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Possible molecular bottom-up approach to optical metamaterials
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We investigate the possibility of a molecular bottom-up approach to the construction of the basic element for
optical negative index metamaterials. Undoped and doped graphene-based molecules, including nanotubes, are
considered. We employ first-principles and tight-binding electronic structure methods to determine the energy
levels and the stability of the molecules. Under certain assumptions, we simulate the electromagnetic response
of the molecules by a corresponding network of perfect wires. The nanotubes exhibit a resonant response at the
soft x-ray range.
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I. INTRODUCTION

One of the most exciting and promising developments in
basic physics, applied physics, and engineering is the endow-
ment of photons with revolutionary propagation and spectral
properties through their interaction with novel artificial materi-
als, in particular, with the so-called left-handed metamaterials
(LHMs) or, more generally, negative index metamaterials
(NIMs).1–4 LHMs are tailored man-made structures composed
of subwavelength building blocks (“photonic atoms”); the
latter exhibit a resonant magnetic response leading to the full
exploitation of the magnetic component of the electromagnetic
(EM) field and, as a result, to the possibility of a negative
effective permeability.5 This negative permeability is com-
bined with a negative permittivity response, quite common in
metallic structures, thus producing negative index of refraction
behavior1 in those materials over a frequency range that
can reach near or at the visible spectrum.6–8 The negative
permeability is achieved by a resonance strong enough to
overcompensate for the υ/c factor inherent in the magnetic
response of the “photonic atoms.” As a result of negative
permeability and permittivity, properties that were unthinkable
before are exhibited or predicted:1–3 opposite phase and energy
velocities; negative index of refraction (NIMs can act as optical
antimatter); inverse Doppler shift; reverse Cerenkov radiation;
negative radiation pressure; flat lenses; and almost perfect
lenses,9 where the diffraction limit is no obstacle to an almost
perfect focusing, at least in principle.

Several designs toward the goal of negative index have
been developed over the past ten years.7–15 Their unit cell
combines metallic elements placed on dielectric substrates.
A particularly important example of a component of such a
photonic “atom” is the so-called split-ring resonator (SRR)
(see Fig. 1).5 SRR is essentially a tiny electromagnet consisting
of a metallic wire of split-ring or U shape, possessing both
self-inductance L and capacitance C and, therefore, a natural
frequency ωo = 1/

√
LC. Since both L and C are proportional

to the size � of the SRR, the resonance frequency ωo is expected
to be inversely proportional to � or, equivalently, to the size
of the unit cell. For sizes less than 100 nm, ωo enters the
visible spectrum. However, as the size of the SRR enters the
nanoregime, i.e., as it becomes smaller than or about equal to
100 nm in order to approach the visible part of the spectrum,
several difficulties appear:16

(1) To the usual current I related magnetic energy, LmI 2/2,
another term proportional to I 2 is added. This term, which is
usually negligible at microwaves, is due to the kinetic energy
of the current-carrying electrons,16–19

1
2Nemeυ

2
s ≡ 1

2LeI
2, (1.1)

where Eq. (1.1) is the definition of the kinetic (electron)
self-inductance Le,16–19 and υs is the average systematic
velocity of the electrons, which is proportional to the current I .
Taking into account that Ne = ne�S and I = Snee υs , where
ne is the concentration of the free electrons, S = wt is the cross
section of the metallic wire, and � (=4d-g) is its length (see
Fig. 1), we find that Le = me�/nee

2S is inversely proportional
to the size of the unit cell (assuming that all lengths scale
proportional to the lattice constant a). The ratio nee

2/me can
be expressed in terms of the plasma frequency ωp (at which the
metallic dielectric function vanishes): nee

2/me = ∈b ω2
p ∈o,

where ∈b is due to the bound electrons, and it is approximately
a constant larger than 1 (for silver ∈b = 6.8); and ∈o is the
permittivity of the vacuum. To compare the kinetic self-
inductance Le to the magnetic one, Lm, we need the textbook
expression for Lm = (μo�/2π )[ln(4�/πb) − 1.5],20 where μo

is the permeability of the vacuum, and the cross-section S,
which is usually rectangular (wt), is written here as S ≡ πb2.
Taking into account the above expression for Lm, we find

Le/Lm = (
λ2

p

/
S
){2πεb[ln(4�/πb) − 1.5]}−1, (1.2)

where λp ≡ 2πc/ωp. Writing the volume of the unit cell as
a × a × az (az is the unit cell size in the direction perpendic-
ular to the SRR plane) and taking the following typical values
for an SRR, � = 2.8 a, t = 0.05 a, b = 0.04 a, w = 0.1a,

az = 0.2 a, S = 0.005 a2, we obtain Le/Lm ≈ λ2
p/128S ≈

1.56λ2
p/a2. For silver, for which λp = 326 nm, Le = Lm when

a ≈ 400 nm. Taking into account that a typical value of
SRR capacitance is C = 0.3εoa,20 we find that the resonance
frequency is

ωo = 1√
C(Lm + Le)

= 1√
CLm[1 + (Le/Lm)]

≈ 1.57c√
a2 + 1.56λ2

p

, (1.3)
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FIG. 1. (Color online) A typical single-ring SRR with a single
gap. The substrate (green/medium gray) is a dielectric, and the ring
(yellow/light gray) is metallic.

which shows that the relation ωo ∝ a−1 breaks down if a

becomes comparable to λp, and eventually ωo saturates to
about 0.2ωp, which usually is in the near infrared. To face
this limitation, we can decrease the value of the capacitance
by making the split larger or by including more splits.16 For
example, if we include four splits instead of one (all of equal
size g), the saturation value will be increased by a factor of 2,
enough for entering the red part of the visible spectrum, if the
silver value for ωp is used.

(2) The second difficulty appearing in the regime a ≈
100 nm is related to the strength of the resonance. The latter
needs to be strong enough to produce negative values of the
permeability or, equivalently, values of the susceptibility χm

smaller than −1. The susceptibility is given by the following
expression:20

χm(ω) = − F ω2

ω2 − ω2
o + i ω R/L

. (1.4)

In this formula, R = �/(Sεbεoω
2
pτ ) is the resistance of the

metallic wire, τ is the relaxation time (for silver, h̄/τ ≈
0.04 eV), R/L ≈ R/Le = 1/τ, and F is a measure of the
strength of the resonance. F is given by17

F = (�/4)4

a2az

μo

L
≈ (�/4)4

a2az

μo

Le

≈ π2

64

�3

a2az

εbS

λ2
p

. (1.5)

It is easy to show that the minimum of the real part of χm(ω)
appears at ω − ωo ≈ 1/2τ , and its value at the minimum is
approximately−Fωoτ/2. Substituting in the latter result the
explicit values we have used before and taking a = 100 nm
and the silver values for ωp and τ , we find −Fωoτ/2 ≈
−2.57. Taking into account Eq. (1.5), which implies that F

is proportional to S ∝ a2, we conclude, following the same
reasoning, that −Fωoτ/2 will become larger than − 1 for
a smaller than 63 nm. Hence, the unit cell size must be
larger than 63 nm in order to produce negative values of the
permeability. Actually, the situation is worse than that: The
ratio r of the real part to the imaginary part of the susceptibility
is approximately equal to 2(ω − ωo)τ , which for the value
of ω − ωo corresponding to the minimum of Reχm(ω) gives
Reχm(ω)/Imχm(ω) ≈ −1. It is obvious that such a level of

ohmic losses is unacceptable for any application. The latter
requires that the above ratio |r| must be of the order of
ten or so. Thus, the operational frequency ω1 must satisfy
the relation ω1 − ω0 = |r| /2τ 〈〈ω0, and then the requirement
Reχm(ω1) < −1 leads to the relation Fωoτ > |r| ≈ 10.

There are two ways to satisfy this last relation. The first
one is to increase F by increasing the size of the unit cell to
about a ≈ 140 nm. However, in this case, the frequency ωo

will be no higher than the near infrared; the corresponding
wavelength λo = 2πc/ωo would be no lower than 1000 nm.
The other possibility is to increase τ beyond its value for silver.
However, silver is the best conductor among all elemental
metals or compounds.

(3) The third difficulty, namely, that of the ohmic losses
in the metallic parts, presents the most serious obstacle
in achieving operational LHM in the visible part of the
spectrum. Several approaches have been followed in dealing
with this problem, from the obvious one of optimizing the
geometrical structure parameters, to coming up with improved
designs,21,22 to more elaborate ones such as exploiting the
interaction of different resonances to minimize losses, as
in the electromagnetically induced transparency approach.23

Although some progress has been achieved, the basic problem
remains. Recently, the idea of incorporating active elements in
the building blocks of LHM has been pursued.24–28 The aim is
to compensate to some extent for the ohmic losses by supplying
external energy. This promising approach is not without some
difficulties.

In this paper, we explore a radically different approach
from the traditional top-down path to achieve high-frequency
(e.g., optical) magnetism and thus high-frequency LHMs. Our
approach is in the direction of bottom-up, i.e., of employing
molecular structures of increasing size as the building blocks
of LHM.

II. OUTLINE OF OUR APPROACH

Molecular structures, as opposed to the metallic ones, have
two advantages, at least in principle. The electronic transport
can be ballistic and not diffusive as in metals. This is expected
to avoid the problem of ohmic losses altogether. Furthermore,
the molecules can be close-packed so as to decrease drastically
the size of the unit cell in the perpendicular direction az relative
to all other geometrical lengths and, therefore, increase the
value of F [see Eq. (1.5)].

However, the molecular approach is not without serious
challenges. First, as the molecule becomes larger, i.e., linear
size of about 10 nm or more, the question of stability of
the desired shape arises. Second, if the analogue of the
metallic SRR is pursued, there is a need to implement the
interruption of free electronic flow at some point, i.e., to create
the analogue of the split in SRR. Third, this implemented
interruption must be immune to quantum tunneling so as to
avoid leakage. Fourth, the role of the substrate may not be
negligible. Fifth, the feasibility of synthesizing the proposed
molecules has to be examined. Finally, the crucial assumption
of ballistic electronic transport has to be checked under
realistic conditions.

To face the problem of stability, we limited ourselves
to graphene-based molecules including nanotubes, with
hydrogen atoms to passivate the dangling bonds at the edges.
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Graphene sheets of relatively large size are known to be
stable in their almost planar configurations. Moreover, in
the next section (Sec. III), we examined the stability for
several molecules starting from the simple benzene (C6H6) and
proceeding to much larger quasicircular pieces of graphene-
based molecules containing up to 7000 C atoms, by combining
various arrangements of the basic hexagonal benzene ring.
For molecules up to 100 atoms, we employed the Naval
Research Laboratory Molecular Orbital Library (NRLMOL),
a sophisticated all-electron first-principles density functional
theory (DFT) approach mainly developed by one of us
(M. R. P.), where a variational ansatz is made and the wave
functions are expanded in terms of Gaussian-type orbitals.29

This approach allows, besides the determination of energy
levels and the corresponding eigenfunctions, relaxation of
the initial structure using the conjugate-gradient method, and
hence, it is capable of checking the stability of the structure. To
implement the analogue of the split in the SRR, we replaced
one or more of the carbon atoms by various foreign atoms.
The latter must be as effective as possible in interrupting the
electronic flow and at the same time must produce a minor
perturbation in the planar structure of the initial molecule.
Among the various substitutional atoms we tried, nitrogen
seems to be the one to satisfy the second requirement and
perhaps the first one as well. As we shall show later herein,
trivalent atoms, such as boron, seriously affect the in-plane
bonding, but they produce negligible out-of-plane distortions.

For molecules larger than 100 atoms, we used the Naval
Research Laboratory tight-binding (NRLTB) method.30–32 The
TB parameters for the C-H system that we used are those
reported in our previous publications,33,34 where the C-C
interactions are fit to linearized augmented plane-wave results
for diamond, graphite, simple cubic structures, and to the
NRLMOL results of C2 dimer; the H-H interactions are fit
to molecular energy levels of H2 and an H6 ring; and the C-H
interactions are obtained by fitting to the NRLMOL energy
levels and total energies of methane, ethane, and benzene
molecules while freezing the C-C and H-H parameters. These
parameters are used in TB calculations of larger systems,
including relaxation, and show excellent transferability, as
discussed in the next section.

The big advantage of the NRLMOL method is its first-
principles reliable results, including not only energy levels but
eigenfunctions as well, and hence absorption coefficients. It
is generally accepted that methods based on the DFT are by
far the most accurate within the independent effective particle
scheme. The price one pays for such reliability is limitations in
the size of the systems that can be studied. Roughly speaking
nonsymmetric molecules or unit cells in solids consisting
of more than 100 atoms cannot be treated with DFT-based
methods. On the other hand, the TB or linear combination
of atomic orbitals (LCAO) method allows us to treat systems
consisting of the order of 10,000 atoms and at the same time
permits a relatively simple physical interpretation of the results
obtained. The disadvantage of the various TB methods is that
the required matrix elements have to be fitted to the results
of some other reliable method such as the NRLMOL. Thus,
to reach the large molecules needed in our case, we have
to combine both methods in our calculations, namely, the
NRLMOL and the NRLTB.

Also in Sec. III, we simulate the performance of the most
promising molecules under the action of an incoming plane
electromagnetic wave by an equivalent network where each
bond between two nearest neighbor carbon atoms has been
replaced by a perfect metallic wire, and each foreign atom
together with its bonds has been removed from the network.
The geometrical parameters of the simulation network are kept
the same as in the actual molecule. This drastic approximation
became almost obligatory, because of the great difficulty
of doing a quantum mechanical calculation in a system
containing at least several tens of atoms and in the presence
of a time-dependent electromagnetic field. In Sec. IV, we
discuss the consequences of this approximation. The network
allows us to determine, by solving numerically Maxwell’s
equations through the finite integration technique (employed
through CST Microwave Studio software), its transmission
and reflection amplitudes, the distribution of the currents, and
the distribution of the electric and magnetic fields. These
numerical data are expected to be in gross agreement with
the actual experimental data from the real molecule, if the
assumptions of no tunneling through the foreign atoms and
the ballistic transport are valid. To justify at least partially this
last statement, we perform several quantum mechanical calcu-
lations, which, in the absence of electron-phonon interactions,
confirm the ballistic character of the transport and hence lead
to an almost zero resistance flow up to very high frequencies
associated with substantial interband transitions (see Sec. IV).

In Sec. V, we discuss and check some of the other
assumptions made in this work.

III. RESULTS FOR GRAPHENE-BASED MOLECULES

In Fig. 2, we show the calculated energy levels of benzene
using the first-principles methods NRLMOL and NRLTB.
Since the first-principles benzene energy levels have been
included in the fitting of the TB Hamiltonian, it is not surprising
to see a nearly perfect agreement between NRLMOL and
NRLTB energy levels. Both NRLMOL and NRLTB predict
a large highest occupied molecular orbital–lowest unoccupied
molecular orbital (HOMO-LUMO) energy gap of 5.09 eV,
which is in rather good agreement with the experimental value
of 4.90 eV.

FIG. 2. (Color online) Excellent agreement in the energy levels
of benzene is achieved between the first-principles NRLMOL method
and the NRLTB approach.
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FIG. 3. (Color online) Two hexagonal pieces of graphene terminated with hydrogen “decoration” to eliminate dangling bonds at the edges.
In the presence of an ac magnetic field perpendicular to the plane of the molecules, an ac is expected to circulate along the edge carbon atoms.

In Fig. 3, we compare the NRLMOL and NRLTB energy
levels for two larger hexagonal pieces of graphene with
the edge carbon bonds passivated by hydrogen atoms. We
gradually increase the number of benzene rings of the
structure: C24H12 has six peripheral benzene rings, and C54H18

has twelve peripheral rings. Both molecules are stable and
remain planar structures after optimization. The energy levels
predicted by NRLTB for both molecules agree reasonably well
with NRLMOL results. In particular, the NRLTB HOMO-
LUMO gaps, 3.06 eV for C24H12 and 1.99 eV for C54H18, are in
rather good agreement with the corresponding NRLMOL gaps,
2.86 eV and 1.90 eV, respectively. This agreement of the energy
levels, including the size of the gap, calculated by the NRLTB
and NRLMOL methods indicates the good transferability of
our TB Hamiltonian. Notice that the electronic structure of
these graphenelike molecules, such as the HOMO-LUMO
energy gap, strongly depends on system size. Benzene, C24H12,
and C54H18 all have large HOMO-LUMO gaps, significantly
different from the gapless feature of bulk graphene. The
HOMO-LUMO gap significantly decreases with an increase in
molecular size, from 1.99 eV in C54H18 to 0.11 eV in C726H66,
as shown in Fig. 4. With further increase in the system size,
containing over 800 C atoms, the molecule essentially becomes
gapless, as in bulk graphene. The largest systems we examined,
C5046H174 and C6936H204, are both stable and have essentially
zero HOMO-LUMO gap. Being able to run these calculations
for systems with over 7000 atoms is a unique capability of our
NRLTB method.

As discussed in the Introduction, the stability of the
molecule, as its size gets bigger, is crucial in designing
the LHMs. We use the NRLTB approach and the conjugate
gradient method to optimize 16 graphenelike molecules, with
the number of the peripheral benzene rings along each hexagon
side varying from 12 to 198. After the optimization (i.e.,
the rearrangements of the coordinates of the atoms as to
minimize the total energy), all the molecules remain stable
in graphenelike structures.

To further check the stability of the graphenelike molecules
at finite temperature, we perform a TB molecular dynamics
simulation on a C864H72 molecule at 300 K for 8000 time
steps, with each time step corresponding to 0.5 femtosecond.
The average radial distribution function,33 as shown in Fig. 5,
does not show any substantial changes with the increase in

simulation time, indicating the stability of the molecule at
room temperature.

If there are 600 peripheral benzene rings in graphenelike
structures, then the diagonal length of the molecule would be
about 24 nm. The interesting feature of this structure is its
expected response to the presence of an alternating current
(ac) magnetic field perpendicular to the plane of the molecule.
Such a field will induce a circulating current in each benzene
ring. The currents at each bond shared by two neighboring
rings are equal in magnitude and of opposite direction. Thus,
they are expected to cancel each other. The only current that
will survive is the one along the edge carbon-carbon bonds,
which belong to the peripheral benzene rings. Thus, an ac
edge current will circulate. This picture is confirmed by the
explicit numerical calculation in the simulating network. As
shown in Fig. 6(a), the current is running across the edge of
the network, although the cancelation in the internal bonds is
not quite perfect.

FIG. 4. (Color online) The HOMO-LUMO energy gap decreases
gradually with the increase in the size of the graphene-based
molecule, until the gap vanishes for molecules containing more than
800 C atoms. This result is consistent with the zero gap of graphene.
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FIG. 5. (Color online) The evolution of the radial distribution
function g(r) of a C864H72 molecule in a TB molecular dynamics
simulation. The solid, dashed, dotted, and dashed-dotted lines
represent the average values during the 0–0.5, 0.5–1.0, 1.0–1.5, and
1.5–2.0 picosecond simulation times, respectively.

If we examine the permeability of a dense square lattice
of such rings as the ones in Fig. 6(a) (of nearest neighbor
distance two times the bond length) under the influence of an
ac magnetic field perpendicular to the plane of the structure,
we find that at low frequencies μ is ∼0.6, due to the partial
cancellation of the external field by the field induced by the
circular current. This permeability can become much smaller,
if we place the rings in a hexagonal-close-packed (hcp) lattice

FIG. 7. (Color online) If site 1 in the structure of Fig. 3(b) is
blocked, the edge current induced by an ac magnetic field will not be
interrupted, since it will follow the alternative path involving sites 2
and 4 instead of site 1.

or in a shifted-tetragonal lattice, reaching values as low as 0.2.
The possibility of achieving low effective permeability values
using closed-current loops is illustrated in Fig. 6(b), where
we have approximated the molecules of Fig. 6(a) by perfect
metallic circular rings, and we show the magnetic permeability
of a system of such rings in various lattice arrangements and
distances.

If we could interrupt the edge current of the network shown
in Fig. 6(a) at one site, without diverging it to other directions,
we could have an excellent molecular SRR. Unfortunately,
if we replace the carbon atom labeled 1 in C54H18 shown
in Fig. 3(b) by a nitrogen atom, and even if we assume
that the nitrogen atom would fully block the flow through
site 1, still the flow will not be interrupted, since it can
follow an alternative path that bypasses site 1 as shown in
Fig. 7. Figure 7, which shows how the current is flowing
(according to the numerical solution of Maxwell’s equations)
in the simulated network with site 1 removed, indicates that to
create a SRR-like response, all the internal continuous current
paths of the molecule should be eliminated. A possibility of

FIG. 6. (Color online) (a) Current flow at the network simulating the molecule shown in Fig. 3(b), according to the numerical solution
of Maxwell’s equations. The red (dark gray) color indicates the regions of larger current, showing a circular current flow mainly along the
edge of the network. (b) Effective permeability for a periodic system of perfectly conducting circular rings of radius r0, placed in a hexagonal
(middle curve, blue online), tetragonal (upper curve, red online), and shifted-tetragonal (lower curve, green online) lattice (the shift consists
of a scenario where every second layer in the direction perpendicular to the rings-plane [i.e., the z direction] is displaced by half the lattice
constant along the x and y directions). da is the in-plane distance between the rings (distance of closer points of two neighboring rings along
the x and y directions). The distance along the z direction is equal to 0.1r0.
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(a) (b)

(c)

FIG. 8. (Color online) (a) The surface current, at the magnetic resonance frequency, flowing in a network as in Fig. 7 but with the sites 1,
2, and 4–11 removed so that no closed benzene loop has been left. (b) Magnetic field (perpendicular to the plane of the network) created by the
current flow of panel (a); this field is of opposite direction inside and outside the molecule. (c) The optimized structure and electronic structure
of such a network calculated from NRLMOL.

eliminating all alternative continuous current paths arises if all
the labeled sites in Fig. 7 are blocked or removed, as shown
in Fig. 8. The molecular structure remains stable with the
substitution of all these carbon atoms by nitrogens, as shown
by the first-principles NRLMOL optimization [see Fig. 8(c)].
In this case, a resonance in the permeability (followed by

negative permeability values) in a square periodic system of
molecules appears at wavelength ∼7.5a (a is the linear size
of the molecule), coming from a resonant looplike current, as
shown in Fig. 8(a).

Another molecule that can act as a molecular SRR is
the hollow graphene-based one, shown in Fig. 9(a), with

FIG. 9. (Color online) (a) A hollow nitrogen-doped graphene molecule, which is a credible candidate for a molecular SRR, if a split could
be introduced that would block the flow at sites 1 and 2. This blocking can possibly be achieved by replacing carbon atoms labeled 1 and 2 (and
neighboring carbon atoms, if necessary) by nitrogen atoms. (b) The ring structure remains stable as the molecular size increases, as shown by
the TB conjugate-gradient optimizations. Such hollow graphene molecules are stable for systems containing hundreds of atoms, as shown by
our TB optimization calculations.
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FIG. 10. (Color online) Surface current density for the hollow graphene structure of Fig. 9(a), with sites 1 and 2 blocked, at frequencies
well below the magnetic resonance frequency. (a) The current is flowing both at the inner and the outer edges. (b) At the magnetic resonance
frequency, the current is flowing almost exclusively at the inner edge.

the carbon dangling bonds, inner and outer, passivated by
hydrogens, and atoms 1 and 2 replaced by nitrogen. If a single
pair of dopants is not capable of breaking the flow, two or three
such pairs next to each other will suffice. In Fig. 9(b), stable
hollow molecules similar to the one shown in Fig. 9(a), but of
larger size, are shown together with their LUMO-HOMO gap.
An ac magnetic field normal to the plane of the molecule shown
in Fig. 9(a) is expected to induce a resonant looplike current
showing two distinct behaviors: For frequencies well below
the resonance, the current flow goes around the external edge,
continues through the break, and enters the internal edge, goes
around it in the opposite direction and joins continuously the
external edge through the break [see Fig. 10(a)]. However, as
shown in Fig. 10(b), the situation is different at the resonance
frequency, where the current is essentially running back and
forth along the internal edge of the structure.

A very interesting molecular case is the nanotube (Fig. 11)
with the incoming linearly polarized electromagnetic wave
propagating along the axis of the tube. Because this molecule
is three dimensional (3D), both the electric and the magnetic
field components may influence the current flow, in contrast
to the planar molecules considered before, where only the ac
magnetic field will determine the current. At first sight and
on the basis of the magnetic field only, it is expected to have

benzene loop currents mainly in the loops perpendicular to
the magnetic component of the incoming radiation and no
current in the benzene rings parallel to the magnetic field.
Thus, two symmetric splits are expected at the front and
the back ends of the nanotube. The current at the front and
the back end of the tube will flow in opposite directions, if
the phase difference of the incoming EM fields at the two
ends is negligible. However, if the length � of the tube were
equal to λ/2 (λ is the wavelength of the EM field within the
tube), the two end currents would be expected to run in the
same direction. The actual behavior is more complicated, if
the cancellations and the noncancellations of the current flows
in each benzene loop are examined more carefully by taking
into account the role of the electric field as well. Indeed, the
numerical calculation in the network simulating the nanotube
(where the C-C bonds are considered as perfect metallic wires)
shows a pattern as seen in Fig. 12: In column (a) of Fig. 12,
the jy and jz components of the current are shown for the case
of the wavelength being much larger than the length a of the
tube (for a detailed description, see the caption of Fig. 12).
The case of λ/2 ≈ a is shown in column (b) of Fig. 12 and is
described in its caption.

In Fig. 13, we plot the electromagnetic response (trans-
mission and reflection amplitudes) of the nanotube shown in

(a) (b)

FIG. 11. (Color online) (a) The nanotube, the EM response of which is studied, under a linearly polarized EM field propagating along its
axis. (b) The optimized configuration and energy levels of a small nanotubelike structure. NRLTB reproduced well the electronic structures
predicted by NRLMOL.
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FIG. 12. (Color online) Column (a) The jy (top panel) and jz (bottom panel) components of the current for an EM wave propagating along
the axis of the nanotube of Fig. 11(a), for the case where the wavelength is much longer than the length, a, of the tube. In this case, the current
flows from 1 to 2 and from 1′ to 2′ in phase mostly along the y direction. It continues from 2 to 3 and from 2′ to 3′ mostly in the z direction,
and then from 3 to 4 and from 3′ to 4′, in the opposite y direction; finally, from 4 it returns to 1 and from 4′ it returns to 1′. In the case of λ/2 ≈
a, column (b), all currents from 1 to 2, from 1′ to 2′, from 4 to 3 and from 4′ to 3′ run almost in phase along the y direction; the currents from
2 to 3 and from 2′ to 3′ run in the opposite direction to the ones from 1 to 4 and from 1′ to 4′.

Figs. 11(a) and 12. Notice the strong resonance response at
a/λ0 ≈ 0.6 (λ0 is the free-space wavelength), which for the
length a ≈ 7 Å of the system in Fig. 12 is at the soft x-ray

FIG. 13. (Color online) The transmission (black solid line) and
reflection (red dashed line) amplitudes for a linear EM wave
propagation along the axis of the nanotube shown in Figs. 11(a) and
12, consisting of perfect metallic wires. The length of the nanotube
is a, and λ0 is the free-space wavelength. The resonance response at
a/λ0 ≈ 0.6 (shadowed region) is magnified in the inset.

regime, h̄ω ≈ 1060 eV. This strong response is unexpected and
important because matter is usually responding very weakly
to x rays. Thus, we predict that single-wall carbon nanotubes
may respond resonantly to soft x rays. This prediction is based
upon the assumed stability of the nanotube and the expected
ballistic propagation of its free electrons. The first of these
aspects is confirmed by our calculations, which show that, in
addition to the good transferability of our TB Hamiltonian in
predicting the structural and electronic structure properties of
the planar graphenelike structure, our NRLTB reproduces well
the NRLMOL optimized structural and energy level characters
of C96H48, a small molecule of nanotubelike structure, as
shown in Fig. 11(b). The HOMO-LUMO gap of 2.58 eV
predicted by NRLTB is in reasonable agreement with the value
of 2.43 eV calculated from NRLMOL. The good transferability
enables us to study large nanotubelike molecules containing
thousands of carbon atoms. Such a study is a must given the
unexpected strong response shown in Fig. 13.

Among the various molecular structures considered in this
paper, the most promising is the ring type shown in Fig. 9 and
the nanotube type shown in Fig. 11. Single-wall nanotubes
can be synthesized almost routinely, and they do not involve
uncertainties regarding possible adverse effects associated
with the presence of an unavoidable substrate. Their almost
ballistic transport has been accepted.

The ring molecules of Fig. 9 do not seem to present major
difficulties in their synthesis, since each linear segment can be
obtained by straight polymerization of benzene rings. The six
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(c)
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FIG. 14. (Color online) (a) Band structure (energy vs wave vector
k) for each of the 18 eigenmodes of an infinite periodic system of
period a = 2.4 A (part of which is shown in [c]). The primitive cell
consists of the 4 carbon atoms labeled C1, C1′, C2, and C2′ and 2
hydrogen atoms labeled H and H′. Each carbon atom contributes 4
atomic orbitals (3 p’s and 1 s), while each hydrogen atom contributes
1 s orbital. The top of the VB is partly the ninth band (counted at
k = 0) up to k = 0.26 and partly the seventh band for k > 0.26. The
bottom of the conduction band is the tenth band, consisting mainly
of the pz orbital located at carbon atom 1 as shown in (b), where the
probability of finding the electron in each of the 18 atomic orbitals
(left axis) is plotted, as well as the energy vs k (right axis). In (a),
notice the Dirac point where the 7th and the 10th bands cross each
other.

corners may possibly be obtained by a variation of the linear
polymerization along the natural direction by making an angle
of 60◦. Possibly the interruption of the electronic flow will be
more efficient if the nitrogen (or iron, as in Fig. 16) substitution
takes place at the benzene(s) located at the corner (or corners
of the molecule). One can envision one or two pairs of
neighboring foreign atoms substituting for two or four carbon
atoms of the corner benzene monomer. The question of the
appropriate substrate and its role requires a serious quantum
mechanical calculation or, better, a systematic experimental
investigation of various substrates after the molecule has been
synthesized. However, one can envision a high concentration
of the ring-type molecules (shown in Fig. 9) within a proper
solvent possibly oriented parallel to each other with the help
of magnetic atom substitution (e.g., iron, as in Fig. 16).
Finally, the assumption of a lossless classical ohm-type
response has to be examined in the framework of quantum
mechanics. We attempt such an examination in the next
section.

IV. QUANTUM CONSIDERATIONS

First, we point out that in a recent experimental paper,35

it was shown that Ohm’s law survives to the atomic scale
in a system of dopants four-atoms-wide, one-atom tall, and
106-nm-long in silicon. This system is essentially of the same
width and height and of similar length as ours shown in
Fig. 9. Thus, we expect a similar overall behavior, although
the atomic details of the current distribution among the
carbon atoms may differ from the classical one as a result of
interference. Our explicit results, presented here, confirm this
expectation.

We studied four systems: A relatively small-size ring
molecule shown in Fig. 9(a), a straight segment of such a
molecule consisting of carbon atoms and hydrogen atoms,
a segment of the same size but with one 60◦ corner in the
middle, and an infinite-size straight-line system. Although the
first system is directly relevant to the quantum mechanical
response of our ring molecules to the ac-EM field, we did
also study the second and the third systems. This was done
in order to clarify the role of the reflection at the edges
of the second system and the role of the reflection and the
transmission at the corner of the third system. This verifies
that the ac-EM field excites a finite number of Bloch waves
moving in both directions interfering among themselves and
giving rise to the wave function pattern observed in the
first system. We also studied the infinitely long straight-
line system to reveal possible effects associated with very
large ring molecules not accessible to the accurate direct
technique applied to the first system. The infinite system
reveals also interesting aspects of the Bloch waves propagating
in it without the complicating interference effects due to more
than one Bloch wave.

For the latter, we calculated the band structure, i.e., the
energy vs crystal momentum for each of the 18 bands as
well as the corresponding wave functions using the NRLTB
method. The results for E vs k are shown in Fig. 14(a) and
are reminiscent of the graphene dispersion relation. For the
undoped case, the Fermi level coincides with the Dirac point
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located near the boundary of the Brillouin zone (BZ). The
dispersion relation near the Dirac point is linear for both
the hole branch as well as electron branch with a velocity
of about 700 km/s, i.e., almost three orders of magnitude
lower than that of light. The optical gap at the center of
the BZ is quite substantial around 8.5 eV. For k larger than
0.26 (in atomic units of k, where the edge of the BZ, π/a,

is 0.69, and a is the period), the hole branch (HOMO) is
mainly of pz nature, mostly located at the carbon labeled 1
(see Fig. 14). The probability of being found at the carbon
labeled 2 varies from 0.33 for k between 0.26 and 0.4 and
gradually drops to zero as one approaches the boundaries of
the BZ. The LUMO (electron) branch behaves in a similar way
over the whole extent of the BZ [see Fig. 14(b)]. We conclude
first that quantum mechanics preserves the ballistic and hence
the lossless character of the transport within the assumption
of negligible electron-phonon effects (and in the absence of
interband transitions to be discussed later herein). This is a
direct consequence of the exact periodicity of the system (in
the absence of electron-phonon interactions and as long as
interband transitions do not set in). The Dirac character of the
electrons and holes near the Fermi level is expected to reduce
the electron-phonon scattering, as a result of Klein’s paradox
(see, e.g., S. Flugge, Practical Quantum Mechanics, Springer,
1994). This expectation is verified in nanoribbons, where
transport has been shown to be ballistic. Furthermore, Ref. 36
predicts ballistic transport in nanoribbons in spite of taking
into account electron-phonon scattering as the most significant
contribution to the mean free path. Moreover, there are theo-
retical investigations37,38 demonstrating that electron-phonon
scattering in graphene is practically negligible; there are also
graphene applications36,39 accepting a very weak electron-
phonon scattering. In contrast, experimental studies40,41 (and
references therein) seem to imply a more substantial loss below
the frequency for interband transitions. However, this loss may
be due to static impurities, point defects, edge scattering due
to dangling carbon bonds, and their effect on electron-phonon
scattering.

In view of the established almost negligible effect of
the electron-phonon interaction per se37,38 and the fact that
our system is stable and free of point defects, impurities,
and dangling bonds, we conclude that quantum mechan-
ics implies that the transport in our systems is of ballis-
tic character, since no mechanism is left to destroy this
character.

Thus, quantum mechanics will retain the ballistic char-
acter of the transport. The only modifications that quantum
mechanics will bring to our classical ballistic transport for
molecules (where their linear size is of the order of a few
tens of nanometers) in the unbiased case are in the details as
discussed next: One such detail is that the ballistic transport
near the Fermi level will be mostly along the pz orbital of
carbons labeled 1 and not from pz1 to pz2 to pz1 and so
on. This partial elimination of a transport channel is expected
to possibly reduce the imaginary part of the ac conductivity
or, equivalently, the real part of the permittivity. Another
modification, a very beneficial one for our purposes, is the
strong suppression of the interband transitions by a factor equal
to the square of the product of the pz2 amplitude times the
overlap of the pz orbitals at neighboring carbon atoms 1 and

2. The reason for this is that the interband transition involves
a matrix element of the form

|〈a1φ1z + a2φ2z|x|a1φ1z + a2φ2z〉|2
= |a∗

1a2〈φ1z|x|φ2z〉 + a∗
2a1〈φ2z|x|φ1z〉|2, (4.1)

where it was taken into account that the diagonal matrix
elements 〈φiz|x|φiz〉 i = 1, 2 are equal to zero for reasons
of symmetry. Keep in mind that a2 tends to zero as the
Fermi energy is approached, i.e., for low frequencies, which
implies that the low-frequency absorption gap is much larger
than the density of states (DOS) gap for very large unbiased
ring molecules of the type shown in Fig. 9. In any case,
the interband transitions up to a frequency ω = 2 eV/h̄ can
become zero as a result of Pauli’s principle by biasing the
system by a voltage V, which can be as high as 1.4 V.
This is a common practice in graphene.36 We point out
that the changes in the current distributions produced by
quantum mechanical effects are of minor quantitative effects
in the high-frequency EM response. Actually, the quantities
that are relevant for use in our systems as high-frequency
metamaterials are their overall resistance R, their overall self
inductance L = Lm + Le, and the capacitance C (appearing
only when the continuity of the flow is interrupted by proper
doping, as will be discussed later on). Next, we show that
R is zero for frequencies below the interband transitions
(assuming negligible electron-phonon scattering); this almost
lossless operation is a very important point and the basic
reason for considering the bottom-up molecular approach for
optical metamaterials. The kinetic contribution Le to the self
inductance is given by Le = cons · l, where l is the overall
length of the ring molecule, and the constant is equal to
me/e

2neS; ne is the concentration of carriers, and S is the
constant effective cross section of the ring molecule of the
order of 3 × 4 A2. Thus, Le is independent of the details of the
distribution of the current density. The magnetic contribution
Lm to the self inductance as discussed in the introduction
will be of the form Lm = (a1μ0/2π ) · l · ln(a2l/

√
S), where

a1 and a2 are dimensionless parameters of the order of one
depending on the current-density distribution in the ring
molecule. However, since Le is four orders of magnitude larger
than Lm, the exact values of a1and a2 are completely irrelevant
for our purposes.

To directly substantiate our claim that R ≈ 0,we per-
formed very accurate quantum mechanical calculations on
the molecule shown in Fig. 9(a) and the other two auxiliary
systems mentioned at the beginning of the present Sect IV.
These calculations were done by a first-principles, DFT-based
NRLMOL method, which, as a trade-off for its reliability, does
not allow substantially larger molecules than that of Fig. 9(a).
We obtained the energy levels (and hence the DOS), the
corresponding energy eigenfunctions, their s or p character,
and the absorption coefficient, which by the Kramers-Kronig
relation allows us to determine the permittivity. These systems,
because of their small size, exhibit a gap larger than 2.0 eV,
reaching an estimated 3.25 eV depending on the system. The
energy eigenfunctions are periodic, consisting of opposite-
traveling Bloch waves mostly along the external and the
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FIG. 15. (Color online) Plot of absorption coefficient (in arbitrary
units) vs h̄ω for the ring molecule C48H24 shown above, calculated
by the DFT method NRLMOL. The shown gap of 2 eV is expected
to be larger, for two reasons: (1) because the small imaginary part
introduced to smoothen the plot lowers the gap from 2.5 eV to 2 eV;
and (2) because it is known that DFT approaches produce gaps about
30% lower than the actual ones.

internal edges of the molecule—a result further supporting
our conclusion of ballistic transport.

However, the definite proof (within the generally accepted
almost negligible electron-phonon scattering) of the ballistic
character of transport in our ring molecule, i.e., that R ≈ 0,

is shown in Fig. 15, where we plot the absorption coefficient
vs frequency h̄ω. This first-principles, very accurate quantum-
mechanical calculation shows that there is a gap where the
absorption coefficient is exactly zero. This is a direct proof
that the losses are exactly zero up to the set-in of the interband
transitions (which appear at almost 2 eV for this size of
molecule), and, consequently, the transport is ballistic. We
point out again that the reason a molecular approach to
metamaterials was proposed is exactly the expected (and
established in this paper) superiority in comparison with the
metallic top-down scheme as far as losses are concerned. As
the size of the ring molecule increases (see Fig. 9), the gap in
the density of states (DOS) becomes narrower and eventually,
for infinite systems, closes, as shown in Figs. 9(b) and 14.
The latter shows that the closing of the gap is similar to
that in graphene with the Dirac point and the linear E vs
k behavior around it. Notice, however, that the gap in the
absorption coefficient is expected to be larger than that of
DOS and may not close for nanometer-size molecules, because
of the presence of the small matrix element incorporated in
the absorption coefficient, as we mentioned before. Finally,
we point out that the knowledge of the absorption coefficient
allows the calculation of the permittivity through the Kramers-
Kronig relations. We emphasize once more that the existing
differences between the classical and the quantum calculations
in high-frequency current-density distributions (some of which
we pointed out before) will have practically no effect on

the resistance R and the self inductance L of our ring
molecule.

V. DISCUSSION AND CHECKS

In this section, we briefly review some of the other
assumptions underlying the possibility of a graphene-based
approach to the construction of a molecular SRR or other
types of optical “atoms.”

The first concern is whether a doped graphene-based
molecule retains its planar structure or if its coordination
within the plane is retained as the size of the molecule and
the concentration of dopants are increased.

We found that the answer to both of these questions is
an encouraging “yes” for relatively low or even medium
concentrations of nitrogen dopants. For other dopants, such
as boron, aluminum, iron, and oxygen, there is considerable
coordination rearrangement, although the planar structure
seems to be perfectly retained, as shown in Fig. 16. It is
worthwhile to point out that doping by iron offers the possi-
bility of magnetically orienting the molecules within a proper
solvent, conceivably creating a close-packed lattice, which can
substantially lower the permeability as we mentioned before
(see Fig. 6).

FIG. 16. (Color online) Two views of each of the three molecules
C36B18H18, C36Al18H18, and C36F18H18. The C36N18H18 molecule is
also shown for comparison. The B, Al, Fe, and N atoms and their
bonds are shown in different colors online. Notice the perfect planar
structure of the first three molecules in spite of the extensive bond
rearrangement.
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FIG. 17. (Color online) A C1014H78 graphene-based molecule,
which, in combination with an identical one, can form a “slab-pair”
element exhibiting a resonance response equivalent to a resonant
circuit.

The second question—a very important one—is the follow-
ing: Is a dopant or a cluster of dopants capable of blocking the
flow of pz electrons through it? The simulation by a perfect
metallic wire mesh with some sites missing, as shown in
Figs. 7, 8, and 10, is based on the assumption that the answer
to this crucial question is yes. Our calculations, although
they do not provide a direct definite answer, indicate that the
blocking is probably only partial. Indeed, although the dopant
does create a bound localized state around it, its characteristic
decaying length is larger than the nearest neighbor distance,
showing that a larger cluster of dopants may possibly provide
the desired blocking of the electronic flow. Such a cluster is
easily incorporated, at least in principle, in molecules shown in
Fig. 9. This picture of only partial blocking by a single dopant
is further supported by calculations of the polarizability and
the aromaticity index of the molecules. These calculations
show that there is no considerable reduction of either the
polarizability or the aromaticity index by doping, at least with
nitrogen. Recent experimental results42 confirm this picture
of partial blocking by nitrogen atoms. Thus, it seems that
either a large cluster of nitrogen atoms or, possibly, other
dopants may offer the capacitive-element in a graphene-based
molecular SRR. We intend to pursue this cluster approach of
nitrogen or trivalent dopants by developing numerical codes
within our NRLMOL or TB schemes, which will calculate
the circular current flow in the presence of an ac mag-
netic field perpendicular to the plane of the graphene-based
molecules.

It must be pointed out that, in addition to SRR-type
molecular elements for bottom-up metamaterials, which seem
so promising, undoped large graphene-based molecules,
such as shown in Fig. 17, can be used in the “slab-pair”
configuration,43,44 which has been shown to be quite successful
in obtaining high operational frequency with relatively high
figure of merit. The latter is by definition the ratio Reχm/Imχm

and, as was mentioned in the introduction, must exceed ∼10
for practical applications.

Moreover, we have shown that undoped single-wall nan-
otubes may offer a resonant response to EM waves in the soft

x-ray range. This is an exciting possibility for constructing
metamaterials in the extreme ultraviolet (UV) or the soft x-ray
part of the spectrum.

VI. SUMMARY

In this paper, we presented a first investigation of a
molecular bottom-up approach to the optical negative index
or other types of high-frequency metamaterials. We studied
graphene-based molecules, demonstrating that the flow of the
pz electrons is ballistic and not diffusive, as in metals, even
the most conductive of them. The expected drastic reduction
in ohmic losses opens up the possibility of a high figure of
merit for optical, UV, and even soft x-ray metamaterials.

We employed the DFT–based code NRLMOL to obtain the
eigenstates and eigenenergies of a large number of graphene-
based molecules, including nanotubes, of various shapes and
sizes, both undoped and doped with nitrogen or trivalent atoms.
The NRLTB, where the parameters were fit to first-principles
results, allows us to study the spectrum, the eigenfunc-
tions, and the stability of molecules with several thousand
atoms.

We presented accurate, first-principles, quantum mechan-
ical calculations confirming the picture of ballistic electronic
flow in our ring molecules shown in Fig. 9 (within the generally
accepted notion of almost negligible electron-phonon scatter-
ing). We assumed that the dopants will block the flow of pz

electrons—a doubtful assumption that may become realistic
if the pair of dopants is replaced by an appropriate cluster of
them. Recent experiments35 support our quantum mechanical
calculations showing that the overall flow of electrons under
the action of an EM field obeys Ohm’s law with almost zero
resistance, although the quantum distribution of the current
may be different than the one obtained by our classical
approach. Anyway, this difference has no measurable effect
on either the self inductance or the resistance; these quantities
determine the performance of the ring molecule as element of
optical metamaterials.

Accepting ballistic flow and assuming that dopants will
block the flow of pz electrons—an assumption to be tested—
we have simulated the response of the molecule to an EM wave
by a network of perfect metallic wires with or without some
sites missing. This let us calculate the induced currents and the
induced EM fields. We expect that the overall flow obtained
through this simulation will fairly represent the flow in the real
molecule, although the details regarding the local distribution
of currents and fields may be different. We also expect that even
if a single dopant fails in blocking the flow of pz electrons,
a cluster of dopants can do the job. Thus, molecules of the
type shown in Fig. 9 are good candidates for molecular SRRs.
Notice also that the molecule shown in Fig. 9(a), known as
kekulene, has been synthesized.35 In addition, large undoped
molecules as in Fig. 17 are very promising for molecular LHMs
based on the slab-pair configuration.

We found an exciting possibility of resonant response
of single-wall undoped carbon nanotubes at soft x rays or,
possibly, at extreme UV, where the resonance frequency may
depend on the interplay of the lengths, a, λ, and d, where d is
the linear size of the benzene ring.
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