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The authors introduce a general mechanism, based on electrostatic and magnetostatic considerations,

for designing three-dimensional isotropic metamaterials that possess an enhanced refractive index over an

extremely large frequency range. The mechanism allows nearly independent control of effective electric

permittivity and magnetic permeability without the use of resonant elements.
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One of the motivations for developing metamaterials is
to achieve relative electric permittivity "r and magnetic
permeability �r, in the ranges not readily accessible using
naturally occurring materials [1]. In particular, creating an
arbitrarily high refractive index (n ¼ ffiffiffiffiffiffiffiffiffiffiffi

"r�r
p

) is of interest

for imaging and lithography, where the resolution scales
inversely with the refractive index [2]. Moreover, increas-
ing the refractive index over a large frequency range results
in broadband slow light, which can be used to enhance the
storage capacity of delay lines [3] as well as spectral
sensitivity in interferometers [4].

In this Letter, we design three-dimensional metamateri-
als with an index of refraction that is arbitrarily high, over a
broad frequency range extending down to near-zero fre-
quencies. In contrast to our work, previous approaches to
enhancing the refractive index utilized either electronic
resonances in atoms [5] or electromagnetic resonances
such as split-ring resonators [6,7]. These schemes are
inherently narrowband and work only in the vicinity of a
resonant frequency. Related to our work, it was discovered
that the use of an array of subwavelength capacitors could
lead to the frequency-independent and broadband enhance-
ment of the relative electric permittivity "r [8–10].
However, all of the previously studied capacitive metama-
terial structures exhibited strong diamagnetic behavior that
suppressed the relative magnetic permeability �r in the
low frequency regime [10–12]. Hence, in all previous
systems, the capability of increasing the refractive index
n was very limited.

Here, we propose a general mechanism to greatly en-
hance "r of a metamaterial without suppressing �r. The
key idea is to generate a large electric dipole response,
while simultaneously preventing the formation of large-
area current loops. Below, we explain this idea using three
crystal designs with progressive structural changes. All
these structures consist of a cubic array of isolated perfect
electric conductor (PEC) objects and have either an octa-
hedral (Oh) or a pyritohedral (Th) symmetry point group.
Hence, their electromagnetic properties are isotropic
[13,14], with "r and �r being scalars.

To begin with, we consider a simple cubic array struc-
ture of metal cubes [Fig. 1(a)]. For a structure with b ¼
19a=20, where a and b are the linear sizes of the unit cell
and the metal cube, respectively, the transmission spectrum
through a slab with a thickness of 10a is shown in the
bottom panel of Fig. 1(a). These spectra were calculated
using finite difference time domain (FDTD) schemes [15].
Accurate values of effective "r and �r can be extracted
from such transmission spectra: the frequency spacing
between the transmission peaks reveals the index of refrac-
tion, while the impedance can be found from the minimum
value of the transmission coefficient. (Alternatively, we
have also applied the s-parameter extraction method [16]
to the transmission and reflection coefficients and obtained
the same "r and�r.) The permittivity and permeability are
found to be "r ¼ 20:0 and �r ¼ 0:098, yielding n ¼ 1:4.
While this structure provides "r enhancement, it exhibits
strong diamagnetism that suppresses �r. As a result, the
structure demonstrates only a relatively modest increase in
the refractive index, in agreement with Ref. [12].
To develop a physical intuition about this structure, we

study its response to externally applied fields in the
z-direction. For this structure, the opposing faces of the
nearest-neighbor cubes form parallel-plate capacitors.
Applying an electric field in the z-direction creates a large
accumulation of surface charges due to such capacitors
[top panel of Fig. 2(a)], resulting in a substantial dipole
moment and large electric permittivity. Quantitatively, "r
can be calculated with an area average, on the x-y plane, of
the electric field in the air gap region, divided by a line
average of electric field along the z-direction [6]. In the
large cube limit (i.e., b � a), such a calculation yields
"r � a

a�b .

When applying a quasistatic (but still time-varying)
magnetic field in the z-direction, surface electric current
is induced [middle panel of Fig. 2(a)] such that the mag-
netic field vanishes within the metal [bottom panel of
Fig. 2(a)]. The magnetic moments generated by these
surface currents align opposite to the applied magnetic
field, making the structure diamagnetic. When the cubes
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are large, i.e., b � a, ignoring the small air gap normal to
the field, one can approximate the permeability as �r ¼
1� b2=a2 � 2ða� bÞ=a, where b2 and a2 correspond to
the cross-sectional areas of the cube and the unit cell,
respectively. The analytic results of "r and �r agree with
the numerical analysis. Such a strong diamagnetic re-
sponse (�r � 1), in fact, is present in all proposed meta-
material structures with a strong capacitive response [10–
12]. All these systems therefore can not achieve broadband
index enhancement.

A key observation, from the discussions above, is that "r
and �r are controlled by different aspects of the structure.
"r is determined by the induced charges on the surfaces
normal to the electric field while �r is determined by the
induced current loops flowing on the surfaces parallel to
the magnetic field. The strength of magnetic dipole mo-
ment is proportional to the area subtended by the current
loop.

Thus, to create a structure with an enhanced index, one
should seek to suppress the diamagnetic response, by re-
ducing the area subtended by the current loops, while
maintaining a strong capacitive response. To do so, we
first replace the cube with six metal plates connected by
three orthogonal metal wires intersecting at the center of
the unit cell [Fig. 1(b)]. To visualize its behavior, one can
consider a simplified structure [Fig. 2(b)] with only two
plates connected by a single wire along the z-direction, and
apply external electric or magnetic fields along the
z-direction. Comparing this simplified structure to the

cube, we see that these two structures have an almost iden-
tical electric response since the surfaces normal to the
electric field are identical [top panels, Figs. 2(a) and 2(b)].
On the other hand, the diamagnetic response is much
weaker in the plate structure since most of the current
loops now subtend much smaller areas [middle panels,
Figs. 2(a) and 2(b)]. The magnetic fields therefore pene-
trate deeply into the regions behind the plate [bottom
panel, Fig. 2(b)].
We now present the simulation results for the isotropic

structure in Fig. 1(b) with six metal plates. The outer
dimension of each metallic element is chosen to be the
same as the cube, i.e., b ¼ 19a=20. For this structure, "r
and �r are found to be 19.6 and 0.568, respectively [from
the spectrum in the bottom panel of Fig. 1(b)], yielding a
refractive index n of 3.34. Indeed, while the permittivity of
the structure is nearly identical to that of the cube structure,
the permeability increases by more than fivefold.
Further suppression of the diamagnetic response can be

accomplished by introducing air slits into the six plates
[Fig. 1(c)]. Again, for visualization purposes, we first
consider the simplified structure [Fig. 2(c)] with only two
plates and a connecting wire along the z-direction, and
apply the external fields along the z-direction [Fig. 2(c)].
The use of the slits results in further reduction in the area of
the current loops in the plates [middle panel of Fig. 2(c)].
Consequently, the magnetic field now penetrates even
deeper into the structure [bottom panel of Fig. 2(c)], sig-
nifying further suppression of the diamagnetic effect.

FIG. 1. Electromagnetic responses of metamaterials consisting of a cubic lattice of metallic objects. In all three structures, the outer
dimension of the metallic objects is 19a=20, where a is the lattice constant. In (a)–(c), the top panels show the object and the bottom
panels are the corresponding transmission spectra through a slab of such metamaterial with a thickness of 10a. The dots are from
FDTD simulation and the lines are the response of a corresponding uniform medium with an effective " and � indicated. (a) Metallic
cube. The left and right insets in the bottom panel show a structure with 3� 3� 3 unit cells, and a transmission spectrum over broader
frequency range, respectively. (b) A cube with connected metal plates. (c) Similar to (b), except that each plate now has slits.
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On the other hand, the permittivity does not change
significantly as long as the slits are narrow enough so
that the electric fields are blocked from passing through.
The charge distribution is now nonuniform on the metal
plates, with the high concentration of charges near the
edges of the slits compensating for those charges that
were previously on the surface having been removed, and
the total amount of surface charge in the top panel of
Fig. 2(c) remains largely unchanged from Fig. 2(b). (This
is the well-known fringe-field effect: the capacitance of a
finite-size parallel-plate capacitor corresponds to an effec-
tive plate area that is larger than its physical size [17,18].)

We now consider the isotropic structure shown in
Fig. 1(c). The FDTD simulations [bottom panel, Fig. 1(c)]
show "r ¼ 18:3 and �r ¼ 0:966, resulting in a refractive
index of 4.2. Thus, the structure in Fig. 1(c) has approxi-
mately the same electric response as the cube structure in
Fig. 1(a), but almost no magnetic response.

Starting from the class of structures in Fig. 1(c), one can
further enhance the index by decreasing the air gap spacing
between the metal plates of adjacent cells, and simulta-
neously reducing the thickness of plates, and the width and
spacing of slits. (The number of slits in the plates increases
as a result.) For demonstration, we chose the thickness of
the plates, and the width and spacing between the slits all to

be equal to the air gap spacing, (a-b), and compared differ-
ent structures as we changed b. A semianalytic estimate
based on field averaging predicts that "r / a

a�b and�r � 1,

which agrees well with simulation results (Fig. 3). This
simulation demonstrates the capability of creating an ultra-
high index metamaterial.

FIG. 3. Numerical results of (a) relative permittivity and
(b) relative permeability as a function of a� b in structures
similar to Fig. 1(c), where b is the outer dimension of the
metallic object, and a is the periodicity. The solid line is a
theoretical prediction.

FIG. 2 (color). Electromagnetic re-
sponse of metallic objects to externally
applied electric and magnetic fields
along the z-direction. The top panel in
(a)–(c) shows the object, the colors in-
dicate the charge distribution when the
electric field is applied. The middle
panel in (a)–(c) shows the current distri-
bution when the magnetic field is ap-
plied. The bottom panels show the
distribution and the direction of the total
magnetic field on a slice as indicated in
the middle panels. Gray lines indicate
the boundaries of the metallic region.
(a) A metallic cube. (b) Two metallic
plates connected by a metal-wire.
(c) Similar to (b), except that each plate
now has slits.
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All the discussions above assume perfect electric con-
ductor inclusions surrounded by air. Replacing air with a
dielectric material with an index of n1 results in further
enhancement of the effective index of the metamaterials by
a factor of n1. Our structure operates as an index enhancer:
the metallic inclusions, when placed in a dielectric host,
create a metamaterial with an effective index higher than
the host itself. Therefore, this scheme in principle can
achieve higher indices than any naturally existing dielec-
tric material.

The predicted index-enhancement effect operates even
when the lossy nature of real metals is considered, pro-
vided that the penetration depth into the metal is smaller
than the thickness of the metal elements. As a demon-
stration, we simulated the connected-six-plate structure
[Fig. 1(b)] assuming a 200 nm unit cell. The metal is
assumed to be gold. In the wavelength range of 3–6 �m,
we used a Drude model, which provides an accurate de-
scription of both the real and imaginary part of its permit-
tivity [19]. The metallic inclusion is embedded in a

dielectric host with an index of n1 ¼
ffiffiffiffiffiffi

12
p � 3:46. The

resulting metamaterial has an effective index between 5.5
and 7 in the 3� 6 micron wavelength range, clearly in-
dicating the occurrence of the index enhancement effect
over a broad bandwidth (Fig. 4). Moreover, the figure of
merit (FOM), defined as ReðnÞ=ImðnÞ, is above 30 in most
of this wavelength range. We note that such an FOM is
commonly used in recent works on metamaterials [20–23]
to characterize the effects of loss. An FOM larger than 10 is
typically considered to be low loss to allow the important
electromagnetic effects to be observed.

In conclusion, the index enhancement mechanisms
here result only from the shapes of the metal objects and
their relative size to the unit cell, and are independent
of the absolute size of the elements, as long as the struc-
tural periodicity is far smaller than the wavelength.
Consequently, in a very broad frequency range extending
from microwave to midinfrared, one can achieve index
enhancement using these structures.
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FIG. 4. Effective index of refraction when the loss of the metal
(gold) is considered. The structure is the same as in Fig. 1(b).
The real part of the index and the ratio of the real and imaginary
parts (figure of merit) are shown.
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