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Abstract: Optical properties of metal nanowires and nanowire composite materials are studied. An incident electromagnetic wave can effectively couple to the propagating surface plasmon polariton (SPP)
modes in metal nanowires resulting in very large local ﬁelds. The excited SPP modes depend on the structure of nanowires and their orientation with respect to incident radiation. A nanowire percolation composite is shown to have a broadband spectrum of localized plasmon
modes. We also show that a composite of nanowires arranged into parallel pairs can act as a left-handed material with the eﬀective magnetic
permeability and dielectric permittivity both negative in the visible and
near-infrared spectral ranges.
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1.

Introduction

The optical properties of nanostructured materials have been intensively studied during
the last decade (see, for example, [1, 2, 3]). Various “nano” versions of major optics
areas, such as nanophotonics and nanospectroscopy, are developing with increasing rate.
Among particularly important problems in this ﬁeld is the focusing and guiding of light
on nanometer scales beyond the diﬀraction limit of conventional far-zone optics.
For object imaging, the near-ﬁeld part of the radiation contains all the information
about the scatterer. As the distance from the object increases, the evanescent portion
of the scattered ﬁeld exponentially decays, resulting in loss of information on the “ﬁne”
(sub-wavelength) features of the scatterer. The usual way to solve this problem is to
use shorter wavelengths or measure in the near-zone; both of these methods have their
limitations. A new way to solve this imaging problem has been recently proposed by
Pendry [4] (see also [5]). According to Pendry, when the scattered light passes through
a material with negative refractive index (speciﬁcally, it should be equal to -1), the
evanescent components of the scattered ﬁeld are enhanced allowing the restoration of
the object image with subwavelength resolution. Despite the obvious importance of such
super-lens, it is worth noting here that possible applications for materials with negative
refraction can go far beyond this idea. This is because the refractive index enters into
most optical “laws” so that the possibility of its sign reversal can result in their serious
revision and new applications resulting from this.
Smith et al. [6] have demonstrated negative-refraction materials (also referred to as
left-handed materials, LHMs, because the electric, magnetic vectors and the wavevector
form a left-handed system, in this case) in the microwave range. Shvets proposed how
such “meta-materials” can be made in the far-IR part of the spectrum [7]. In our previous
paper [8], we proposed a ﬁrst LHM (based on a nanowire composite) that can have
negative refraction in the near-IR and visible spectral ranges. A similar nanowire system
was later considered by Panina et al. [9].
In the present paper we study the optical properties of metal nanowires and their
various composites. We verify our previous theoretical results (limited by the approximation used in [8]) with new numerical simulations and study the behavior of nanowire
plasmon modes in more detail. We show that metal nanowires and their composites can
act as nano-resonators capable of producing the local-ﬁeld enhancement up to 103 . We
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also describe how nanowire composites can be used for developing LHMs in the near-IR
and visible parts of the spectrum.
The rest of the paper is organized as follows. In the next Section we present the numerical method used to ﬁnd the electromagnetic ﬁeld distribution for metal nanowires.
In Section 3, we consider the optical response of a single nanowire and verify the existence of surface plasmon polariton (SPP) resonance in such a system. We show here
that the local ﬁeld near a metal nanowire can be dramatically enhanced due to such
resonance. When nanowires form a percolation composite, the interactions between the
nanowires result in many localized plasmon modes, with diﬀerent resonant frequencies that all together cover a very large spectral range. In Section 4 we show that the
forward and back-scattering by the nanowire system can be characterized by their eﬀective dipole and magnetic moments. The last Section of our paper considers composite
materials based on parallel pairs of nanowires. We show here that both electrical and
magnetic resonances can occur in such material and, under certain conditions, it can
have a negative refractive index. We numerically study here the resonant properties of
nanowire pairs as functions of diﬀerent parameters.
2.

Coupled Dipole Equations (CDEs)

We start by brieﬂy recapitulating our previous results [8] on the optical properties of a
single nanowire. These properties are governed by two important nanowire dimensions,
the diameter and length. The radius of the wire, b2 , we assume to be much smaller than
the wavelength of the incident light, λ; the radius, however, can be comparable with the
optical skin-depth in the metal. The length of the nanowire, 2b1 , can be on the order of
light wavelength. Such relations between parameters of the system makes it very hard
to solve the Maxwell equations exactly; they can be, however, analyzed numerically.

Fig. 1. A nanowire represented by an array of “intersecting” spheres [8]

To ﬁnd numerical solution to the Maxwell equations for our system we use the
discrete-dipole approximation (DDA). This approach was ﬁrst introduced by Purcell
and Pennypacker [10] to ﬁnd the scattering properties of irregularly-shaped objects. In
this method, an object is replaced by a large number (N ) of interacting polarizable
spheres placed on a cubic lattice (see Fig. 1). The lattice period a (and thus the radius
of individual spheres, R) is much smaller than the wavelength of the incident light.
If the relation a  λ is fulﬁlled, then each dipole can be treated in the quasi-static
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approximation with the ﬁeld given by the sum of the incident ﬁeld and the ﬁelds due
to all other dipoles, as described by the following coupled-dipole equations (CDEs)


N

Ĝ(ri − rj )dj  ,
(1)
di = α0 Einc +
j=i

where Einc represents the incident ﬁeld at the location of the i-th dipole, ri , Ĝ(ri −rj )dj
represents the EM ﬁeld scattered by dipole j at this point, with Ĝ being a regular part
of the free-space dyadic Green function. The latter is deﬁned as
Gαβ = k 3 [A(kr)δαβ + B(kr)rα rβ ],
A(x) = [x−1 + ix−2 − x−3 ] exp(ix),
B(x) = [−x−1 − 3ix−2 + 3x−3 ] exp(ix),

(2)

with Ĝd = Gαβ dβ . The Greek indices represent the Cartesian components of vectors
and the summation over the repeated indices is implied.
There are two important parameters in Eq. (1). The ﬁrst parameter is the polarizability of a monomer, α0 , usually given by the Clausius-Mossotti relation (see, for
example [11]) with the radiative correction introduced by Draine [12]
α0
αLL

αLL
1 − i(2k 3 /3)αLL
−1
,
= R3
+2
=

(3)
(4)

where  is the dielectric permittivity and αLL is the Lorentz-Lorenz polarizability without the radiation correction.

Fig. 2. Intensity enhancement distribution around silver nanowire excited by a plane
electromagnetic wave [8]. The wavelength of incident light is 540 nm. The angle
between the needle and the light wavevector is 30◦ , the wavevector and vector E of
the incident irradiation are in the plane of the ﬁgure

The second important parameter in the CDEs is the ratio of the radius of individual
polarizable sphere R to the lattice size a. In their original work, Purcell and Pennypacker
[10] proposed to choose the value for this parameter so that the total volume of the
spheres is equal to the total volume of the object,
a/R = (4π/3)1/3 ≈ 1.612
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Note that in this case two neighboring particles have to geometrically intersect since
a/R < 2; such intersection, phenomenologically, takes into account the multipolar corrections in the depolarization factor, remaining within the dipolar approximation. As
shown later by Markel [13, 14], the “intersection ratio” for an inﬁnitely long chain of
spheres should slightly diﬀer from the one given by Eq. (5) in order to give the correct
depolarization factors: a/R ≈ 1.688. According to Draine’s calculations [15] the value
given by Eq. (5) leads to small (about 1%) error in the absorption coeﬃcient in the
quasi-static case for a spherical system. Our simulations suggest that results of simulations strongly depend on the intersection ratio a/R. In our simulations below, we choose
the value of this parameter from the condition that the solution to the CDEs give the
correct depolarization factor for a single nanowire.
3.

SPP resonance in single nanowires and percolation nanowire composites

In this section, we ﬁrst consider the optical properties of single nanowires. Speciﬁcally,
we consider the response of a nanowire about 30 nm thick and about 1.5 µm long
illuminated by a plane wave with the vacuum wavelength of 540 nm. We model the
nanowire by four parallel arrays of polarizable spheres (see Fig. 1). This 2x2 in crosssection system allows us to account for the skin-eﬀect [8].

Fig. 3. Surface plasmon polariton resonance in a silver nanowire excited by a plane
electromagnetic wave [8]. The intensity distribution (top panel) and simulated nearﬁeld optical microscope image (bottom panel) are shown. The wavelength of incident
light is 540 nm; the angle between the nanowire and the wavevector of the incident
light is 30◦ . The wavevector and E vector of the incident irradiation are in the plane
of the ﬁgure; the needle length is 480 nm

Results of our calculations are shown in Fig. 2. We can clearly see the interference
between the incident irradiation and the surface plasmon polaritons (SPPs) excited in
the nanowire. Similar interference pattern was observed in experiments [16, 17]. Note
that the electromagnetic ﬁeld is primarily concentrated around the wire surface, which
suggests that nanowires can act as nano-waveguides.
Our simulations also show the existence of sharp SPP resonance [8] when the needle
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Fig. 4. Nanowire percolation Ag composite (left) and the ﬁeld distribution over this
composite for the incident wavelength of 550 nm (center) and 750 nm (right). In
both ﬁgures the case of normal incidence with E||x is considered [8]

length is an integer number of the half-wavelengths of the SPP. In resonance, the intensity of the electric ﬁeld can exceed the incident ﬁeld by 103 . The spatial area, where
the ﬁeld is concentrated is highly localized around the nanowire, and can be as small as
100 nm (Fig. 3). Note also that the SPP resonance in a single nanowire is narrow, with
the width of about 50 nm.
In contrast to isolated nanowires, the spectral band covered by the SPP modes
is very broad when nanowires form a percolation composite. In such composite, the
nanowires are randomly distributed along the surface of a dielectric substrate, forming
a thin 2D ﬁlm. When the metal concentration reaches the “percolation threshold”, there
is a continuous conducting path through the sample [18]. There are strong interactions
between individual wires in the composite resulting in collective plasmon modes with
diﬀerent frequencies. At percolation, the collective SPP modes tend to be spatially
localized in diﬀerent parts of the ﬁlm; each of these modes have diﬀerent frequencies
depending on the local conﬁguration of the nanowires in the place where the modes
are located. The SPP modes excited by incident radiation are concentrated in small
clusters of wires which are in resonance with the frequency of light. Because of large
variety in the structures of such clusters, the resonances can occur for a very broad range
of frequencies. This eﬀect is similar to localization of plasmon modes in percolation ﬁlms
formed by small metal nanoparticles studied earlier [19, 20]. Note that in contrast to
conventional percolation ﬁlms, where the percolation occurs at 50% metal ﬁlling factor,
the percolation threshold for a nanowire composite is proportional to the ratio b2 /b1
and can be made arbitrary small [21], i.e., the percolation in this case, takes place at
negligible metal concentrations. An example of a percolation composite and a typical
ﬁeld distribution over it is shown in Fig. 4.
4.

Eﬀective dipole and magnetic response of the nanowire pairs

In this section we show that in the far zone the ﬁeld scattered by a pair of nanowires
can be approximated by the eﬀective dipole and magnetic moments, even when the
size of the pair is comparable with the wavelength λ of the incident light. Electric
and magnetic ﬁelds at the distance R away from the nanowire pair with dimensions
2b1 × d × 2b2 (see Fig. 5(a)) are derived from the vector
 potential
  A that for the
distances R >> λ, b1 , b2 , d takes the standard form A = eikr /cR e−ik(n·r) j (r) dr,
where j (r) is the current density inside the nanowires and vector n is the unit vector
in the direction of observation. We introduce vector d directed from one nanowire to
another and assume that the coordinate system has its origin in the center of the system
so that centers of each wires have coordinates d/2 and −d/2, respectively. The direction
of propagation of electromagnetic wave is such that the wavevector k  d (see Fig. 5).
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Then the vector potential A can be written as

A=

eikR − ik (n·d)
e 2
cR

b1
−b1

ik

ik

e− 2 (n·ρ) j1 (ρ) dρ + e 2 (n·d)

b1
−b1

e−ikn·ρ j2 (ρ) dρ ,

(6)

where j1 and j2 are the currents in the wires, and ρ is the coordinate along the wires
(ρ ⊥ d). It is well known that the dipole component is dominating in the scattering of
a thin antenna, even for the antenna size comparable with a wavelength (see, e.g., [11]).
Therefore we can replace the term e−ikn·ρ in Eq. (6) by unity. Note that for the forward
and back scattering, which is responsible for the eﬀective properties of the medium, this
term exactly equals one.
We consider the system where the distance d between the wires is much smaller than
the wavelength and expand Eq. (6) in series of d,
A=

eikR
cR

b1
−b1

(j1 + j2 ) dρ −

ik
(n · d)
2

b1
−b1

(j1 − j2 ) dρ .

(7)

The ﬁrst term in the square brackets in Eq. (7) gives the eﬀective dipole moment P for
the system of two nanowires and its contribution to the scattering can be written as
Ad = −ik eikR /R P, where
P=

p (r) dr,

(8)

with p being the local polarization; the integration in Eq. (8) is over the volume of both
wires. The second term in Eq. (7) gives the magnetic dipole and quadrupole contributions to the vector potential:
Amq = −

d
ikeikR
[n × M] +
R
2c

b2
−b1

(n· (j1 − j2 )) dρ ,

(9)

where M is the magnetic moment of the two wires,
M=

1
2c

[j (r) ×r] dr,

(10)

and the integration is over the volume of the wires, as in Eq. (8).
We focus on the dipole P and magnetic M moments given by Eqs. (8) and (10),
respectively, since they provide the main contributions to the forward and back scattering. The second term in Eq. (9) describes a quadrupole contribution; the magnetic
b
ﬁeld associated with this term is proportional to [n × k] −b1 1 (n· (j1 − j2 )) dρ in the far
zone. This term equals zero in the direction k of the incident wave (and the opposite direction) and it achieves the maximum in the direction of the wires n  ρ. This “oblique”
scattering is dumped when the coupled wires are arranged in a regular array. Yet, the
oblique scattering can result in the excitation of a surface wave in a layer of the coupled
wires; we do not consider this eﬀect here.
5.

Negative refraction in nanowire composites

In this section we consider the optical response of a particular conﬁguration of two
nanowires parallel to each other. We show that both dielectric and magnetic optical
responses of such a system have strong resonances. We suggest that this speciﬁc nanowire
conﬁguration can be employed as a structure unit for a left-handed material in the
#2122 - $15.00 US

(C) 2003 OSA

Received February 10, 2003; Revised March 31, 2003

7 April 2003 / Vol. 11, No. 7 / OPTICS EXPRESS 741

Fig. 5. Two parallel nanowires (a) and a layer of such pairs (b). A composite material
based on such nanowire pairs may have the negative refraction index in the optical
range [8]

near-IF and visible frequency ranges. We illustrate this idea by considering magnetic
and dielectric polarization properties of a layer made of such nanowire pairs subjected
to a plane electromagnetic wave incident normally onto the layer.
The proposed structure unit for a left-handed material consists of two nanowires
parallel to each other (see Fig. 5). As in the previous sections, we assume that the
radius of individual nanowires b2 is much smaller than the wavelength of the incident
light, while the length of nanowires 2b1 can be comparable with the wavelength. The
distance between the wires, d, is much smaller than the wire length.
We suppose that the incident wave is polarized so that its electric component E
is parallel to the axis of nanowires in the pair, whereas the magnetic component H is
perpendicular to the nanowire pair (the nanowires within each pair are placed on top
of each other and the pairs form a layer as shown in Fig. 5).
In this considered geometry, the electric ﬁeld excites SPPs in the nanowires, which
can be characterized by the eﬀective dipole moments.
The magnetic ﬁeld, which is perpendicular to the pair, excites a circular current in
the nanowire pair. It is represented by the conduction currents inside the wires and
by the displacement currents between them. Thus, the conduction current in the wires
is “closed” at the ends of nanowires by the displacement currents so that there is a
close current loop in each pair of nanowires. It is important that the displacement
current in the optical range is large as opposed to the microwave and lower frequency
ranges. Therefore, the magnetic ﬁeld can eﬀectively excite the magnetic moments in the
nanowire pairs associated with the closed-loop currents.

Fig. 6. Numerically simulated dielectric (left panels) and magnetic (right panels)
moments for single nanowires (b1 = 0.35µm, b2 = 0.05µm) (green lines) and their
pairs (d = 0.15µm) (red lines) compared to the analytical Eqs. (11) (black lines).
Magnetic moment of the single nanowire is multiplied by 10. The moments are
normalized to the unit volume.
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To illustrate the consideration above, we ﬁrst numerically simulate the dielectric
and magnetic moments in single nanowires using the DDA approach described above
and compare these moments with those excited in a two-wire system (Fig. 6). For
the dipole moment response in a single wire, we see the strong “antenna” resonance
when the wavelength of the incident light is close to 4b1 . In the two wire system this
resonance becomes somewhat weaker and broader. The induced magnetic moment in
a single nanowire is extremely small, as expected; we still can identify the resonance
corresponding to the excitation of a circular current on the nanowire surface. This
resonance is greatly enhanced in the two-wire system as seen in Fig. 6.
According to our simulations, both the dielectric and magnetic moments excited
in the nanowire system are opposite to the excited ﬁeld when the wavelength of the
incident ﬁeld is below the resonance. This means that in this frequency range a composite
material based on nanowire pairs can have the negative refraction index and act like a
left-handed media.
Now we compare results of our calculations with analytical formulas of Refs. [8, 21]
derived for the case of needles with a high aspect ratio b1 /b2 (see Fig. 6):
M

= 2Hb31 C2 (kd)2

P

=

where C2 =

1
4 ln(d/b2 )

tan(gb1 ) − gb1
(gb1 )3

2 2
1
b1 b f (∆)Em
,
3 2
1 + f (∆)m (b1 /b2 )2 ln(1 + b1 /b2 ) cos Ω
is the system capacity per unit length; the dimensionless frequency

1 /b2 )+ikb1
is given by Ω = (b1 k)2 ln(b
ln(1+b1 /b2 ) , and g = k

2

(11)

1 + i 2∆2 f (∆)1 ln(d/b2 ) . The function

J1 [(1+i)∆]
f (∆) = 1−i
∆ J0 [(1+i)∆] is introduced to account for the skin eﬀect; the parameter ∆ =
√
b2 2πσm ω/c >> 1 represents the ratio of the nanowire radius and the skin depth, and
σm is the bulk metal conductivity. Although the numerical results shown in Fig. 6 and
the theoretical calculations presented in Fig. 7 are qualitatively similar there are also
some diﬀerences.
The formulas (11) were obtained under the assumption b1  d  b2 , which is not
exactly the case in our numerical simulations. Also, when considering the response to
the electric ﬁeld in derivation of Eqs. (11), we assumed that the two wires in the system
interact with the electric ﬁeld independently, which is indeed only a rough approximation. In accordance with this, when comparing the lines in Fig. 6, we see that the
dipole response in Eqs. (11) represents better the dipole moment of an isolated nanowire
rather than that for the pair. Note that the dipole response of the pair is weaker then
the response of a single nanowire due to radiation losses. Furthermore, in derivation of
the magnetic response in Eqs. (11), we didn’t take into account the radiation decay in
the magnetic response, which can signiﬁcantly increase the width of the magnetic resonance, as can be seen in Fig. 6. Despite the diﬀerences, we can conclude that theoretical
formulas (11) do predict qualitatively similar behavior for the electric and magnetic
responses when compared with the numerical simulations and thus they can be useful
in estimates of the electric and magnetic responses in metal nanowires.
We also studied numerically the induced dielectric and magnetic moments in the
nanowire pair as functions of important parameters of the system. Two kinds of numerical simulations were performed along these lines. We ﬁrst varied the thickness of
nanowires, keeping the distance between the wires constant. Then, we varied the distance between the wires, keeping the nanowire sizes constant.
Our simulations show that the resonances become stronger for both dielectric and
magnetic moments with a decrease of the nanowire thickness b2 . However, we should
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Fig. 7. Dielectric moments for individual nanowires (left) and for nanowire pairs
(center) and magnetic moments for nanowire pairs as functions of wavelengths. The
nanowire thickness is varied for diﬀerent plots: b2 = 0.035µm (blue), b2 = 0.05µm
(red), and b2 = 0.07µm (green); for all plots, b1 = 0.35µm and d = 0.23µm. The
moments are normalized to the unit volume

note that this parameter should be kept comparable to the skin depth in the nanowire
material [8] (Fig. 7).

Fig. 8. Dielectric (left) and magnetic (right) moments in nanowire pairs as functions
of wavelengths. The distance between the nanowires in the pairs is varied: d =
0.15µm (red), d = 0.23µm(blue), d = 0.3µm (green), and d = 0.45µm (black)); for
all plots, b1 = 0.35µm and b2 = 0.05µm. The moments are normalized to the unit
volume

When we gradually increase the separation between the nanowires (i.e., increase parameter d), the interaction between the wires becomes smaller and the radiative losses
in the system increase. As a result, both the dielectric and magnetic resonances become
weaker, resulting in a decreased region for the “negative responses”; the magnetic resonance practically vanishes at larger distances, when the interaction between the wires
is negligible (Fig. 8). The dielectric moment, however, starts to grow again after some
critical distance between the wires have been achieved, regaining its value for the isolated nanowire (not shown). We didn’t vary the length of nanowires since as mentioned
above, the nanowire length should be closed to the half of the resonant wavelength,
λres ≈ 4b1 , for the eﬃcient excitation of SPP in nanowires. We also note that the radiative losses could be signiﬁcant in the coupled nanowire systems. Our simulations suggest
that losses increase as we increase the distance between the wires d or the thickness of
the wire b2 (Fig. 9). With a decrease of the wire thickness, the eﬀect becomes stronger
and losses smaller; we expect that the eﬀect is particularly strong at the wire thickness
close to the skin-depth (20 nm).
We note that various composites based on metal nanowires can be developed that
have the macroscopic negative refraction and act as left-handed materials. For example,
such left-handed materials can be based on a multi-layer structure, with each layer
consisting of pairs of the parallel nanowires, as the one shown in Fig. 5. Even a single
layer of nanowire pairs can show unusual optical properties related to the negative
refraction. It is interesting to note that instead of using pairs of real nanowires one
can prepare a layer of single nanowires and place it above a metal surface so that
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(C) 2003 OSA

Received February 10, 2003; Revised March 31, 2003

7 April 2003 / Vol. 11, No. 7 / OPTICS EXPRESS 744

Fig. 9. Real (colored) and imaginary (black) parts of dielectric (left) and magnetic
(right) moments in nanowire pair as functions of wavelengths. The system parameters: d = 0.075µm, b1 = 0.35µm and b2 = 0.025µm. The moments are normalized
to the unit volume

when irradiated by light the “image” nanowires are induced inside the metal, for every
real wire. Then, by placing a dielectric spacer of diﬀerent thickness between the layer
of the nanowires and the metal surface, one can control the separation between the
wires in the pairs, formed by the real (upper) and image (lower) nanowires. We also
note that a 3D random composite of nanowires combined into pairs can also have the
macroscopic negative refraction. Finally, composite materials (including random ones)
formed by single (rather than pairs of) nanowires may also show the negative refraction,
under some conditions; however, the eﬀect in this case is expected to be smaller. Thus,
there are diﬀerent ways of fabricating nanowire composites that can act as left-handed
materials in the optical range.
6.

Conclusions

In this paper we numerically study the optical properties of single nanowires, their pairs,
and nanowire composites. We demonstrate the existence of surface plasmon polariton
modes in such nanowires. We also show that the enhancement for the local ﬁelds can
be very large when the incident radiation is in resonance with the surface plasmon
polaritons (SPPs) in the wires. We ﬁnd that in percolation composites of nanowires
there is a broad band of resonant modes related to spatially localized SPP modes.
Finally, we show that composite materials based on nanowires may posses a negative
refractive index and act as left-handed materials in the optical range of the spectrum.
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