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Unidirectional single-photon generation via matched zero-index metamaterials
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We propose a scheme which can generate a highly directional single photon with almost 100% efficiency.
Therefore we can get a useful single photon when it is required. An initial excited atom is placed inside a
special Fabry-Pérot cavity whose walls consist of left-handed and zero-index metamaterials. The left-handed
slabs work as a closed shell to avoid dissipation of the emitted photon, while the outer zero-index metamaterial
slabs act as a special shutter which is transparent only for normal incidence, so that the photon emitted by
the atom can only escape out of the cavity unidirectionally. Furthermore, we design the cavity with currently
available metamaterials made of two-dimensional dielectric photonic crystals, and simulate the radiative field
of an electric dipole to confirm our prediction. Differently from the previous proposal of single-photon sources
which demanded complicated structure design and subtle mode analysis, our scheme is simple and robust
for atomic position. This work has promising applications for quantum communication and optical quantum
computing.
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Sources of single photons are indispensable elements in
quantum information science [1]. In particular, they pave the
way to approach quantum computing [2], quantum commu-
nications [3], and especially quantum encryption technolo-
gies [4]. The most prominent single-photon source is the
fluorescent light from a single two-level system. Therefore
tremendous progress has been made based on single molecules
[5], semiconductor quantum dots [6], and single nitrogen
vacancy centers in diamond [7]. Recently, single-photon
sources based on WSe2 atomic layers have also been reported
[8].

There are two factors to judge the quality of single-photon
sources, namely, the repetition rate and the collimation of
the photon. Among them the collimation happens to be a
huge challenge. It is known that the radiation of a two-level
system in free space spreads over almost 4π solid angle
and its propagation direction cannot be predicted for certain
emission events. To overcome this impediment, there are two
possible ways. The first way resorts to the surface plasmon
[9,10], because an excited plasmon can only propagate near
the surface of metal. However the shortcoming of the plasmon
is apparent as it cannot propagate over several wavelengths
because of huge losses. Therefore, many kinds of hybrid
plasmon nanostructures [11–14] are suggested to excite the
plasmon at first and then transfer it into guided modes
through another high-index dielectric waveguide. However the
quantum efficiency of these hybrid systems is low because of
the double transformation, i.e., from atom to plasmon and
from plasmon to photon. An alternative way is to generate a
propagating single photon directly through carefully designed
microstructures. A pillar microcavity [15], photonic crystal
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structures [16], carbon nanotubes [17], optical antennas [18],
and multilayered hyperbolic metamaterials [19] have been
proposed as candidates to control the directionality of the
emitted photon. However it is difficult to maintain the unidirec-
tional emission and the high quantum efficiency at the same
time. In addition, both methods (plasmon and propagating
photon) require complicated structure design, subtle mode
analysis, and optimized position of emitter to make sure that
the atom can mainly excite the wanted mode, which is quite
challenging.

In this Rapid Communication, we propose a kind of
cavity made by metamaterials in which an excited two-level
atom can generate the unidirectional propagating photon with
high efficiency. Here the high efficiency not only refers to
the quantum efficiency which is defined by the ratio of
radiation emission to the total emission, but also refers to
the ratio of unidirectional emission to total emission. More
importantly, this scheme does not rely on any mode analysis
and is independent of atomic position. The metamaterials
mentioned here include the left-handed materials (LHMs)
and the zero-index materials (ZIMs). The LHMs refer to the
manmade materials possessing effective negative permittivity
and negative permeability simultaneously, which demonstrate
negative refraction and phase compensation [20]. Meanwhile,
the indexes of the ZIMs are almost zero at the frequency of
interest. The ZIMs can be used to tailor the radiation phase
patterns [21], to squeeze electromagnetic waves [22], and to
realize cloaking [23] and Dirac-cone-like dispersions [24,25].
These two kinds of metamaterials are already realized for
visible light [26] in experiment.

The scheme and the coordinate system are shown in Fig. 1.
The atom (marked by a short arrow) with transition frequency
ω0 is placed in the empty cavity at position ra = (0,0,za). It
can be excited with a pump field propagating along the y axis.
The wall of the cavity is the combination of the LHM and
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FIG. 1. The geometric optical path of the radiative field emitted
by an atom (short black arrow) in the cavity made of LHMs and ZIMs.

ZIM slabs. The LHM slabs possess indexes of ε1 = μ1 = −1
and the thickness d1. Their unique characteristic of negative
refraction is demonstrated by the geometric optical arrows in
Fig. 1. With the choice of d0 = 2d1, two LHM slabs act as
the enclosed shell to avoid the escape of atomic emission
field along x-y plane if the outer boundary of the LHM
can totally reflect the field. The unidirectional single photon
will be generated if we can find a special filter which is
transparent only for horizontal incidence but totally reflective
for others. The metal is unqualified because it reflects all the
incident fields. A suitable candidate is the ZIM slab. It has
been proved that, at the interface between the vacuum and
the ZIM (ε2 = μ2 = 0), reflection coefficients for both TE
and TM polarizations are equal to −1 for oblique incidence,
but are zero for normal incidence [27]. Thus, employing the
unique characteristics of LHMs and ZIMs, the spontaneous
decay of the atom can generate a highly directional single
photon.

In a highly accessible language, the principle is that the
photon emitted obliquely will trace back to the atom and
interact with it again. The photon is scattered again into
arbitrary directions. This cycle continues until the photon is
emitted into the horizontal direction and then it can escape
out of the cavity and be used as a single photon. Such
straightforward generation of a unidirectional single photon is
similar to squeezing toothpaste out of a tube. The advantages
of such a scheme for a single-photon source are obvious. First,
the mode analysis is not required as the waveguide modes
and surface plasmon modes can be ignored here since the
atom is away from the interfaces. Second, the unidirectional
single-photon generation is independent of atomic position.
The optical path in Fig. 1 is just an example of the atom
being in the center. The radiative field can still trace back to
the atom even if the atom is located at other positions. Third,
the efficiency of generation of the unidirectional photon is
high because, even if the photon is initially emitted into an
arbitrary direction, it can only leak out of the cavity in the
horizontal direction. This means that once the two-level atom
is excited, a single photon can be collected along the z axis
deterministically, leading to a superior design for a highly
directional single-photon emitter.

The above analysis is based on the classical optical path. In
the following we calculate the atomic spontaneous emission
field to confirm our prediction. Starting with an initial state in
which the atom is in the excited state and the electromagnetic
field is in the vacuum state, the intensity of the single-photon
emission field is given by the first-order correlation function
[28]

|E(r,t)|2 = 〈ψ(t)|Ê+
(r,t) · Ê(r,t)|ψ(t)〉

= |〈0|Ê(r,t)|γ0(t)〉|2, (1)

where |γ0(t)〉 represents the state of the electromagnetic field.
After a lengthy calculation similar to that given in Refs. [9,29],
we obtain

〈0|Ê(r,t)|γ0(t)〉 = i
Cu(t)

ε0

ω2
0

c2
e−iω0t Im

↔
G(r,ra,ω0) · Pa. (2)

Here Cu(t) is the probability amplitude of the atom in the
excited state. It follows that the evolution under the Markovian
approximation is given by [9,30]

Ċu(t) = −1

2
Cu(t)

(
2

ε0�

ω2
0

c2
Pa · Im

↔
G(ra,ra,ω0) · Pa

)

= −1

2
�Cu(t), (3)

where Pa is the atomic dipole momentum, ImG(r,ra,ω0) is
the imaginary part of the electromagnetic Green’s tensor at
the transition frequency ω0, and � is the atomic spontaneous
decay rate. The Green’s tensor required here is shown in the
Supplemental Material [31].

We describe the spatial radiative field with the
normalized expectation value of the electric field
|E(r,t)|/E0(t)where E0(t) = paω

3
0|Cu(t)|/(8πc3). The nor-

malized field is time-independent and exhibits a clear spatial
pattern. The atomic dipole momentum is set to be parallel to
the interface, i.e., Pa = Pa x̂. The length of the cavity is chosen
as d0 = 4λ0. For the LHM slabs, ε1 = μ1 = −1 and their
thickness is d1 = 2λ0. Meanwhile the ZIM slabs possesses
εL2 = μL2 = ε2 = μ2 = 0.1 and dL2 = d2 = λ0. The atomic
radiative field distribution in the x-z plane is plotted in
Fig. 2(a).

It is obvious that LHM slabs can trap the atomic emission
field, and refocus them at three positions which agree with
the geometrical optics result shown in Fig. 1. The electric field
attenuates quickly with the penetration from the LHM slab into
the ZIM slab. When the field escapes out of the ZIM, most of
it just propagates normal to the interface. The corresponding
far-field radiation patterns are plotted in Fig. 2(b) which is
defined through the field intensity at the distance 30λ away
from the origin. It is clear that the photon can only escape out
of the cavity within a narrow radiative angle, namely less than
10o, which is good enough for most applications. Although we
only plot the field distribution in the x-z plane, the property of
unidirectional emission remains for any rotated plane around
the z axis.

Although the atomic decay rate in our scheme is low, i.e.,
� = 0.024�0, we can show that such small decay rate just
originates from the electromagnetic modes escaping out of the
ZIM slab, while the electromagnetic modes cycling inside the
cavity have no contribution to the decay rate. The decay rate
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FIG. 2. (a) The radiated electric field distribution in the x-z plane, (b) the far-field radiative pattern, and (c) the angular spectrum of the
decay rate when the atom is in the cavity with parameters ε1 = μ1 = −1, εL2 = μL2 = ε2 = μ2 = 0.1, d1 = 2λ0, dL2 = d2 = λ. (d) The decay
rate as function of the index of ZIM with the definition ε2 = μ2 = εL2 = μL2 = n.

is given by

� = 2

ε0�

ω2
0

c2
Pa · Im

↔
G(ra,ra,ω0) · Pa

= 3

4
�0

∫
dθ sin θS(θ ). (4)

Here �0 = P 2
a ω3

a/(3πε0�c3) is the decay rate in the free
space and S(θ ) is the angular spectrum of the decay rate which
describes the contributions of these modes possessing wave
vectors with azimuthal angle θ as defined in Fig. 1 (note
that it has been integrated over polar angle 
 already). The
corresponding angular spectra S(θ ) are shown in Fig. 2(c).
It is clear that the FWHW of S(θ ) is 8o which fits to the
beam shape in Fig. 2(a). Although the decay rate is low,
the emission energy of the atom completely transfers into
the unidirectional propagating photon, which corresponds to
nearly 100% transformation efficiency.

To explore the influence of ZIM on the decay rate, we
plot the decay rate as a function of the index of ZIM,
ε2 = μ2 = εL2 = μL2 = n, in Fig. 2(d). Other parameters are
the same as those in Fig. 2(a). It shows that when the index
of ZIM falls into the region n ∈ [10−5,10−2], the atomic
decay rate is nearly a constant, i.e., � ≈ 0.013�0. However

when n is increased further, the decay rate monotonically
increases accordingly. The decay rate reaches to 0.1�0 when
n = 10−0.5. A reasonable estimate leads to the conclusion
that the unidirectional emission of the single photon is
valid for a wider region of the index of the ZIM, i.e.,
n ∈ (0,10−0.5].

For the above symmetrical cavity, the photon can escape
out in both directions. To improve the unidirectional property,
we replace the left ZIM slab (labeled by “L2”) by a perfect
magnetic conducting (PMC) slab with εL2 = 1,μL2 = −50,
and then the photon can only escape out to the right. The
corresponding field distribution and far-field radiation pattern
are shown in Fig. 3(a). Comparing Fig. 3(a) with the symmetric
case of Fig. 2(a), the radiative field now only leaks out to
the right and the unidirectional emission remains. In addition,
the field distributions both inside and outside of the cavity
as well as the far-field pattern are nearly unchanged. This
is the reason why we adopt the PMC (not metal) to block
the left port. If we use the metal slab, the atomic decay
rate will be deeply inhibited to nearly 10−4�0, and then
not only the intracavity field intensity but also the output
intensity are greatly attenuated. Instead, the decay rate in the
case of the PMC slab, as shown in Fig. 3(a), is increased to
0.04�0 which is double that in Fig. 2(a) with 0.024�0. Such

FIG. 3. The atomic radiated electric field distribution in the asymmetric structure. The left slab is replaced by PMC with εL2 = 1,μL2 = −50.
(a) The atom is located at ra = (0,0,0); (b) the atom is located at ra = (0, 0, −λ). Other parameters are the same as those in Fig. 2(a). The
inset of (a) is the corresponding far-field radiation pattern.
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FIG. 4. The field intensity distribution of an oscillating electric dipole located in the cavity made of realistic LHM (enclosed by rectangle)
and ZIM which is constructed by a two-dimensional photonic crystal. The detail parameters are presented in the text. The operating wavelength
is λ = 1.55 μm.

improvement originates from the similar boundary character-
istics of the ZIM and PMC for TM polarization under oblique
incidence.

As mentioned before, the behavior of our scheme is
insensitive to the atomic position. In Fig. 3(b), the atomic
position is changed to ra = (0,0, −λ), which is a quarter of
the cavity length away from the left inner interface. It is clear
that there are four focuses of the radiative field marked by
squares in Fig. 3(b) which confirm that the LHM slab can still
trap the atomic radiation field. Though atomic position affects
the radiation field pattern inside the cavity, the unidirectional
emission of the photon remains unchanged. Therefore the
unidirectional emission of the single photon still works no
matter where the atomic position is. The single photon emitted
in our scheme is not a plane wave, but a transversely finite
beam. For further discussion on the interaction of the generated
single photon with a particle outside the cavity, the formulation
of the interaction of light with matter in b space [32] can be
adopted.

As most metamaterials are made of metal resonators [26],
the absorption of the metamaterials cannot be ignored in
general. However, if metamaterials are made of the dielectric
microstructure, their losses can be neglected. Following
Refs. [24,33], we design the effective LHMs and ZIMs through
the dielectric two-dimensional photonic crystal working at
the operating wavelength λ = 1.55 μm. The effective LHMs
are constructed by a hexagonal lattice (with lattice constant
a1 = 482 nm) of circular air holes (with radius r1 = 0.365a1)
drilled in dielectric substrates with permittivity εm = 10.6,
while the effective ZIMs are constituted by a square lattice
(with lattice constant a2 = 875 nm) of dielectric cylinders
(with radius r2 = 175 nm and permittivity ε = 12.5). The
scheme is shown in Fig. 4, and the plane is defined as the
y-z plane. The length in y axis is set as 24λ in simulation with
open boundary which is quadruple d0. Such finite structure
implies that the emission for the azimuthal angle above 75◦
will dissipate out of the cavity. Of course, the structure can
be extended in the y axis to reduce the dissipation further.
We arrange an oscillating electric dipole normal to the plane

with wavelength λ = 1.55 μm at the middle of the whole
structure, and calculate its radiative field intensity distribution,
see Fig. 4, using commercial electromagnetic software (CST).
As predicted, the radiative field converges at three points; one is
the atomic position and the other two are near the boundaries
between LHM and ZIM, which is the demonstration of the
behavior of the LHMs. Outside of the cavity two beams escape
out of the cavity along the horizontal axis, which confirms the
effect of the ZIMs.

The anisotropy of the effective LHM slab deserves to be
discussed. Though the effective index could be equal to −1
for a wide region of wave vectors, we cannot have exactly the
isotropic effective medium due to the realistic discrete lattice.
Our analysis shows that the isotropy of the LHM no longer
holds, when the azimuthal angle falls to 70◦ to 90◦. Such
anisotropy could lead to a tiny reflectivity and the nonperfect
negative refraction at the interfaces zL and zR , (defined in
Fig. 1) at the angles from 70◦ to 90◦, which have some influence
on the field distribution in the cavity. However, the effective
ZIM is robust, which makes sure the unidirectional emission
of the single photon out of the cavity. Therefore, the effect of
the anisotropy on the unidirectional single-photon generation
is small.

In summary, we present a design of a collimated single-
photon emitter with high efficiency. The single photon origi-
nates from an excited atom located in a special cavity made
of manmade left-handed materials and zero-index materials.
The scheme to generate the unidirectional single photon is
straightforward, which does not need any mode analysis and
subtle optimization. In addition, the performance is insensitive
to the atomic position. As almost all the atomic energy can
be transformed into the unidirectional photon, we can generate
a single photon when it is required by simply exciting the
atom. The price for the high efficiency is the low repeating
rate, because the emission time of each photon is about
50/�0. We also design realistic effective LHMs and ZIMs
through two-dimensional dielectric photonic crystals, and our
simulations fit well with the theoretical prediction. Such kind
of QED system can work as a highly efficient unidirectional
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single-photon emitter with promising applications in quantum
information science.
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