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Abstract In this Letter we develop a theory of spoof plas-
mons propagating on real metals perforated with planar pe-
riodic grooves. Deviation from the spoof plasmons on per-
fect conductor due to finite skin depth has been analytically
described. This allowed us to investigate important propaga-
tion characteristics of spoof plasmons such as quality factor
and propagation length as the function of the geometrical
parameters of the structure. We have also considered THz
field confinement by adiabatic increase of the depth of the
grooves. It is shown that the finite skin depth limits the prop-
agation length of spoof plasmons as well as a possibility to
localize THz field. Geometrical parameters of the structure
are found which provide optimal guiding and localization of
THz energy.

1 Introduction

Spoof plasmons are bound electromagnetic waves at fre-
quencies outside the plasmonic range mimicking (“spoof-
ing”) surface plasmon polaritons (SPPs), which propagate
on the periodically corrugated metal surfaces. The spoof
plasmons have first been proposed in Ref. [1] in order to ex-
plain extraordinary optical transmission (EOT) through the
perforated films [2]. The first experimental demonstration
of the spoof plasmons was done using periodically arranged
hollow brass tubes [3]. Generally at terahertz (THz) frequen-
cies, there are no SPPs propagating at the metal/dielectric
interface due to large free electron density, which places the
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surface plasma frequency in the visible or ultraviolet parts
of the spectrum. One of the advantages of using fields prop-
agating along corrugated surfaces is their strong coupling
to interface at THz frequencies and a possibility to control
their dispersion through geometrical parameters of the struc-
ture. This has already created a new vibrant field of research
[4–11].

To date, theoretical consideration of such an interesting
phenomenon as spoof plasmons is mostly based on the per-
fect metal description [4–8]. Although there have been pa-
pers considering spoof plasmon losses, mainly due to dif-
fraction [9, 10], the question of how losses affect propaga-
tion and localization of spoof plasmons is still open. The
qualitative picture showing the dependence of spoof plas-
mon propagation on metal skin depth, which in addition to
diffraction is the main channel of loss, is needed. It has been
recently shown that deviation of real metals from the per-
fect conductor is important for propagation and localization
properties of THz fields [12].

In this Letter, we consider the influence of the metal loss
(finite skin depth) on spoof plasmon behavior. We have ob-
tained a simple analytical dispersion relation of the spoof
plasmons on the corrugated surface of a real metal. We have
shown that their propagation length as well as spatial limit
on THz energy concentration by means of spoof plasmons
are determined by the metal skin depth.

2 Effective medium approximation

Consider a surface of the metal with dielectric permittiv-
ity εm perforated with a one-dimensional periodic array of
grooves of width a and depth h. The period of the array is d .
The material inside the grooves has dielectric function εg.
The corrugated surface is in contact with a medium with
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Fig. 1 (a) An array of grooves of width a and depth h cut in real metal
with the period of the system d . The metal is placed in dielectric with
permittivity εd. (b) The structure with grooves in the effective medium
approximation. Parameters of the effective medium are given by (1)
and (3). (c) The dispersion relation of the spoof plasmons (frequency
f versus wave vector k) supported by a 1D array of grooves with geo-
metrical parameters a/d = 0.3, a = 3 µm, h = 30 µm. The real part,
Rek, is denoted by the red line and Imk by the blue line, while the
black dashed line is the dispersion relation for a perfect conductor. The
dielectric functions εd and εg are chosen to be one

permittivity εd. This structure is shown in Fig. 1(a). Such in-
terface can be modeled as a three-layer structure, consisting
of a homogeneous anisotropic layer of thickness h, describ-
ing corrugations, placed between the metal and the dielec-
tric, displayed in Fig. 1(b). The approximation of the central
layer as an anisotropic effective medium is possible as long
as the period d is much smaller than the wavelength of the
electromagnetic field.

In order to find the dielectric parameters of the effec-
tive medium, consider a periodic assembly of parallel metal
plates. The effective dielectric constants of such assembly
are [13]

εx = εz = (d − a)εm + aεg

d
, εy = d

(d − a)/εm + a/εg
.

(1)

The field of spoof plasmons is composed of parallel plate
waveguide modes, propagating along the grooves, whose
amplitudes are correlated through spoof plasmon phase. Let
k be the spoof plasmon wave vector and kg is the wave vec-
tor of the wave propagating into the grooves [12]

kg = k0
√

εg

(
1 + ls(i + 1)

a

)1/2

, (2)

where k0 = 2πf/c is the vacuum wave vector, f is the fre-
quency, and ls = (k0 Re

√−εm)−1 is the skin depth of the
metal. The magnetic permeability of the effective medium,
which allows one to fulfill the effective Maxwell equations,

is the following

μx = 1

k2
0

(
k2

εz

+ k2
g

εy

)
, (3)

where εy and εz are given by (1). Thus the array of planar
grooves cut in non-perfect conductor can be replaced by an
anisotropic layer of thickness h with parameters given by (1)
and (3).

3 Propagation of terahertz spoof plasmons in real
metals

Using the effective medium approximation derived in the
previous section, we can describe the transverse magnetic
spoof plasmon mode, propagating in the structure. The only
non-zero components of the magnetic and electric fields are
Hx , Ey , Ez:

Hx = Aeiky

{
e−κz for z > 0
cos(kg(z+h))

cos(kgh)
for −h < z < 0

, (4)

Ey = − ∂zHx

ik0εy

= −Aieiky

k0

⎧⎨
⎩

κ
εd

e−κz for z > 0
kg
εy

sin(kg(z+h))

cos(kgh)
for −h < z < 0

, (5)

Ez = ∂yHx

ik0εz

= Akeiky

k0

⎧⎨
⎩

1
εd

e−κz for z > 0
cos(kg(z+h))

εz cos(kgh)
for −h < z < 0

. (6)

Here k is the spoof plasmon wave vector, kg is defined

by (2), κ =
√

k2 − εdk
2
0 , and A is the amplitude. Note that

the region −h < z < 0 is occupied by the effective medium;
thus, εy and εz are given by (1). The area z < −h is chosen
to be a perfect conductor, so the fields there are zero. This is
a good approximation since a � h, and losses at the bottom
of the grooves are negligible.

Matching the fields at the boundary z = 0, we obtain the
spoof plasmon wave vector as

k =
(

εdk
2
0 +

(
aεd

dεg

)2

k2
g tan2(kgh)

)1/2

. (7)

This is the dispersion relation for the spoof plasmons sup-
ported by the corrugated surface of a real metal. Equation
(7) takes into account the finite conductivity of the metal via
kg (2) that depends on the skin depth ls. This skin depth is in
the range 30–120 nm for the THz part of the spectrum [14].

To illustrate the dependence of the spoof plasmon proper-
ties on the metal skin depth, we plot the real and imaginary
parts of the wave vector k as the function of frequency f in
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Fig. 1(c). The dashed black line in Fig. 1(c) corresponds to
the dispersion of spoof plasmons on the perfect conductor.
It can be seen that at resonant frequency, which for given
parameters is f ≈ 2.5 THz, the wave vector kpc is infinitely
large. However, if losses are taken into account, Re k (red
curve) experiences the backbending similarly to SPPs and
has a finite maximum value. Also there is a peak of Im k

(blue curve) near the resonance. The analytical approxima-
tion for Imk can be obtained from analysis of (7)

Im k � k0ε
3/2
d

2εg
ζ
(
ε

1/2
g k0h

)(a

d

)2
ls

a
, (8)

where ζ(x) is a function defined as ζ(x) = tan(x) ×
(x sec2(x)+ tan(x)). This expression is an excellent approx-
imation at all frequencies, except for the region of back-
bending. As one can see from (8), the spoof plasmon propa-
gation length lp = 1/(2 Im k) is inversely proportional to the
skin depth of the metal and becomes infinite for the perfect
conductor. The propagation length is proportional to d2 in
agreement with numerical computation of Ref. [10].

The spoof plasmon figure of merit Q = Re k/ Im k is de-
picted in Fig. 2(a) as a function of the geometrical parame-
ters of the system, a and h at f = 1 THz. Physically Q

shows how many oscillations a spoof plasmon undergoes
before it decays. The black curve in this figure shows when
Q = 4π , which corresponds to energy decay length equal to
wavelength. The area to the left of this curve is suitable for
propagation of THz field with spoof plasmons.

Besides the figure of merit, Q, the other important prop-
agation characteristics of spoof plasmons are the energy at-
tenuation length (propagation length) lp = 1/(2 Im k) and
the energy confinement in the dielectric ξ = 1/(2 Reκ). In
Fig. 2(b), these two parameters are shown as a function of
the depth of the grooves, h. Note that the better the confine-
ment is, the lower is the propagation length.

Fig. 2 (a) Spoof plasmon figure of merit Q as a function of a and
h for f = 1 THz (a/d = 0.3). Black curve corresponds to Q = 4π .
(b) The propagation length lp (red curve) and confinement length ξ

(blue curve) of spoof plasmons as functions of the depth of the grooves
h at f = 1 THz for the parameters a/d = 0.3, a = 3 µm. Note the
different scales on the right and left axes

4 Adiabatic concentration on spoof plasmon structure

The spoof plasmons were proposed as a promising tool for
the concentration of THz radiation [7]. However, this as-
sumption was based on the perfect conductor description,
which did not take losses into account. Here we consider the
possibility of focusing using the non-perfect metal with pe-
riodically drilled grooves and show that the concentration is
limited to tens of micrometers.

In order to achieve a good focusing and high intensity,
the wave vector of the spoof plasmons k given by (7) should
be large. It can be seen from (7) that k reaches maximum
when the argument under the tangent kgh → π/2, i.e., the
grooves play the role of quarter-wavelength antennas. Be-
cause kg ≈ k0, such a resonance occurs when h ≈ λ0/4. In
order to concentrate spoof plasmons one should adiabati-
cally increase the depth of the grooves until the wave vector
k reaches maximum. With the intention of achieving the adi-
abatic concentration using spoof plasmons, one should keep
the parameter of the adiabaticity δ = |d(Re k−1)/dy| small
compared to the unity. In the specific computations, we keep
δ = 0.1, which allows us to determine the dependence h(y),
i.e., the appropriate grading of the groove depth (or, thick-
ness of the effective medium).

Following the well-developed method of the adiabatic
concentration [15–17], the phase of the spoof plasmon mode
(eikonal) is determined by the following integral 
(y) =∫

k(y) dy, where k(y) is defined by (7). The amplitude of
the fields A(y) can be found using the conservation of en-
ergy flux. The fields given by (4)–(6) with the phase de-
termined by the eikonal exponent ei
(y) and the amplitude
A(y) are plotted in plane yz in Figs. 3(a)–(c). The electric
field energy density (see, e.g., Ref. [18])

U = 1

16π

{
Re

(
d[f εz(f )]

df

)
|Ez|2

+ Re

(
d[f εy(f )]

df

)
|Ey |2

}
(9)

is plotted in Fig. 3(d) in relative units. As one can see, when
the depth of the grooves h is adiabatically increased (shown
by the dashed black line), the density of the spoof plasmons
field increases by the factor of 100, while the wavelength
decreases from 300 µm to 40 µm, while the THz energy is
concentrated.

We have also estimated the minimum size of the hot spot
that can be achieved by concentration of the spoof plasmons
on real metals. In the case of the perfect conductor, the size
of the hot spot is not limited by the losses and can theoret-
ically be arbitrarily small. One can make both the period d

and the width of the grooves a infinitesimally small to avoid
diffraction. However, if losses are introduced and the skin
depth ls is finite, there is a limitation on the size of the hot
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Fig. 3 Terahertz spoof energy concentration due to adiabatic increase
of the thickness of the effective medium. (a) Instantaneous distribu-
tion of transverse magnetic field Bx as the function of the coordinate
y along the propagation direction. (b) The same as panel (a) but for
the longitudinal electric field Ey . (c) The same as panel (a) but for
the transverse electric field Ez . The units of the fields are arbitrary but
consistent between panels. (d) The electric fields density of spoof plas-
mons U , relative to density U0, at the point (0,0) in yz plane, as the
function of y. The dashed black line represents the shape of the effec-
tive medium, i.e. h(y)

spot. In order to have a high wave vector k, one needs to use
a strong coupling with the resonance of the grooves. To have
a sharp resonance and small spoof plasmon wavelengths, the
resonance figure of merit ls/a should be small. Since for the
given frequency the skin depth ls is fixed, one has to increase
the size of the system. On the other hand, the increase of d

leads to strong diffraction when d becomes comparable with
the wavelength of spoof plasmons. This analysis leads to the
minimum achievable hot spot size on the order of 30–40 µm.

5 Conclusion

In this Letter, we have developed a theory, which describes
the spoof plasmons propagating on the real metal with the
finite skin depth. The derived dispersion relation allowed us
to investigate analytically propagation characteristics of the
spoof plasmons such as the propagation length, energy con-
finement size, and figure of merit as functions of the geo-
metrical parameters of the structure. Despite the finite en-
ergy dissipation, our selection of the optimum parameters
of the structure provides for good guiding and confinement
of THz field with spoof plasmons. We have also considered
the possibility of adiabatic concentration of THz energy by
spoof plasmons. We have shown that the concentration of
the spoof plasmons to a spot with the size of 30–40 µm is
possible, while their intensity increases by more than two
orders of magnitude.
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