ferrite cylinder as a function of the
angular frequency normalized by the fmr angular frequency.

If the cylinder radius rs is small enough so that xy =
kors < 1, we obtain, for n # 0,

7 (kors)?"! d+bs—1
tannt = X , 6
= 520 [n|!(|n|—1)! " d+bs+1 ©
where by = nb/|n|, n > 1.

A scattering resonance occurs when the tangent of the
phase shift is infinite.
the angular frequency @, = @, + Omag /2 when d+bs+1 =
,ue’ff] + 1 =0, an infinite number of scattering resonances oc-
cur for all n > 0, as tannf tends to infinity.!*!

In the long wavelength limit the tangent of the phase shifts

The above formula suggests that at

for the H modes are given by
7 (kors)?"! Ll-a
22 n|t (|n] —1)! " 1+&

The resonance occurs for all n at the surface plasmon fre-

tan nf =

(N

quency with & = —1, as is well known. This degener-
acy for the case when € ~ —1 is termed multiple AMCs
resonance. [***8! This may lead to the superscattering of elec-

r[46-481 4nd.

tromagnetic waves from a subwavelength scattere
when a couple of resonant structures are put together, may ex-
hibit spectral behavior similar to electromagnetically induced
transparency (EIT).[%?! For scattering off a sphere, the spher-
ical Bessel functions are involved, scattering resonances for
different AMC occur at different frequencies in the long wave-

63,641 and no such degeneracy occurs.

length limit!

We next examine the effect of these resonances in a MPC
of periodically arranged cylinders. To study the magnetic ef-
fects we focus here on the E mode. In multiple scattering the-

ory, the scattered field from a site i, b;, is related to the total
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incoming field f; by the scattering matrix of a single cylinder,
t, in the form b; =t f;. The inverse single cylinder ¢ matrix
can be expressed in terms of the scattering phase shift n by
t;' = 1—icotn,. The total incoming field is a sum of the
external incoming field p; and the scattered waves from all
the other scatters in the MPC slab, which can be written as:
fi = [X;2—Sijbj +pi]. Here S;j is a “structure factor” that
transforms the outgoing wave from site j into an incoming
wave at site i. The scattering amplitude b from the MPC slab
is related to the amplitude p; of the external wave by the full
T matrix: b; = T'p;. From the above reasoning, we find that
the inverse 1" matrix of the MPC slab is a sum of the single
cylinder inverse ¢ matrix and the structure factor S

T '=t14+8. (8)

The structure factor is determined from the geometry of the
MPC slab and the scattering phase shift is determined from
the susceptibilities of the cylinder. The matrix equation deter-
mining the photonic band structure can be written as

Hb=0, )

where the real symmetric matrix

H,,=A(n—n")+58,,cotnt. (10)
The structure factor A(n) is given by A(n) =
i[S(n) + 8,0], where the lattice suml®! S(n) =

Y Rr40 i"qul)(koR) e kR o—in(0rR—0k) Hﬁl)(x) is a Hankel
function of the first kind. The summation runs over all lattice
sites R except R = 0, the wavevector k is in the first Brillouin
zone (BZ); ¢r and ¢y are the azimuthal angles of R and k,

respectively.
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Fig. 4. Photonic band structure for a square lattice composed of fer-
rite rods of radius r; =2 mm and with the saturation magnetization
4nMs = 1700 gauss. The lattice spacing @ = 8 mm. A magnetic field
along z is applied such that Hy = 900 Oe. The MSP bands are the flat
bands shown in red in Fig. 1(a). (The green bands come from the spin
waves. The regular Bloch bands are shown as black.) All of the flat
bands lie below @y,. On the expanded scale (b) and (c), the infinitely
dense set of flat bands are illustrated.

Figure 4 shows the band structures for an MPC of a
square lattice with lattice spacing a = 8§ mm and rod ra-
dius ry = 2 mm. Material parameters for the rods are taken

from those for MgMn ferrites; namely, with the permittiv-
ity of the ferrite rod & = 12.6, the saturation magnetization
4nMg; = 1700 gauss. An external magnetic field is applied
such that Hy = 900 Oe. Accordingly, the magnetic surface
plasmon resonance frequency is given by @, = @, + Wmag /2 =
0.130667 x (27c/a) = 4.9 x 2r GHz. In the band structure
there are bands similar to that of an ordinary photonic crystal
with photonic band gaps (PBG) due to the Bragg reflection.
We denote these with blue lines. In addition, there are red
MSP bands and the green spin wave bands. We found that
the blue “Bragg” PBG scales with the inverse lattice spacing.
This band gap changes very little when the external field is
changed. The band structure near the red flat band region is
shown on an expanded scale in Figs. 4(b) and 4(c). A dense
set of flat bands is exhibited, whose number increases as one
increases the cut-off angular momentum index n. to include
more AMCs in numerical calculation. Each flat band corre-
sponds to resonances in a particular m-th AMC. In Fig. 4(b),
we set n. = 5, four flat bands are identified, corresponding to
the resonance of the n-th AMC, with n =2,3,4, and 5. Fig-
ure 4(c) shows the band structure with n. = 11, there appear
10 flat bands [the flat bands corresponding to the resonances
in the 2nd and 3rd AMC are not shown in Fig. 4(c) for clar-
ity]. It is interesting to note that the frequency of the flat bands
numerically satisfy a relation

70}3);

0, = s + (nn3)—(~_n14>r4) (

(n
for n > 3, with @3 dependent on material parameters w, and
®mag, Tod radius rg, and the lattice spacing a.

The MSP frequency f;, which depends on the external
field through wy = YHy, determines the position of the spin
wave (green) and the MSP (red) PBGs. We have plotted in
Fig. 5 the photonic band structures for a hexagonal lattice for
different external fields with the eigenfrequencies normalised
by fs. The location of frequency f/fs = 1 corresponds to the
top of the densely packed flat bands lying between the green
and the red PBGs. This illustrates the effect of the external
field in moving the frequency of the PBG through shifting the
value of f;. An increase of the external magnetic field makes
the green and the red PBGs move upwards substantially.

H() =700 Oe H() =900 Oe
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>~ >~
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090} ] e [ ™ Jo.90
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Fig. 5. The photonic band structures of a lattice of ferrite rods with fre-
quency in units of the magnetic surface plasmon frequency f; given by
Eq. (3) for two values of the external field.
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In the small rg limit at frequencies near the single cylinder
resonances, the red photonic band consists of a series of flat
bands, as in Fig. 1(c). These bands occur at frequencies close
to the MSP frequency f;. This is why these are called the MSP
bands. Their Chern numbers are equal to n mod N8 where N
is the degree of rotation symmetry of the crystal. We describe
these next.

In the long wavelength limit the structure factor can be
evaluated approximately near the BZ center by replacing the

sum by an integral, yielding®®!

4 kM
a2 (k2 = K2) <k0> ' D

The off-diagonal element of H, A(n), is proportional to

A(n) =

(k/ko)!"! and vanishes faster than the diagonal elements as k
approaches the BZ center. The band is thus determined by the
vanishing of the diagonal term A(0) + cotnf. Since cotnf
as given by Eq. (6) is inversely proportional to (kors)z‘”‘ in
the small r¢ limit, the diagonal terms will not vanish unless
d+bs+1= ,ue’frl + 1 tends to zero. So equation (9) can be
satisfied only if the frequency is close enough to the “Mie”
scattering resonance frequency, so that pegr+ 1 ~ 0. This deter-
mines the eigenfrequencies of the bands. The same argument
also applies to the H modes with the eigenfrequencies close
enough to the surface plasmon frequency so that & ~ —1, as is
previously found numerically. The case discussed here is thus
the magnetic analog of the “surface plasmon” that was dis-
cussed previously. In two dimensions, according to Eq. (6) the
scattering resonance occurs at a particular frequency @y, for all
AMCs withn > 1, As aresult, close to the scattering resonance
frequency, there will appear multiple numbers of eigenfreque-
cies (bands), each of which is dominated by a resonance in the
m-th AMC, yielding b, = b,,;0,,,,. For the present case, due to
the magnetic chirality, the resonance does not occur for both
signs (£m™) of the AMC. This band structure is illustrated
in Fig. 1. Numerical evaluation of A(n) by direct summation
and with the Ewald sum technique suggests that, for a crystal
with p fold rotation symmetry, and for the higher angular mo-
mentum states, the factor (k/ko)"! in Eq. (11) is replaced by
(k/ko)™ where

m =mod (|n|,p). (12)

For these bands, n is replaced by m.

We have computed the Chern numbers numerically for all
of these flat bands, starting from n =2 up to n = 11, based on
a gauge-invariant numerical technique proposed in Refs. [67]
and [68]. Our numerical calculations confirm the vanishing of
the contribution to Cy from all k away from the BZ center,
namely,

1
U0 _ 7// A’k (Vi x Aak)-€, =0, (13)
271 JJ |k|>e

where & takes an arbitrarily small positive value, namely, the
surface integral is over the first BZ excluding k& = 0. In ad-
dition, when applying the Stokes theorem to transform the
surface integral over an area containing the BZ center into a
closed path integral, the integration turns out to be indepen-
dent of the path, provided that the path encloses the BZ center.
This confirms that Ay is singular only at the zone center.

3. Physical manifestation

3.1. Yin-Yang reflection (YYR) and nonreciprocal sub-
wavelength optical devices

We first describe how an external electromagnetic field
interacts with a MPC at frequencies close to the MSP fre-
quency. Recently, there have appeared burgeoning activities
in exploring the phenomena resulting from the time reversal
symmetry breaking for photons. Among others, a skew scat-
tering effect involving EM waves was discussed by Rikken
and coworkers,[®” the EM one-way edge modes analogous
to quantum Hall edge states were discussed by Haldane and
Raghu, 7 and later by Wang and coworkers!’!! in a magnetic
photonic crystal system. An essential difference between the
SP and the MSP is that the MSP is nonreciprocal, the mag-
netic system breaks time reversal symmetry. Thus, the bulk
MSP dispersion described in Section 2.1 only exists for one
direction of the wavevector. Even the tough magnetic pho-
tonic band described in Section 2.2 looks symmetrical, while
the wave functions are not. We describe next how this is man-
ifested.

A plane wave can be considered as a linear combination
of waves with different angular momenta. For example, in two
dimensions a plane wave of wave vector k can be expanded in
terms of Bessel functions J,,,(kr) as a sum of states of different
angular momenta: exp(ik-r)=1Y,,1" exp[im(¢ — ¢)]|Im(kr).
There are equal amounts of angular momenta components of
opposite signs ==m. When a plane electromagnetic (EM) wave
is incident on a magnetic photonic crystal (MPC) consisting
of a periodic array of magnetic cylinders, at some frequencies
the reflected wave around a cylinder consists mostly of angular
momenta of the same sign, while many angular momenta are
suppressed. For example, the local reflected wave can consist
mostly of the n = 0 (s) and the n = 1 (p) components and is
well approximated by

—qoHo(kr) —iqyexp(i¢)H; (kr), (14)

where go and g are constants. The reflected wave develops
a “finite circulation”. This “finite circulation” exhibits dra-
matic physical manifestations. When the sum of the wavelets
from each cylinder is added up, the resulting reflected wave
becomes proportional to

—exp(—ik-7)(qo+ig1e'%), (15)
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where k is the wave vector and ¢ is its orientation. As the
direction of k is varied, the sign of exp(i¢y) can change. The
s and the p wave contribution can switch between destructive
and constructive interference.

This is illustrated in Figs. 6 and 7, where we show the re-
flection of Gaussian beams of EM waves of opposite incoming
directions from the MPC slab. In one direction, the reflected
wave is very weak (Fig. 1) while in the other direction the in-
tensity of the reflected wave remains substantial. In reflection,
the tangential component of the E and the H fields are contin-
uous. The circulation of the reflected wave is a manifestation
of the photonic states inside the MPC. These photonic states
occur at frequencies close to the scattering resonances of an-
gular momenta of only one sign. This can occur at the analog
of the surface plasmon for the magnetic degree of freedom.
We will now describe our results in detail.

N 7
- \\\\\\\\\\\\:‘\ // ////////,

X/a

W \\\\\\\\\\\\

X/a

—100 —50 0 50 100

Y/a
Fig. 6. The electric field pattern of (a) the total field, (b) the incoming
field, and (c) the scattered field for a Gaussian beam incident from left
hand side (incident angle 6;,c = 60°) upon a four-layer MPC slab. The
electric field polarization of the Gaussian beam is along cylinder axis.
The position of the ferrite rods are marked by the black dot.
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Fig. 7. The electric field pattern of (a) the total field, (b) the incoming
field, and (c) the scattered field for a Gaussian beam incident from right
hand side (incident angle 6;,. = —60°) upon a four-layer MPC slab. The
electric field polarization of the Gaussian beam is along cylinder axis.
The position of the ferrite rods are marked by the black dot.

Our results are obtained with the rigorous multiple scat-
tering theory.’’-%%1 To clarify the physics, we show below a
simple controlled analytic approximation and compare it with
exact full-wave numerical calculations.

We have considered an example of a two-dimensional
(2D) MPC composed of a square lattice (lattice constant a =

8 mm) of ferrite cylinders of radius » = 0.25 a in air. The axis
of the cylinder and the magnetization M are along the z di-
rection. In our numerical calculation, we have computed the
matrix T' by inverting the matrix T~! for a finite four-layer
MPC slab with each layer consisting of 200 ferrite rods. The
scattering amplitudes are obtained by multiplying T" and p. In
this paper we focus on the polarizations with the electric (£
mode) field parallel to the cylinder axis.

We have considered numerical examples of incoming
Gaussian beams with angles of incidence of £60°. The beam
center is focused on the middle (100-th) ferrite rod in the first
layer. The working frequency is selected as f,, = 4.84 GHz,
located near to the MSP frequency

o 2

The results are shown in Figs. 6 and 7.

1 1
fs= <(Do + = wm) =4.9 GHz.

It is evident that
there exists a remarkable difference for the reflected Gaussian
beams at different directions. To gain a deeper understanding
of our results, we show the corresponding angular momenta
components |b"| at the sites of different cylinders i of the MPC
slab in Figs. 8 and 9. As advertised, only the angular momen-
tum components of positive m (0 and 1) are dominant. There
is a difference in magnitude for the opposite incoming direc-
tions. The scattering fields are only large in the first layer and
do not penetrate into the MPC slab. This provides a simple
way to obtain a controlled analytic approximation for the scat-
tered fields.

0.3 »
"'. —m=0
,l"l - m=—-—1 ----m=1
It —m=-2 -—--m=2
— AN ——m=-3 ----m=3
gy Rt
= '-.
e
400 600 800
Position 1

Fig. 8. The scattering amplitude for different angular momenta compo-
nents at different positions for an incoming angle of 60°. Labels 1-200,
201-400, 401-600, and 601-800 correspond to the first, second, third,
and fourth layers.

As we mentioned, the total incoming field at a site i, f;, is
a sum of the external incoming field p; and the scattered waves
from other scatters of the MPC slab: f; =} ;.; Si;jb; + p;. Be-
cause the scattered fields b; are only significant in the first
layer, in the sum over j we can restrict our attention to terms j
only in the topmost first layer. The reflection problem for the
2D MPC can be well approximated by the reflection problem
from the one-dimensional (1D) MPC consisting of the topmost
layer. As usual, we consider an incoming plane wave, so there
is a translational invariance along this layer. The eigenstates
are characterized by a wave vector k,. The 1D T matrix is
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diagonal in ky, its inverse involves the coupling between an-
gular momentum states and is given by T~ = [t~ 4 S] with
S(m) = Yy exp(ikyY )Hy (koY) exp(imdy).

0.15
—m=0
—m=—-—1 ----m=1
0.10 1 m=—2 m=
- —m=-3 ----m=3
g9
a
0.051
0 - N
400 600 800
Position 1

Fig. 9. The scattering amplitude for different angular momenta com-
ponents at different positions for an incoming angle of —60°. Labels
1-200, 201400, 401-600, and 601-800 correspond to the first, sec-
ond, third, and fourth layers.

Near the MSP bands, only a few angular momentum
states are important, the inversion of T 1is simple. More
precisely, at this frequency range only a few scattering phase
shifts are close to the resonance, so that cotm,, is small. For
most other m’s cot1,, is large. Accordingly, #,,' =1 —icotn,,
is usually small only for a few positive m. The inversion of
T~ can be analytically carried out. For the example consid-
ered here, only the m = 0 and m = 1 phase shifts are signifi-
cant. T~ ! is then approximated by a 2 x 2 matrix, which can
be easily inverted. More precisely, with a,, =t,,' + S(0) and
x=S(1), we obtain

a, —x 2 P1
T = +3), p= .16

R P N L P
by aOPl_xP0:|

= det
{bo] [alpo +xpi fdet,

where det = (apa; +x2).

Since exp(—iki 1) = X,(—i)"explin(6 — dui) In(kir),
Pn = (—1)" (kix — ikiy)" /K. The magnitude of angular momen-

(16b)

tum components of the scattered field obtained with Eq. (2)
for plane wave is shown in Fig. 10 as a function of the an-
gle of incidence. This is in good agreement with our detailed
numerical results, which are also shown in Fig. 10. We have
performed calculations for incident plane wave and Gaussian
beams. For the whole range of incident angles, the results
obtained for plane waves and Gaussian beam are almost the
same. It can be seen that there exists a distinct asymmetry for
the scattering amplitude of the positive and negative incident
angles because of the finite circulation around the ferrite rods.

We have also considered the frequency dependence of our
effect. As the frequency is increased, one moves away from
the resonance; the m = 1 scattering phase shift is decreased.
In Fig. 11 we show the angular momentum components for an
incoming wave of frequency f = 9.5 GHz. As can be seen, the

m = 0 component is now much bigger than the m = 1 compo-
nent and the m = 1 component is almost the same as m = —1
component, which means that the circulation around the ferrite
rod is small. The consequence from this is that the scattered
amplitude for the positive and negative angle are almost the
same. Accordingly, the curve of scattering amplitude versus
the incident angle is nearly symmetric.

0.51

0.4+

—o—mp=0
—+—mg=0

—a—mp=1

mp=—1 —o—mp=1
mg= —1 —+—mg=1

—vV—Tmpa = 0

0.31

0.2+

einc/(c)

Fig. 10. Numerical results for the magnitude of angular momentum
components of the scattered field Ey, E_1, and E; for plane waves (sub-
script P), Gaussian beams (subscript G) as a function of the incident
angle (lines) and analytic results (subscript A) obtained with Eq. (17).
The operating frequency is at f = 4.8 GHz.

0.8

—a—m=0
m=—

0.6' —r—m=1 r"'.“..‘\\
mg 0.4 1 \

0.2 1

LITTTTY
++++++++++++++++++ +¢0vo+o¢,.“""+ n
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0 4
—90 —45 0 45 90
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Fig. 11. The magnitude of angular momentum components of the scat-
tered field Ey, E_1, and E; obtained with simplified multiple scattering
formula as a function of the incident angle. The operating frequency is
at twice the MSP frequency, f = 9.5 GHz.

We next examine the physical meaning of the elec-
tric field. The electric field at position r scattered from
the collection of cylinders at positions r} is given by E =
—¥; e % goHo (koR) — qiHi (koR) (X + iY) /R], where R =
|r} -7, X = x’j —x, and Y = y} —y. Equation (5) can
be written as E = —2exp(—ik,y) Zy3'>0 cos(kyY ) [goHo(koR) —
q1Hi (koR)X /R] — sin(k,Y)g1H; (koR)Y /R. We focus on the
far field when the sums can be replaced by integrals and ob-
tain

E ~ —2exp(—ikwx — ikyy)[go £ igiexp(Eide)]/ |ki|a, (17)

where the + (—) sign is for negative (positive) X. The above
equation explicitly shows that the magnitude of the reflected
wave depends on qg, g1 and ¢, which in turn are functions of
the incoming direction and thus depend on the sign of &y, as is
demonstrated in Figs. 10 and 11.
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The nonreciprocal character is further illustrated in the
reflection of an EM wave due to a line source from a slab of
a square lattice of YIG rods.[”>~"! This is shown in Fig. 12,
where the incoming wave is due to a line source near the
surface radiating at a frequency near the MSP resonance fre-
quency fs. The lattice constant is a = 8 mm and the radius of
YIG rod r = a/4. We focus on the transverse magnetic (TM)
wave with the electric field polarized along the rod axis. In this
case, the working frequency of the line source is f = 5 GHz,
located 1.0a away from a four-layer MM slab. The applied
external static magnetic field is such that Hy = 900 Oe, corre-
sponding to a MSP resonance frequency f; = 4.97 GHz. The
electric field pattern and the x-component of the Poynting vec-
tor are shown in Figs. 12(a) and 12(b), respectively. The re-
flected EM wave can be drastically molded, such that the field
appears dramatically different on opposite sides of the source.
On the left hand side the reflected wave substantially attenu-
ates the incoming field, giving rise to a darkened region near
the surface of the MM, while on the right hand side the scat-
tered field enhances the incoming wave, resulting in a bright-
ened region.

|
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[ i |
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—-40 =20 O 20 40
z/a

Fig. 12. The electric field pattern (a) and the x-component of the Poynt-
ing vector (b) for a line source located near the surface of an MM slab.
The working frequency of the line source is f =5 GHz, close to the
MSP resonance. The lattice spacing @ = 8 mm and the radius of the
ferrite rod r = 2 mm. The reflection is drastically molded.

Near the MSP resonance, because of the broken time re-
versal symmetry, the the angular momenta content of the scat-
tered wave off a magnetic cylinder are mainly of one sign, with
the other sign almost completely suppressed. A giant circula-
tion of energy flow develops,”>~7°! so only the energy flow
in one direction is supported, as shown in Fig., 12(b) where
the rightward energy flow is sustained and reinforced, while
the leftward energy flow is substantially suppressed. Conse-
quently, the phenomenon originates from the combined action
of MSP resonance and TRS breaking. The working frequency
of YYR can be controlled by tuning the MSP resonance fre-
quency f; with an external magnetic field. This makes the
Y YR effect more favorable in the design of EM devices.

The above effect can be used in designing a straight one-
way waveguide. As is discussed in the previous section, in
the vicinity of MSP resonance frequency there exist photonic
gaps,!**! so that the EM wave can be confined between two
MM slabs, similar to the conventional photonic crystal waveg-
uide. In our design the magnetization of two MM slabs are

in opposite directions, such that the EM wave reflected for-
ward from one MM slab will also be reflected forward from the
other, leading to a different design of a one-way EM waveg-
uide from those in Refs. [70]{74], as is illustrated in Fig. 13(a)
where a line source is placed at (—5.54,0), between two MM
slabs 2a apart. The parameters for the MM slabs and the op-
erating frequency of the line source are the same as in Fig. 12.
It can be seen that the EM wave propagates rightward, in the
left hand side it is completely suppressed. To further demon-
strate the one-way characteristic, we display in Fig. 13(e) the
rightward transmitted power, Ty = [ fga P.dy, as a function of x,
which suggests that the energy transfers rightward with 7, > 0.
In addition, the EM energy only experiences an extremely low
decay rate of less than 0.1 dB/A when considering realistic
material parameters for YIG ferrite.

@© <
e (@ = () |
Lt —A— (o) el 10°

-5 -10 -5 0 5 10 15 20 25 30
z/a

Fig. 13. The design of a straight unidirectional waveguide with two MM
slabs of opposite magnetization and 2a apart. Numerical simulations of
the electric field pattern for a line source placed in the channel indicate
one-way transportation of EM wave in the configurations (a) without
defect and disorder, (b) with PEC defect, (c) with position disorder, and
(d) with radius disorder. The working frequency is f =5 GHz. Panel
(e) displays the normalized transmitted power versus x for (a), (b), (c),
and (d). The open circles denote the YIG rods while the solid circles in
panel (b) indicate the PEC defect.

We have also considered the robustness of the design
against defect and disorder as shown in Figs. 13(b)-13(d).
Figure 13(b) corresponds to the electric field pattern when a
PEC defect of about 2A /3 is inserted into the channel. The
EM wave is seen to circumvent the PEC defect, maintain-
ing almost complete power transmission along the channel, as
shown in Fig. 13(e). This indicates that the leftward backscat-
tering wave from the defect is completely suppressed and,
therefore, the wave gets around the defect and keeps mov-
ing rightward. By comparing with the defect free waveguide
shown in Fig. 13(a), it can be found that the defect changes
only the phase of the rightward propagating wave, which is a
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result of the delay due to the defect. In Figs. 13(c) and 13(d),
we present, respectively, the electric field patterns for the cases
when position and radius disorders of the YIG rods are intro-
duced. To be specific, the position disorder is introduced by
allowing the coordinates of each rod to vary with a maximum
displacement equal to a/4 while the radius disorder permits
r to fluctuate up to 50% of the unperturbed radius. As can
be seen, the disorder only has an influence on the wave pat-
terns, but not the power transmission. It should be noted that
for the edge state waveguide,”*-74! the working frequency lies
in the Bragg type of photonic gap, so, although the system
can be immune to the defect, it may suffer from disorder of
the building blocks. The above effects have been observed
y.[73:80-83] They can also be used to define effi-
cient beam benders and splitters,[”>~7?1 which we will describe
next.

experimentall

The results for the electric field distribution in our design
of a one way waveguide together with a beam splitter on top
are shown in Fig. 14. The line source is located at (0, —15a).
The channel width is equal to 0.27 times the wavelength. If
one reverses the orientation of the magnetization for those rods
with coordinates x < O in the horizontal MPC, the EM wave
will split, as shown in Fig. 14(b). The wave experiences an
extremely low reflection at the corner, as can be seen from
Fig. 14(c). The results in the deep subwavelength regime, as
well as the effects of different kinds of defects, are discussed
in Ref. [1] and will not be repeated here.

210 .

Sosf oo ToooTm— :

&~ o (c)
49 5.0 5.1

Frequency/GHz

Fig. 14. The electric field patterns showing a vertical one way waveg-
uide with a 90° bend (a) and a splitter (b); curves in panel (c) corre-
sponds the transmissivity 7y/7; versus frequency, where T, = ffga P.dy
denotes the rightward transmitted power in the right wing and 7, =

ff‘; , Pydx the upward power in vertical channel.

We have carried out a numerical demonstration of the
coupling to this waveguide, as shown in Fig., 15 where we

present the electric field patterns when a Gaussian beam is in-
cident along an interconnect/waveguide with the width of the
channel equal to 4a. There is an impedance mismatch, so that
the field inside is less than that outside. Once inside, the Gaus-
sian beam can pass the channel for one direction, while for
the opposite direction it is completely suppressed. One-way
waveguides have recently been proposed using “edge” states
localized near the interface of two claddings. Our design does
not rely on these localized states since the damping coefficient
a in the present case is twenty times larger. If the surface
states play the role, then the EM field will be heavily damped,
which is not the case shown in Fig. 15. Furthermore, the size
of the surface states is less than a, while the channel width 4a
here is much larger than the combined size of the top and bot-
tom surface states. Consequently, one-way forward scattering
based on MSP resonance is the essential mechanism.

—60 —-40 -20 0 20 40 6

Y/a

Fig. 15. The electric field patterns when a Gaussian beam is incident
along the channel with the width of the channel equal to 4a. The Gaus-
sian beam can pass the channel for one direction, while for the opposite
direction it is completely suppressed.

In conclusion, we have studied the reflection of EM waves
from MPCs. The reflected wave is found to exhibit a strong
circulation at frequencies so that the scattering of some angu-
lar momentum states of one sign is close to the resonance con-
dition. An example of this corresponds to the surface plasmon
bands. Magnetic surface resonances also occur at frequencies
close to the spin wave band!**! and we expect our calculation
to be applicable to that case as well. The physics around this
region will be discussed in Section 2.3.

3.2. Electrical detection of the MSP

Spintronics, which provides a promising way to over-
come the limitation of charged-based electronics in data
storage and processing, have received enormous attention
recently. 3481 A crucial process in spintronics is the injection
of spin and charge currents between structures, at least one of
which is magnetic. The injection current is reduced when there
is an impedance mismatch across the junction. Improving the
injection efficiency is of the utmost importance. The injection
can be local, as in vertical structures, or nonlocal, as in planar
structures. Nonlocal structures hold the promise for large scale
integrated circuits applications. Current nonlocal spin transfer
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s186-891 exploit diffusive spin currents. In this struc-

structure
ture, the distance traveled by the signal is equal to the spin
diffusion length L, and is of the order of 1000 A. Recently,
the focus of spin injection in vertical structures has shifted to
structures involving magnetic insulators, such as yttrium iron
garnet (YIG), 222! where the loss may be smaller.

The exploitation of magnetic surface plasmons (MSPs) in
spintronics has not been discussed previously but the MSPs of-
fer many intriguing potentials. MSPs on bulk insulating mag-
netic surfaces are also known as Damon—Esbach!!3l magne-
tostatic modes. They are coupled modes of the surface spin
wave and the electromagnetic (EM) wave and are the magnetic
analog of the better known (electric) surface plasmons. These
states differ from bulk spin waves in that the frequency of these
states are in the band gap region and corresponds to nonprop-
agating bulk spin waves. They differ from surface plasmons
in that they are nonreciprocal because of the broken time re-
versal symmetry of magnetic systems. This leads to the ab-
sence of backscattering, which is also exhibited by electronic
“edge” states in the quantized Hall effect!'* and in topolog-
ical insulators.°!l Stimulated by recent focus on plasmonics,
there has been interest in MSPs that can be generated on the
surface of magnetic insulators, such as YIG.!7>-79]

When an EM wave falls on a metal, it is strongly reflected
due to the high impedance mismatch; very little signature of
this wave is left in the metal. A surface plasmon has an EM
wave component and thus is also completely reflected when it
strikes a metal. In plasmonics, the injection of surface plas-
mons into metals has never been considered. Whereas a sur-
face plasmon is nearly totally reflected, a MSP incident on a
metal is absorbed now that the reflected surface wave is inhib-
ited by the broken time reversal symmetry.

Stimulated by a desire to improve upon the spin injec-
tion efficiency, to reduce the loss of the signal over distance
of nonlocal structures, by recent interests in spin wave logic
devices!®>?3 and by experimental results of voltage genera-
tion in a metal film M on YIG under microwave excitation,®4
we have recently studied the injection of an MSP into M
(which may or may not be ferromagnetic), as is illustrated in
Fig. 16. We found that the MSP can be efficiently injected into
M by the incoming electric and magnetic field regardless of
the interface “impedance mismatch”, generating a static volt-
age due to the Hall effect in the metal and also a spin current
if M is a ferromagnet. This provides for the electrical detec-
tion of the MSP. In addition, since the transport of the MSP
is ballistic, the loss of the signal over propagating distance is
much reduced. The distance travelled by the MSP is macro-
scopic, of the order of a centimeter. It is larger than the spin
diffusion length of current nonlocal spin valve structures by
five orders of magnitude. Finally, due to the partial spin wave
nature of the excitation, the MSP can be easily coupled to spin

wave logic devices and provides an efficient connection be-
tween different circuit elements. We will now describe our
results in detail.

The nonlocal geometry we have in mind is illustrated in
Fig. 16. Magnetic surface plasmons can be generated at the
surface of a magnetic insulator with an external oscillating RF
field, such as from a strip line, away from a finite metallic el-
ement M deposited on the surface of a magnetic insulator. In
the following we shall illustrate our ideas with parameters such
that the magnetic insulator is YIG. The geometry in Fig. 16 is
very similar to that of recent experiments,>*-2?! the results of
which are interpreted in terms of bulk spin waves with no re-
striction on the direction of the wave vector. In the present
case, the frequency is in the gap region of the long wavelength
bulk spin wave. The wave vector can only go in one direc-
tion. The effect will be changed when the YIG magnetization
is reversed.

YIG @

Fig. 16. Schematic diagram of the geometry for the injection of an MSP
into a metallic element M. The MSP has wave vector k along x and the
electric field E parallel to the magnetization M.

We next discuss the interaction of the MSP with the
metallic film. The usual formulation of spin and charge in-
jection focuses on the matching of the spin and charge current
at an interface. In the present case there are no charge currents;
the boundary occurs in air and there are no discontinuity in the
magnetic properties in the YIG substrate. An MSP is a mixture
of a spin wave and an EM wave localised near the interface.
The MSP is completely described by its EM field, the infor-
mation of the spin wave is implicitly included in the magnetic
susceptibility. The interaction of the MSP and M can thus be
formulated in terms of its EM fields.

Usually, when an EM field strikes a metal, it is strongly
reflected. This is what happens with the electric surface plas-
mon. For the MSP, there are no states with negative k,s that
it can be reflected to. We have considered the possibility that
the MSP is stopped at the interface, then goes along the edges
of M and around it. This will involve states with finite k, and
with k, = 0. We find that states with k; 0 are not possible.
This can be seen from the following physical argument. For
a nonzero k;, the transverse electric (TE) and the transverse
magnetic (TM) modes are coupled; the EM wave in YIG have
a finite component of the electric field Ey in the direction per-
pendicular to the film. A finite E; induces electric charges at
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the interface and implies that the state will also have an elec-
tric surface plasmon character. This is not possible unless one
of the dielectric constants is negative.

We have also considered the possibility of the wave going
up at the air-M boundary. To this end we have studied states at
the air—YIG interface localized near M with imaginary in plane
(along x) wave vectors but real wave vectors in the direction
perpendicular to the interface (along y). We found that there
are no states going up from the air—YIG interface. The only
states possible are those coming in from above. Thus, there
are no surface states for the incoming MSP to escape to, and
this state can be injected into M. In the following, to illustrate
our result, we consider the case with the MSP wave vector per-
pendicular to the direction of the magnetization (k; = 0). The
electric field is then along z. The tangential electric and mag-
netic fields E,, Hy, and the perpendicular field B, inside M,
are the same as that of the incoming MSP because there are no
reflected waves. We denote quantities in M and YIG with su-
perscripts M and Y; the quantities in air have no superscripts.
The tangential electric field inside M, E;V' , generates a current
with current density given by JM = 6 EM where o is the con-
ductivity. The electric field is a sum of the external field E and
that due to the Hall effect: EM = RgJM x B+ E. From these
two equations, which are linear in J M we can solve for JM in
terms of E. In the present geometry, only E; is not zero. We
obtain

M =GE,/(1+R}c*B).

This current along z generate an electric field along x of mag-
nitude

Ef = —RYB)'TY, (18)

where RM ~ —1/(ne) (n is the density of the electrons) is the
Hall coefficient of M, and the superscript H denotes the E
field due to Hall effect. As we emphasized at the beginning
of this paper, the fields only depend on the intrinsic properties
of the metal and are not functions of the interface properties
and any possible “impedance mismatch”. The product of E;VI
and Bi\,/l and, hence, Ef possess finite time independent com-
ponents. In general M has no electrical leads attached to it and
is in an open circuit situation. Charges will be induced at the
surface until an electric field of magnitude (E!) is developed
and the current stops flowing. This corresponds to a voltage
U, = OL * dx(EH) where L, is the length of M in the x direc-
tion. The total voltage is controlled by the spatial dependence
of the EM wave inside M. We show next that the electric field
decays in M with a length scale of the order of an effective
skin depth.

The electric field in a medium is described by Maxwell’s
equation QE(r) =0 where Q =V x u~!/eV x —0?; p is
the magnetic permeability; € is the dielectric constant. Here

we have used units so that the speed of light ¢ = 1. In prin-
ciple, the electric field inside M/YIG can be calculated from
its value at the boundary with a Green’s function technique!””!
from the equation

E(r) = —/dS~ (" /eV x E(rs)) x G(r,rs)*
—(u™"/eV x G(r,rs))* x E(rs)], (19)

where the surface integral is carried out at the YIG-air YIG-M
boundary, G is the Green’s function defined by: Q'G(r,r') =
&(r' —r). The operator Q' = Qy for y > 0, Q' = Qyg for
y < 0, G can be constructed from a linear combination of prod-
ucts of photonic states including the M-YIG MSP states as
G =Y |n)(n|/(kj — 07 (k¢)) where @y, |n) are the eigenval-
ues and the eigenstates of £’. The Green’s function is domi-
nated by contributions from the MSP states at the air-M-YIG
interface with energy @, (k) = k(z) when the denominator is
zero. Thus, the spatial dependence will be determined by these
states, which we will study next. To illustrate the physics,
we first consider the simpler case where the thickness of M is
larger than the spatial extent of the MSP. The MSP state at the
air-YIG interface is coupled to the MSP state at the M-YIG
interface, which can be constructed as follows.

MSP for M/YIG The properties of the interface MSP
state is obtained by matching H| and B of the plane wave
states of YIG and that in M. We obtain the dispersion for the
YIG-M MSP state given by

kK ~ —*en/[(b —b+a)*/d —d]. (20)

Here a = u [(YIG), b = pu ) (YIG): d = pu}(M), b/ =
M yl (M). €, &v, are the dielectric constant of YIG and M.
These states can be excited by the incoming MSP and de-
cays exponentially with a length scale of the order of inverse
skin depth 1/x = 1/Im[(wey/a’)!/?] away from the air/YIG—
M/YIG boundary.

MSP for a trilayer structure So far we have assumed
that the thickness of M is larger than the spatial extent d, of
the MSP, d, is of the order of @ mm. Current experiments are
carried out with the thickness ¢ of the metallic film of the order
of nm and much less than dj. It is necessary to take the finite
thickness of M into account.

We have calculated the interface states in the air/M/YIG
trilayer structure by matching the boundary EM fields at both
the air/M and the M/YIG interfaces. We found that in the limit
when ¢ < 1/x, ky as given by Eq. (20) is modified so that &y
is replaced by an effective dielectric constant that is reduced
by an amount of the order of # k. Furthermore, the real and the
imaginary parts of k, are opposite in sign. In place of Eq. (20)
the dispersion is now given by

kv /[@*emt] = —1/(1+a+b);1/(1+a—b).
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The two solutions have opposite signs for the real part of k.
The voltage generated is determined by the imaginary part of
the wave vector and is given by

Uy = RhoByE min(l,L,), 21

where 7! ~ 20> Im[ey]t /(1 4+a — b) is of the order ¢x>. For

' of the order of a micron, we

t ~ 10 nm and a skin depth x~
obtain / =~ 0.1 mm. We next estimate the magnitude of this
effect.

We take M to be Au with a Hall coefficient Ry = 7.25 x
10~ m3/C, and a conductivity ¢ = 4.55 x 107 /(Q-m). Thus
EN =3.3 x1073B,E, . We estimate the product BE from the
power P of the input coplanar waveguide. We assume that
most of the power is expanded in generating the MSP. The en-
ergy current

S=EB/uy=P/A, (22)
where A is the area of the wave. For current experimental sys-
tems, the width in the z direction is of the order of ¢ mm;
the y extent of the MSP is also of the order of a mm. Thus,
A ~ 1 mm?. We obtain (E.By) ~ 47Pc/(10vysp). Using the
above estimate of / and for P of the order of a watt, U, is of
the order of a micro-volt.

Most metals are paramagnets. Because of YIG, or in the
presence of an external magnetic field, the electrons in M have
a small magnetization. A nonferromagnetic metal usually does
not possess local moments at all atomic sites and we do not ex-
pect exchange coupling between the YIG spins and this small
magnetization in the paramagnet. The electric field E, gen-
erates an AC current inside M. As the electric field oscillates
from parallel to opposite the direction of the induced magne-
tization, a residual DC current can also be generated if the
resistances along the two directions are different. This can
happen if there is a significant amount of spin orbit impurity
scattering. The resistance along the two directions will then
be different, resulting in a net average current/voltage in this
transverse direction. We next consider a situation where the
metal is a ferromagnet.

The Hall coefficient Ry of ferromagnets contains a com-
ponent due to the anomalous Hall effect and the magnitude
of the above effect can be modified. In ferromagnets, a spin
current is also induced. At the air/YIG-M/YIG boundary, the
perpendicular component of the magnetic field B, and the tan-
gential component Hy are continuous. Whereas the magneti-
zation density in air is zero, there is a finite change in the x, y
components of the magnetization density at the boundary in-
side the ferromagnet. We can obtain the magnetization density
from the equation M (M) = [B(M)/uo — H(M)], M, , act as
sources to create magnetization currents in the ferromagnet.

From these we get the magnetization current given by
Jnr =10 M with

M, = (d —1/po — b7 /d)B, + 0B,/ (od),
M, = {B,[1—1/(uod)] — i6'B./d'} | .

Associated with the change in M, , there is a static change

(23)
(24)

in the longitudinal magnetization M, to second order: AM, =
\/M§ — M} —M? — My ~ —(M} + M) /(2My). This induces
an additional charge current given by[®>% J' = —DyV(AM,)
where Dy is the diffusion constant that relates the charge cur-
rent to the longitudinal magnetization change. In the open cir-
cuit situation, this provides for an additional contribution to
the DC potential given by[®7]

U= / T/~ Dy (M2 + M2)/ (2MoG). (25)

Here, the angular bracket refers to the time average of the
transverse magnetization squared. We next estimate the mag-
nitude of U as a function of frequency.

30 »
¢ 4% 10U/P
Tg H=450 0c | H =850 Oe
204
S L
= ! \
5 P
1
S 10+ P \
= 5 )
o-00% [ \0\0\0
0 oo
3 4 5 6
f/GHz

Fig. 17. The output voltage from the spin current normalized by the
incoming power as a function of frequency for the higher frequency
branch of the MSP for external magnetic fields Hex; = 450 Oe (dotted
line) and Hex¢ = 850 Oe (solid line).

The ratio Dyi/ o is of the order of 1/(N(Eg)uUpe) where
N(EF) is the density of states at the Fermi surface; g, the
Bohr magneton; and e is the electric charge. From Eq. (22)
we get (B2) = Puo/(vmspA). We take M to be permalloy with
a density of states N(Eg) ~ 3 x 102 /(ev/m?). For the spin
wave parameters, we have found recently 18] that the fmr fre-
quency of thin permalloy film as a function of frequency and
external field Hex can be fitted by the typical spin wave for-
mula fg, with saturation magnetization oMy = 1 T, and to-
tal field Hy = Hext — 126.6 Oe. Our estimates for the voltage
U normalized by the incoming power P as a function of fre-
quency for the upper branch of the MSP are shown in Fig. 17
for external fields of magnitudes 850 Oe and 450 Oe. The re-
sults for Hex = 850 Oe are multiplied by a factor of 10. As
can be seen, the magnitude of this contribution is of the order
of microvolts. It can exhibit a peak as a function of frequency.
This peak is due to the fmr resonance of the permalloy metal-
lic film when a’ is close to zero. The magnitude of this peak
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depends on the Gilbert damping parameter, which we have set
to a value of 0.03.

It is likely that the spins of YIG and that of the ferromag-
net are exchange coupled. The continuity of H, and B, across
the YIG—ferromagnet interface imposes partial alignment of
the spins between these two materials. Spin currents in the
FM will also generate some residual spin wave in YIG. In the
present calculation, the exchange coupling between spins can
be incorporated in the magnetic susceptibility in Eq. (1) by
including the exchange energy in fy.

In conclusion, we study the nonlocal spin and charge cur-
rent generation in a finite metallic element on the surface of
magnetic insulators with the magnetic surface plasmon (MSP),
which is absorbed and cannot be reflected. The MSP gener-
ates a voltage in the longitudinal direction that is proportional
to the power. If the metal is a ferromagnet, then a spin current
can also be generated in the longitudinal direction. Our results
will be useful for new classes of devices using spin waves.

3.3. Entangled transverse optical vortex

Over the last thirty years there has been much interest
in physical states that are topological in nature because they
are not destroyed by local perturbations. An example of this
state is the vortex, which exists not only in fluids but also
in optics.[*-191 The optical vortex has found many different

[102-112

interesting potential applications, lincluding multiplex-

ing and encoding!!!3114]

at optical frequencies. This photonic
vortex state, which exhibits an orbital angular momenta par-
allel to the beam direction, is generated with a spatial light
modulator using liquid crystals with a low switching time (mil-

(1151 e discuss a new kind of pho-

liseconds). In this section,
tonic states with finite angular momenta perpendicular to the
beam direction, the transverse optical vortex (TOV). The TOV
provides for an extremely simple and fast (Gb/s) way to digi-
tally encode and decode information in a microwave. Because
the TOV signal depends on the sign of the vorticity, which is
topological in nature, the encoded information is unaffected
by the endemic problem of fluctuations in intensity (fading) in
microwave communications. We will now discuss our results
in detail.

Encoding The TOV states can be generated from the
reflection of a microwave from a magnetic photonic crystal
(MPC), which consists of an array of ferrite rods with a thick-
ness that can be as thin as 1/15 to 1/20 of a wavelength, as is
illustrated in Fig. 18. We have found that at frequencies close
to the ferromagnetic resonance (spin wave) frequency, the re-
flected field is a linear combination of states of finite transverse
vorticities of the same sign. The sign of the vorticity can be
changed by a reversal of the direction of the external field and
takes a nanosecond, which is much faster than the response
time of liquid crystals.

Our results are obtained with the rigorous multiple scat-
tering theory carried out with detailed numerical and simple
analytic calculations. In the multiple scattering theory, the
scattering field from a site i can be expressed as a sum of oth-
ronormal basis functions with coefficients by ;. Our work is
motivated by recent interest in the broken time reversal sym-
metry in magnetic systems. This results in an asymmetric scat-
tering of light from magnetic cylinders between angular mo-

_m 17579

mentum channels m and | The scattering amplitude

b, from a photonic crystal is related to the amplitude p; of the
external wave by the full 7" matrix

bsc,i = Tpi~ (26)

Our result is obtained by computing T" and, hence, by ;.

reflected beam reflected beam

incident |beam

Fig. 18. Schematic diagram of the geometry of the problem. The beam
is at normal incidence on an array of ferrite rods. At some frequency, the
reflected beam carries a transverse vorticity perpendicular to the beam
propagation direction. The sign of these effects can be switched (from
blue to green or vice versa) within a timescale of nanoseconds when the
external magnetic field is reversed, rendering another potential degree
of freedom for data transmission as orbital angular momentum in the
optical vortex, with an advantage of robustness and high speed genera-
tion.

We have considered an example of a single layer of ferrite
cylinders of radius r = 0.25a and lattice constant a = 8§ mm in
air arranged uniformly along the x direction. The axis of the
cylinder and the magnetization My are along the z direction.
The magnetic susceptibility tensor is of a typical resonance

[24] We have considered both a finite lattice as well as an

form.
infinite lattice. In the first case, the calculation is carried out
numerically. In the second case, there is translational invari-
ance along this layer. The eigenstates are characterized by a
wave vector k,. The T matrix is diagonal in k.. The results
from the two approaches are indistinguishable when the num-
ber of rods is larger than 300. Our analytic calculations are
carried out for different k,, which is conserved. To illustrate
our result, we pick the most dramatic case with the direction
of the EM wave coming in along the y direction perpendicu-
lar (k, = 0) to the thinnest possible slab of a single layer of
array of ferrite rods. The EM wave is uniform along z. Our
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result for the scattered wave of different angular momenta m,
|bm (ky = 0)[, normalized by the incoming wave as a function
of the dimensionless frequency fc/a is shown in Fig. 19. Only
by, by are significant. This comes from the scattering reso-
nances of the m = 0 and the m = 1 channels, b_; is small.
Because of the nature of the magnetic material, there is no
scattering resonance for the m = —1 channel and b,, # b_,,;
the average vorticity is finite. As the external field is reversed,
the average vorticity is changed; b_; and by become much big-
ger than b;. By summing over the scattered wave from all of
the sites 7, the reflected wave is obtained. We will discuss this

next.
05 1 1 1 1 1 I./
----- [bo| === 1b-1] -
041 — bl [b_s| T (@)
|2 i
£
/<
~
s 0 P
051 L
-1.0 r r r r r r
0.08 0.10 0.12 0.14 0.16 0.18
fa/c

Fig. 19. (a) The magnitude |b,,| of the scattering coefficients of different
angular momentum channels m’s (upper panel) and (b) the lateral shift
(x) of beam center at y = 24 (lower panel) as a function of frequency.

The total scattered wave f; can be obtained by summing
up the contributions from each of the partial waves of different
angular momenta scattered from each of the cylinders. For the
scattered wave, the x component of the wave vector can differ
from that of the incoming wave by a reciprocal lattice vector
Gj=2rmj/a: kjx = k. + G;. The corresponding y wavevector

for the reflected wave is given by kj, = (k* — k%x)l/ 2,
We have found that
foe =Y expli(k; - ), (27)
J
where

= fZme exp(im@y)/(i"kya),

and ¢ = tan™ ! k, /k, measures the orientation of the wave vec-
tor k, hy is a sum of terms of different vorticities m. Because
by # b_,, a finite vorticity is developed. In previous studies
of optical vortices, 92191 the electric field has a Fourier com-
ponent proportional to exp[im¢y | where k| is the component

of k in the xz plane perpendicular to the direction of propaga-
tion. In our case, the angle ¢ is in the longitudinal plane, the
vortex is transverse.

Decoding We envision that a TOV wave packet is gener-
ated via reflection, as is described above. This packet is sent
out through space as a parallel beam with a telescope, which
is then received by another telescope and focused as a beam
onto the focal plane, as is illustrated in Fig. 20. We consider a
receiver consisting of an array of dielectric rods. The decoding
is illustrated schematically in Fig. 21. For this encoded beam
coming in at normal incidence, the reflected beam goes away
from the normal with a finite average velocity parallel to the
surface that is in opposite directions for opposite signs of the
TOV. We will explain this next.

Fig. 20. Schematic diagram of the free space data transfer via the TOV
state. A pulse is encoded on the left, converted to a parallel beam, sent
to a receiver, reconstituted and decoded by a receiver on the right.

GA(\%

Fig. 21. Schematic diagram of the decoding of the TOV. The beam is
focused by a telescope at normal incidence on a focal plane that con-
sists of an array of dielectric rods. The reflected beam is off the normal
direction and goes in opposite transverse direction for opposite signs of
the TOV.

When the TOV state is converted to a parallel beam by
the outgoing lens, the phase memory is retained and this phase
depends on its distance from the lens center. When this par-
allel beam is reconstituted at the receiver, a TOV wave packet
is recovered. For simplicity, we model the focused beam to be
of Gaussian shape with the electric field polarized along the

cylinder axis, with a spatial distribution given by
Ei(x) = (2/m)"/*w ™2 exp(—x® /w?); (28)

at the focal plane (y = 0) so that [ dx|E|> = 1. The typical
widths w that we have considered are of the order of 2 to
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4 times the wavelength. We denote the Fourier transform of
E,-(x) by El(k)

For each of the Fourier components, similar to Eq. (1) the
scattered wave from a dielectric cylinder is given by

bl = Tup', (29)

where Tj is the T' matrix of the dielectric cylinder. The in-
coming wave is a TOV state: p), «< by, # p’_,,. As a result, for
the scattered wave b}, # b’
tal reflected wave from the “receiving” dielectric cylinders is

- Again similar to Eq. (2), the to-

given by

= Y expli(k; - )i, (30)
J

where i = —2Y,, b, exp(im@y)/(i"kya). This is of the same
functional form as the original TOV state. For an incoming
Guassian wave packet, the reflected wave is given by the sum

over the different Fourier components
Zf

An unusual aspect of the TOV photonic wave packet is a finite

exp(ik-r)/(2m). (31

average Poynting vector in the direction perpendicular to the
mean beam direction, which is given by

Pe = (kx) /ko- 32)

From Eq. (31), we obtain P, = Re [ dkk|f{E:(k)|? /ko. If a
single angular momentum channel m dominates, then we get
P, = [ dkik,|b),Ei(k)/(2aky)|?. This is odd in k, and equals
to zero at perpendicular incidence. On the other hand, if
two channels, such as the m = 0 and the m = 1 angular mo-
mentum channels, are important, then we get a contribution
P, = Re [ dkk2i(b)b} — by b)) /k|Eo(k)/(2aky)|?
even in k, and is not equal to zero. For the state with an op-

, which is

posite TOV consisting of the m = 0 and the m = —1 channels,
the sign of (P,) is reversed. Thus, the reflected beam will go
in different directions for different signs of the transverse vor-
ticity.

Because the optical force contains a contribution from the
Poynting vector,!1%!17] when a particle is placed in the beam
it will experience a net transverse force. Another way to de-
code the TOV state is to examine its effect on a particle. To
provide for a further confirmation and a deeper physical un-
derstanding of this phenomenon, we will describe next an ap-
proximate analytic evaluation of the integral in Eq. (6).

Using the saddle point method, we have found that

E*(x,y)

where the Gaussian beam appears to be shifted by the amount

oc I, exp[—0.5(x—x') /(W? /2 + iy /k) + iky], (33)

X —Zmb /i exp(imdy,) kZb /i"exp(im@y,)]; (34)

where ks is determined from the equation ks, = i(x —
X)) (w22 + iy /K).

If a single scattering channel at angular momentum m
dominates, then we obtain a real shift with x' = —mk, / k2. For
our example, both the m = 0 and m = 1 scattering channels are
important, we obtain

X~ —ikyb exp(ify,)/[K*(by — i) exp(igy, ).

Now x' contains an imaginary part which contributes to the
velocity. The expression for the electric field has an imagi-
nary phase factor equal to iv - r = px 4 ky where the effective
velocity v = (p,k) with

p=—Im(¥)/(w?/2+1y/k).

Thus the velocity has a x component, providing further confir-
mation of our claim of a finite (P,). Just as for (P,), this trans-
verse velocity comes from an “interference” effect between the
two angular momentum channels.

A finite transverse velocity implies that, for a wave packet
= [dxx|E(r)|> will change as the
wave packet moves away from the surface. We thus turn our

the average position (x)

attention to (x). In the lower panel of Fig. 2 we show our nu-
merical result for the average position of a typical TOV for
the original reflected wave packet at the ferrite rods source
normalized by the wavelength, (x)/A, as a function of the fre-
quency of the incoming wave. For the ferrite, there are two
frequencies that are of interest,**! the spin wave frequency
wsw = /(o + ©,) = 0.727c/a (fswa/c = 0.1157) and a
so-called magnetic surface plasmon (MSP) frequency wyvsp =
W + ®y /2 = 0.8359¢/a. As can be seen from Fig. 2 the shift
(x) becomes significant and shows a dramatic dependence on
the frequency in the region around the spin wave frequency.
The Goos—Hanchen (GH) effect!! '8! predicts a shift in posi-
tion of a reflected wave. In the GH effect, the displacement is
zero at perpendicular incidence. Furthermore, the GH effect
predicts that the shift at an angle is proportional to the film
thickness, up to the skin depth. Our film is of thickness of
1/20 of a wavelength. Yet, (x)/A is significant. All of these
are different from the predictions of the GH effect.

The transverse displacement is a function of the distance
away from the interface. This is shown in Fig. 5 for different
frequencies. The position of the wave packet in the top panel
is extracted from the mean position of the beam at different
distances from the ferrite rods, the shapes of which are shown
in the two lower panels in the same figure.

The two curves for the top panel of Fig. 22 shows that the
sign of the velocity changes when the frequency changes by
only 5%. We have considered different widths of the Gaus-
sian beam w. The results are qualitatively the same. For the
remainder of this paper we describe the angular momentum
carried by the TOV.
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The z component of the angular momentum, L, = (xdy —
ydy)/1 of this state can be easily evaluated. We obtain (L) =
JdrES*(r)L.ES(r) = [ dkf (94, /1) fi- Thus

(L) o< Y m|bwl*/ Y bl (35)

Because b,, # b_,,, there is a net angular momentum, as is
advertised.

p——
./././.’_. —= X
1.0] —n f=0.105¢/a

(z)/A

f=0.101c/a

i —a—n_,

2 6 10 14 18

y/A
0.84 (b)l | | | | I | |
=) 0.4:
: :
0s] (©
T o
o- ;

z/A

Fig. 22. (a) The beam center (x), as a function of the distance y from the
array; w = 24, ry = 0.25a. (b) and (c) Pulse shape at different distances
y for fa/c =0.101 and fa/c = 0.105, respectively.

In conclusion, we discuss the generation of a “transverse
optical vortex” (TOV) in a microwave from the reflection from
an array of ferrite rods under an external magnetic field. For
this TOV state, the orbital angular momentum is perpendicu-
lar to the beam direction. This TOV state provides for a simple
way to transfer digital information through space with the time
separation between bits of the order of a nanosecond.

4. Perspective

The topic of this review is a confluence of three currently
very active areas and has not been much studied. There is
much promise of discovering new physics in this new virgin
territory. The area of plasmonics was motivated by the sur-
faced enhanced Raman scattering and the enhanced transmis-
sion through subwavelength holes in a metallic film, which is
capturing increasing interest due to their different promising
applications, such as for subwavelength transport of electro-
magnetic (EM) wave.[?! These phenomena are associated with
the interaction of EM waves and the surface plasmon. Be-
cause of the symmetry of Maxwell’s equations with respect to

its magnetic and electric degrees of freedom, there is a mag-
netic analog to the (electric) surface plasmon (SP), which on
bulk surfaces is known as the Damon—Esbach mode. We have
found the term magnetic surface plasmon (MSP) is more sug-
gestive and more general. These states are “one-way”. The
MSPs also go in only one direction and can be considered as an
optical analog of the electronic edge state in the quantized Hall
effect. The MSP in a magnetic photonic crystal form a dense
set of bands and exhibits increasing Chern numbers modulo
the degree of rotation symmetry of the crystal.[!8] These pro-
vide for a system to study the physics of higher-order topolog-
ical invariants, which usually requires near degenerate bands
with different Chern numbers.

The MSP has the potential to become a key player in spin-
tronics. Spintronics is focused on the spin polarized transport
of electrons and has a broad economic impact with the poten-
tial of providing new devices. The transport properties of a
system can be changed and tuned with little time delay by a
small external magnetic field. For example, in the magnetore-
sistance of a multilayer system, the magnetization of alternat-
ing layers can be switched by a small external field and the
transport properties of the system are changed substantially.
Because of the advances in nanotechnology, different small
magnetic structures can be realized and studied. The MSP
can be injected into a metallic element and generate spin and
charge currents. Thus, it is coupled to the spin polarized trans-
port of electrons. Its physical properties can be easily tuned
by an external magnetic field.

Appendix A: Recapitulation of ordinary surface
plasmon

Take the surface normal along y. We denote physical
quantities on opposite sides of the interface with a subscript
i =1, 2. The wave vector parallel to the interface, kH, is the
same on both sides. From V - D = 0, we obtain

kHDHi—I-ky,'Dyi =0. (A1)

Now D), and E“ are continuous; thus the ratio D), /E||,~ is also
continuous

D, /E; = Dy /Ej». (A2)

We thus obtain k&;/ky1 = —D,/E| = kj€/ky. For the sur-
face state, ky; is of opposite signs on opposite sides of the in-
terface. We thus obtain

|ky1|/€1 + [ky2| /€2 = 0. (A3)

For the SP to be stable, and for this equation to have a solu-
tion, the dielectric constant on opposite sides of the equation
are opposite in sign to each other. The above equations do
not involve the magnetic susceptibility and remain true even
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for magnetic systems. For nonchiral systems, we also have
kﬁ +ky; = &i;0*. Dividing by & and subtracting from each
other, we obtain

kK(1/e1+1/e) = 0.

This is the dispersion for surface plasmons that is often quoted.

Appendix B: MSP (Damon-Esbach)

We now consider the magnetic analog of the above. We
take the magnetization along z and the surface normal along
y. We consider the case with k; = 0 and denote the wavevec-
tors and the B fields in YIG as (ky,k,,0), (By,By,B;); in
air, (ky,qy,0), (bx,By,B;). The inverse magnetic susceptibil-
ity tensor is denoted by

a —ib 0
ul=1ib a 0
0 0 1

From Maxwell’s equation, the dispersions of the electromag-
netic wave in air and in YIG are given by

ki +4q; = 0%/ =k,
w’e = (ki +k})a,
respectively.
Similar to Eq. (A1), B is perpendicular to the wavevec-
tor. We assume a spatial dependence of the form exp(ik - x)
and obtain
kxBy + kyBy, = 0,
kyby+qyBy = 0.

(B1)
(B2)

Similar to Eq. (A2), H, and By, and, hence, H, /B, are continu-
ous. We obtain the relation

kya = qy + ibk;. (B3)
For localized states, the wave vectors k, = ik}, g, = —ig, are

imaginary. If b = 0, then this equation is completely analogous
to Eq. (A3). The broken time reversal symmetry of magnetic
systems is manifested in a finite b.

k, # 0.

We next consider the MSP with &k, # 0 and show that
this is not possible unless one of the dielectric constants
is negative. From Maxwell’s equation, we get —wD,/c =
(k;H¢ —keH;). When k; =0 and H, =0, D, = 0. Now H, =
W' By + lg,' By # 0. Thus, when k; # 0, Dy # 0. The electric
field of the MSP state possesses a component perpendicular to
the interface and thus will also have an (electric) surface plas-
mon character. Equations (A1)—(A3), remain applicable to the
present case. Equation (A3) cannot be satisfied unless one of
the dielectric constants is negative.
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