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Abstract — Surface plasma waves (SPWs) are usually discussed in the context of a metal in
contact with a dielectric. However, they can also exist between two metals. In this work we study
these bimetallic waves. We find that their dispersion curve always cuts the light line, which allows
direct optical coupling without surface grating structures. We propose practical schemes to excite
them and the excitation efficiency is estimated. We also show that these waves can be much less
lossy than conventional SPWs and their losses can be systematically controlled, a highly desirable
attribute in applications. Conducting metal oxides seem fit for experimental studies.

Surface plasma waves (SPWs) are widely known as
charge density undulations propagating at the interface
between a metal and a dielectric (such as vacuum) [1-4].
Due to highly localized electromagnetic (EM) fields asso-
ciated with them, SPWs have seen applications in many
areas such as Raman scattering [5, 6], near-field spec-
troscopy [7] and bio-sensing [8-10]. In the past decade
or so, SPWs have emerged as a pivotal player in sub-
wavelength optics [11,12], where it is necessary to render
efficient coupling between light (propagating EM waves)
and SPWs. As the wavelength of SPW is much shorter
than that of light at the same frequency (momentum mis-
match), the desired coupling can be achieved either via
contrived surface structures such as grating [3] or using
an end-fire geometry [3,13,14]. In this Letter, we investi-
gate SPWs supported at the interface between two met-
als and show that such SPWs can couple to light with-
out gratings. Although these waves were noticed in early
studies [15-18] and are garnering interest in the field of
core-shell nano-particles [19,20], a comprehensive under-
standing, especially of their coupling with light, has yet to
emerge [21]. We systematically look into their properties
and propose practical while efficient means of launching
them.

‘We consider a planar interface between two metals each
characterized by their bulk plasma frequency w;, as shown

in Fig. 1 (a). Here j = 1,2 labels the metals. For the sake
of definiteness, we assume wy > w; in this Letter. SPWs
can be supported at the interface. Unlike in ordinary
metal-vacuum structures, however, the dispersion relation
w(k) of these SPWs is not photon-like in the long wave-
length limit. Instead, as their wavenumber k increases
from zero, their frequency w rises from w;, the lower of
the bulk plasma frequencies of the metals, and approaches
an upper limit. As such, the dispersion relation of light
always intercepts w(k), thereby allowing SPWs to be di-
rectly excited with light without grating, which makes the
key observation of this Letter.

At first thought, one might think that such waves must
be extremely lossy and thus of limited practical uses. On
the contrary, we find that bimetallic SPWs can be much
less lossy and their losses can be controlled around the
point of interception.

We first describe the full dispersion relation w(k) as
plotted in Fig. 1 (b), where we see that SPWs are admit-
ted only with frequency w € [w1,w;]. The upper bound
ws = v/ (w? +w3)/2 was first reported in Ref. [15] and it
reduces to the usually quoted SPW frequency [4] if one
of the metals is replaced by a dielectric, i.e. by setting
w1 = 0. This bound arises in the electrostatic limit, where
the speed of light (in vacuum) ¢ can be taken as infinite.
The lower bound w; is achieved at k¥ = 0. Now that the
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frequency of light runs over the entire real axis, the light
line must traverse the SPW line at (k*,w*). The value of
(k*,w*) depends on the speed of light. For light traveling
in vacuum, it is given by

w* = Jwws, kY =w"/e, (1)

which is indicated in Fig. 1 (b). For light traveling in other
media, the light line has a different slope and hence the
crossing takes place elsewhere.

The reason why w; sets the lower bound for the SPW
frequency is easy to understand. Since SPWs harbor
charges at the interface, the normal component of the elec-
tric field changes sign across the interface. To ensure the
continuity of the normal component of the electric dis-
placement field, the dielectric function must change its
sign. The dielectric function of ideal metals is completely
determined by its bulk plasma frequency if the SPW wave-
length is the only relevant length scale in question as as-
sumed here. For metal j it is given by €;(w) = 1 — w? /w?.
Now we must have €; (w) - e2(w) < 0, which yields w > w;.
This indicates that metal 1 effects as a dielectric, since
61(0.)) > 0.

The full profile of w(k) exhibited in Fig. 1 (b) can be
established with the knowledge that the interfacial charges
feel an effective dielectric function given by

€w) = e1(w) - e2(w)/ (e1(w) + e2(w)) - (2)

This means the EM waves carried by SPWs must bear
this dispersion relation: k = (w/c)y/€(w), which actually
describes TM-polarized solutions of Maxwell’s equations
applied to our system [3]. Solving this equation reproduces
Fig. 1 (b). SPW solutions exist only if €(w) > 0 so that & is
real, thereby establishing w; < w < w,. The electrostatic
limit is attained for €; + €3 = 0. The light line and the
SPW line cross where e(w*) = 1, which retrieves Eq. (1).
For light traveling in a media of refractive index n, the
crossing occurs where €(w*) = n?.

We can also derive the dispersion relation w(k) by study-
ing the motion of charges rather than the EM fields. The
conductivity for our system can be written as o(z;w) =
iw?(2)/4mw, where w(z) takes the value of w; (ws) for
z >0 (2 < 0). The presence of a charge density p()e~ "¢
produces an electric field E(Z)e ™!, which then drives
a current of density J(Z)e ! with J(Z) = o(z;w)E(T).
Applying the equation of continuity to p and J and using
0,w3(2) = 6(2)(w? —w3), where 6(z) is the Dirac function,
we get

(w? —w?(2)) p(7) = 6(2) (B=(0)/27) (wi — w3)/2. (3)

SPWs are represented by solutions with non-vanishing
E,(0), for which the charge density is completely localized
at the interface: p(Z) = ps(z,y)0(2), where ps(x,y) de-
notes interfacial charge density. Taking ps(z,y) = pse’*®,
we find E,(0) = —27p, in the electrostatic limit. Inserting
this in Eq. (3), we arrive

1= (1/2)(w] - wi)/(w® —w?). (4)

This Equation can be extended beyond the electrostatic
limit to reproduce the full SPW spectrum, if E,(0) in
Eq. (3) is evaluated with the inclusion of retardation ef-
fects [22], though the charge density is still completely
localized at the interface. This derivation makes it clear
that SPWs originate from an abrupt change in conductiv-
ity [23].

The advantage of SPWs between metals lies in the possi-
bility of being optically excited without grating structures,
thanks to the unavoidable crossing of the light line and
the SPW dispersion. In Fig. 1 (a) we conceive a scheme
to implement this, in which a beam of TM polarized light
at frequency w* shines sideways upon the interface from
a media of refractive index n. Although it cannot enter
metal 2, this beam does get into metal 1 because w* > w;.
As such, it can resonantly induce SPW oscillations at the
crossing frequency w* determined by e(w*) = n%. To es-
timate the excitation efficiency, let us write the incoming
wave as U(z, z,t) = u(z)e!** =« where U stands for a
component of the EM fields. The general scattering prob-
lem by the structure is hard to solve analytically. However,
if we prepare the wave in such a way that u(z) exactly
matches the profile of that of the SPW (usp,,), the prob-
lem can be rigorously solved. In such cases, the incident
incoming wave will be partially reflected back with reflec-
tion coefficient R and partially transmitted in the form of
a SPW with coefficient T'=1 — R. Matching these waves
at the boundary gives

R=|(Vew) —n)/(Vew) +n)f, (5)

where €(w) is given by Eq. (2). This expression has the
same form of Fresnel formula but bears obviously different
contents. We then find R =1 and T = 0 for w = w1y, ws,
while R = 0 and T = 1 for w = w*. If u(z) does not
exactly fit the SPW profile, other modes than SPWs will
be excited and this equation shall not apply.

To further vindicate the idea and to study the case
where u(z) does not match usp,,, we have performed nu-
merical simulations with the finite element method by
a commercial package COMSOL. We set up the system
consisting of two metals with bulk plasma frequencies
wy = 103THz and w; = 0.2ws, respectively. Then we send
a wave (of frequency w) through a waveguide (of refrac-
tive index one) welded to the interface between the metals.
In simulations, the field profile u(z) is determined by the
shape of the waveguide and it does not match wsp,,. We
calculate the transmission as the ratio of the energy flux
received at the red port to that at the green port (see the
inset of Fig. 2) as a function of w € [w1,ws]. The result is
displayed in Fig. 2. We see that only in the neighborhood
of w*, where the light line cuts the SPW dispersion, the
energy can be well transmitted and thus SPWs be excited,
in good agreement with Eq. (5). Note that the transmis-
sion is remarkably high, achieving nearly 80% around the
resonance point.

Since the variation of the refractive index n of the inci-
dence media can tune the slope of the light line [see Fig. 1
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Fig. 1: SPWs supported at a bimetallic interface can be optically excited without the need of grating structures. (a) Setup of
the system: two metals characterized by their bulk plasma frequencies wj, where j = 1,2 labels the metals, touch at a planar
interface z = 0. SPWs can propagate along e.g. x-direction with wavenumber k. When the electronic mean free paths in both
metals are much smaller than 27/k, SPWs may be represented by charges completely localized at the interface. Arrowed thick
lines indicate the electric field due to those charges. (b) Dispersion relation w(k), assuming ws > wi. SPWs can exist only in
the window [w1,ws], where w? = (wf 4+ w3)/2. The light line inevitably cuts the SPW dispersion at (k*,w*). Here w* = \/wiws
for light traveling in vacuum but shifts to elsewhere for light propagating in other media, allowing SPWs to be excited in the
entire spectrum directly with light, as illustrated in (a), where a beam of TM polarized light incident at the interface enters
metal 1 and hence generates SPWs. The maximal efficiency as estimated by Eq. (5) peaks where the crossing occurs, which is

readily advocated by simulations (see Fig. 2).
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Fig. 2: Simulated SPW excitation efficiency. A wave of pro-
file u(z) o cos(mz/W) is sent from a wave guide of width
W and it impinges upon a bimetallic interface welded to the
guide. SPWs are then excited. A simulation of this process
is conducted using a commercial package COMSOL. The in-
set sketches the setup and exhibits a map of the electric field
(z-component) of the excited SPW near w*. The green (red)
bar in the inset indicates the port for incoming (out-going)
waves, and the transmission is calculated as the ratio between
the energy fluxes received at the ports.

(b)], w* can run all the way from w; to ws. Thus, the
whole spectrum of SPWs can in principle be excited.

The scheme can also be used to convert light into SPW
with a different wavelength. We let a light beam trans-
mit through a slab of dielectric (of index n) and then hit
upon a bimetallic interface (with which the slab is in con-
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Fig. 3: Excitation of SPWs by AC circuits. As the system
consists only of metals, the waves can be excited via an AC
circuit driven by a voltage V(t) = Vb cos(wt). Assuming the
interface is smaller than the SPW wavelength in dimension and
treating it as a capacitor, the charge density p, can be shown
with a resonance at ws.The same resonance shows up also in
the current densities J;,2. Near ws, J1 and J2 are opposite in
direction. See Egs. (6) and (7).
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tact). SPWs are thus excited, whose wavelength, however,
is only 1/n times that of the original incident light. The
slab thickness should be chosen to maximize the transmis-
sion. This idea may find applications in nano-optics.

Since our system is merely composed of metals, we may
also excite the waves using a simple AC circuit as sketched
in Fig. 3. The samples may be fabricated with sufficiently
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Fig. 4: Various length scales of practical importance. Lj is
the penetration depth of the electric fields in the j-th metal.
Clearly, Lo < c¢/w while L1 > Lo. The profile of L1 (L2) is
analogous to that on the dielectric (metal) side of conventional
SPWs. L is the propagation distance, which peaks at w*. In
computing L, we have chosen 71 = 72 = 0.01lw, where ~; is the
electronic relaxation rate.

small cross-sections (less than a SPW wavelength) so that
variations of charge density and currents can be neglected
within the interface. The circuit can be solved by treating
the interface as a capacitor in the electrostatic limit. The
interfacial charge density varies as ps cos(wt), where

ps = [(W3 —w?)/(w® —w?)] (Vo/4mD). (6)

Here D denotes the total length of the sample and Vj
the amplitude of the applied AC voltage. We see that p;
develops a resonance at the SPW frequency. The current
density is given by

5 Sinwt

v
Jij2 = <W1/2 =

D )

(7)
which shows the same resonance. Near the resonance, the
current flows in opposite directions across the interface, as
pictured in Fig. 3. Note that bulk waves cannot be excited
this way, as is evident from Eqgs. (6) and (7).

In practical uses of SPWs, apart from the wavelength
27 /k, there are three other important lengths, which we
denote by Ly, Ly and L, respectively [24]. They are
all plotted in Fig. 4. The penetration depth, L; =
1/\/k? — (w/c)%e;, describes how far the associated EM
fields extend into the bulk of the j-th metal. As we can
see in the simulations (Fig. 2), the EM fields are much
more strongly localized on the side of metal 2, in line with
the fact that Ly < L, as shown in Fig. 4. In fact, Lo
is less than the light wavelength 27c/w at all w while L,
is almost always larger. The trend of Lj(w) [L2(w)] re-
sembles that on the dielectric (metal) side in conventional
SPWs, again suggesting that metal 1 acts as a dielectric.

The length L is critical in using SPWs to carry pho-
tons. It describes how far a SPW wave packet can propa-
gate before it damps off due to Joule heat. We may write

) £ /203 — )/ - )]

L = vy7, where 7 is the SPW lifetime and vy = dw/dk =

c/ (\/e(w) +dy/e(w)/dIn w) denotes its group velocity.

The SPW lifetime 7 quantifies the losses experienced by
the waves. At first thought one might think that bimetal-
lic SPWs must be heavily lossy due to the presence of an
extra metal, in comparison with dielectric/metal SPWs.
Contrary to this expectation, we show that they can ac-
tually be much less lossy. For this purpose, we evaluate 7
within the Drude model. The validity of this model and
the calculation details are discussed elsewhere. Here we
only quote the result of 7 for the crossing point (k*,w™*),
which is of special interest to us. It is given by

1 Nt wr 1
2 wo (1—(,L11/(J.)2)27

(®)

where v; denotes the electronic relaxation rate in metal
j. This expression shows that 7 can be systematically
improved by choosing suitable materials so that wi/we
is small. However, for conventional SPWs, 7! can be
considerably larger. For example, for a vacuum/metal
structure, we find 771 ~ (7/2)(0.)2/0.)%)/[(1 — w2/w§)(1 -
2w?/ wg)], which would diverge in the non-retarded regime
where w ~ w,/v/2. Here v and w,, are the relaxation rate
and characteristic frequency of the metal, respectively.

Consequently the propagation distance L can be con-
siderably larger than light wavelength 27¢/w. In Fig. 4
we plot L against frequency for 77 = 72 = 0.0lw, which
is typical for most plasmonic materials [25,26]. Note that
L(w) peaks at w* with a value one thousand times as large
as the light wavelength, an attribute highly wanted in ap-
plications.

In a recent work Bliokh et al. showed that conventional
vacuum-metal SPWs display an optical analog of quantum
spin Hall effect [27], where the spin S carried by SPWs is
locked to the wave vector k, i.e., reversing k results in re-
versed S. Obviously, this property is also possessed by
bimetallic SPWs, because these waves are described by
the same equations, i.e. Eqs. (4) - (6) in Ref. [27], as
the conventional SPWs. Moreover, these authors ascribed
the existence of conventional SPWs to a topological differ-
ence between the optical media involved. The optical spin
Chern number C, for vacuum (C, # 0) differs from that
for optically opaque metals (C, = 0). This connection can
as well be established for bimetallic SPWs, because trans-
parent metals are topologically equivalent to the vacuum.
Actually, in order to have nonzero C,, one only needs
the existence of the k-sphere (see Ref. [27] for definition).
For light in metals we have k? = (w? — w?2)/c?, where w,
denotes the bulk plasma frequency. Thus, the k-sphere
exists if and only if w > wy, i.e. when the metal is trans-
parent. Returning to bimetallic SPWs, we see that metal
1 is transparent while metal 2 is opaque for w € (w1, ws),
suggesting the same geometrical origin of these waves.

Being less lossy and directly excitable, bimetallic SPWs
are evidently favorable with plasmonics. In experimental
studies the challenge is to find suitable materials. Ideally,
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the conductors in the bimetallic structure need be well sep-
arated in their bulk plasma frequencies, i.e. w;/ws < 1.
In the meanwhile, inter-band transitions need be avoided
in the region of frequencies of interest, i.e., w* should
stay far off the inter-band transition threshold of either
constituent material. Noble metals like gold and silver,
though most commonly experimented with, may not be
good candidates, because their bulk frequencies lie very
close (~ 9 eV) and inter-band transitions might prevail
at frequencies thereof [25,28]. On the other hand, con-
ducting metal oxides such as indium tin oxides (ITO) and
zinc oxides (e.g. Al:ZnO) can be very apt for studying
bimetallic SPWs [25, 29, 30]. These materials have at-
tracted plenty of attention in recent years for their widely
tunable plasma frequencies (from infrared to ultra-violet),
low losses (e.g. relaxation rate could be lower than that of
silver) and clearance of inter-band transitions [30]. There-
fore, SPWs in bimetallic structures composed of these ma-
terials should be well described by our theory.

We have thus studied SPWs at bimetallic interfaces.
These waves have a dispersion inevitably traversing the
light line and they can be resonantly excited without grat-
ing structures. Also, they can be much less lossy near
the crossing points. These features can not exist in di-
electric/metal or cladding structures [2,31] and they are
highly desired in current plasmonics. We hope the present
work will stimulate further theoretical and experimental
studies on these waves.
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