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An anisotropic quantum vacuum (AQV) opens novel pathways for controlling light-matter interaction
in quantum optics, condensed matter physics, etc. Here, we theoretically demonstrate a strong AQVover
macroscopic distances enabled by a judiciously designed array of subwavelength-scale nanoantennas—a
metasurface. We harness the phase-control ability and the polarization-dependent response of the meta-
surface to achieve strong anisotropy in the decay rate of a quantum emitter located over distances of hun-
dreds of wavelengths. Such an AQV induces quantum interference among radiative decay channels in an
atom with orthogonal transitions. Quantum vacuum engineering with metasurfaces holds promise for exp-
loring new paradigms of long-range light-matter interaction for atom optics, solid-state quantum optics,
quantum information processing, etc.
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Quantum interference (QI) arises from the indistinguish-
able paths of photons. QI in spontaneous emission, from
nearly degenerate excited states in a multilevel quantum
emitter, leads to a variety of remarkable effects such as
coherent population trapping [1], an efficient quantum
photoengine [2], etc. In an isotropic quantum vacuum,
QI has a stringent requirement of nonorthogonal transition
dipole moments which is rarely met in atomic systems
[3–5]. However, by breaking the isotropic nature of the
quantum vacuum, one can circumvent such a constraint
and achieve QI for orthogonal transitions [6]. For instance,
it has been theoretically proposed that an atom in the
vicinity of few tens of nanometers of a metallic surface
[7,8] or embedded in a photonic crystal [9], may experience
an anisotropic quantum vacuum (AQV). Unfortunately in
these approaches, both precise positioning [10–12] and
optically addressing the atom for quantum applications
are challenging in experiments due to near surface inter-
actions such as surface thermal noise, Casmir-Polder force,
quenching, and so forth. A strong AQV over remote
distances from any material interface is, therefore, imper-
ative but has never been realistically possible [13,14].
In this Letter, we propose and theoretically demonstrate a

long-sought-after solution for experimentally observable
QI in atoms over remote distances using an engineered
surface—a metasurface. We harness the phase-control
ability and the polarization-dependent response of a judi-
ciously designed metasurface to tailor the quantum vacuum
and induce strong anisotropy for an atom at a macroscopic
distance over 100λ0, where λ0 is the wavelength in free
space. Quantum vacuum engineering with metasurfaces
creates unprecedented opportunities for long-range inter-
actions between quantum emitters, solid-state quantum
optics, spintronics, and the decoherence-free subspace
for quantum information transfer.

A quantum emitter, in the vicinity of a metallic interface
[15], can strongly interferewith its ownspontaneously emitted
photon after reflecting from the surface, and display intriguing
interference effects [16–18]. For instance, one can design and
construct an interface, nearwhich, a quantumemitter displays
orientation dependent decay rate which is a manifestation of
anAQV[19].Withmultilevel quantumemitters, suchanAQV
can induce QI among radiative decay channels even if the
corresponding dipole moments are orthogonal to each other.
Oneof themost straightforwardways to engineer thequantum
vacuum is to place an infinite-size perfect metallic surface
(parallel to the x − y plane) in the vicinity (d ≪ λ0) of an x
dipole. Thismetallic interface forms an out-of-phase image of
the x dipole. The destructive interference between the direct
emission and the reflected field results in the suppression of
the spontaneous emission. However, this suppression is
quicklywashed out beyondd ∼ λ0 due the fading interference
between the direct and the reflected fields. By symmetry, the
samemirror can also formanout-of-phase imageof ay dipole.
This symmetry leads to an isotropic quantum vacuum in the
x − y plane parallel to the mirror. On the other hand, by
integrating the metasurface we can break this in-plane
symmetry and induce strong interference even when the
quantum emitter is at a macroscopic distance.
Metasurfaces have attracted great interest due to their

exceptional light-manipulation properties [20–22]. Recent
studies have shown that metasurfaces provide a higher
degree of freedom in molding the flow of light, compared
to bulk metamaterials [21]. It can be used to bend the light
abnormally in a fairly broad wavelength range [23,24],
enhance optical spin-orbit interaction [25,26], couple effici-
ently propagating waves and surface waves [27], create
planar optical lenses [28], build ultrathin holograms [29],
enhance nonlinear optical responses in semiconductor
heterostructures [30], perform mathematical operations
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[31], negative refraction and planar focusing [32].
However, most of the applications to date have mainly
focused on classical fields where the average number of
photons per mode is large (n ≫ 1). Here, we show that a
prudentially designed metasurface can also be harnessed
for nonclassical fields, for instance, a single photon field,
and enable QI in a multilevel quantum emitter.
It is advantageous to use a metasurface for quantum

vacuum engineering. First, a metasurface offers a greater
degree of freedom in shaping a polarization dependent
wave front of the fields [21]. Second, the incident and
reflected fields propagate through an optically thin layer
of subwavelength-scale nanoantennas, the absorption loss
due to a metal is minimal and a strong backaction on the
quantum emitter can be realized. Third, optically thin and
planar structure of the metasurface makes it a promising
candidate for micro-optical devices like atom chips [33], to
explore long range interaction between trapped atoms, ions,
quantum dots, etc.
The schematic illustration of the metasurface-enabled

remote AQV is shown in Fig. 1. The metasurface breaks the
symmetry of quantum vacuum fluctuations and creates a
strongAQVin the vicinity of a distant quantum emitter. This
anisotropy manifests itself in the angular dependence of the
decay rate of a two-level quantum emitter with the transition
dipole moment parallel to the surface (x-y plane). In general
the decay of a two-level quantum emitter, dipole moment in
the x-y plane, is given by γ ¼ γxxcos2ðφÞ þ γyysin2ðφÞ
where φ is the azimuthal angle. In an isotropic quantum

vacuum with no physical boundary, the decay of this dipole
is isotropic (red dashed line), i.e., independent of its
orientation φ, but in the presence of a metasurface (green
solid line) the decay is anisotropic. Such an AQVinduces QI
among the decay channels in a multilevel quantum emitter.
Nanoantennas, which resonate with the incident light,

can shift the phase through their resonances for the
scattered light. By changing their resonance properties,
e.g., shifting the resonant frequency, through the nano-
antenna designs, we can effectively control the amount of
the phase shifted in the scattered light. It can be intuitively
understood as the light being held for some time due to the
resonance before it gets reemitted, which gives a finite
phase delay. An array of such subwavelength-scale nano-
antennas, namely a metasurface, collaboratively can mold
the wave front of the scattered light into an arbitrary form.
Without loss of generality, we distributed the nanoantennas
on a surface in such a way that it acts as a spherical-mirror
for an x dipole while simultaneously serving as a normal
mirror for a y dipole. Polarization dependent response of
the metasurface is illustrated in Fig. 2(a) where the
x-polarized light is reflected back to the source while the
y − z–polarized light is defocused. In Fig. 2(b) we have
plotted the spatial intensity distribution of a dipole located
at 3.7 μm from the metasurface with a cross-sectional area
of 12 μm × 12 μm. Figures 2(c) and 2(d) show the inten-
sity distribution of the reflected field for an x-and
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FIG. 1 (color online). Metasurface-enabled macroscopic quan-
tum vacuum engineering. The metasurface creates a strong AQV
in the vicinity of a quantum emitter at some macroscopic distance
d. Decay of an in-plane, linear dipole is anisotropic (solid green
curve) with respect to an isotropic quantum vacuum with no
physical boundary (dashed red line). The inset shows a three-level
atom, at some macroscopic distance from the metasurface, with
coupled orthogonal transitions (℘a1b ·℘

�
a2b

¼ 0) whose coupling
strength κ depends on the anisotropy of the quantum vacuum.
Coherent coupling among the transitions is accomplished by
exchanging virtual photons via the quantum vacuum. Such an
AQV induces QI among the radiative decay channels.
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FIG. 2 (color online). Principle of metasurface-enabled remote
anisotropic quantum vacuum. (a) Two-dimensional schematic
illustration of polarization dependent response of the metasur-
face. Incident y-z polarized light is defocused by the metasurface
while the x-polarized light is focused back to the source.
(b) Simulated field intensity distribution from a linear dipole
source. (c) Simulated field intensity distribution of the reflected
field, above the metasurface, for the x dipole. With an optimized
design we achieved 81%, normalized to total field incident on the
metasurface, reflection efficiency of the incident field back to the
source. However, for the y dipole the incident field is defocused
and the corresponding reflected field intensity distribution is
shown in (d). For all numerical simulations [(b),(c),(d)] the dipole
is located at a distance of 3.7 μm from the metasurface with cross-
sectional dimension (12 μm × 12 μm).
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y-dipole (point) source. One of the limitations of previously
studied metasurface designs resides in their poor overall
efficiency. This can be overcome with gap plasmon-based
gradient metasurfaces by integrating a metallic mirror on
the back of the nanoantennas and sandwiching a dielectric
spacer layer in between them [34,35]. With the proper
optimization tool, we achieved 81% (normalized to the total
field incident on the metasurface) in the reflection effi-
ciency for the constitutional nanoantennas of the metasur-
face for the x polarization through our full-wave numerical
simulations (see Supplemental Material [36]). The calcu-
lation in this Letter is based on this efficiency.
Polarization selective response can be efficiently

achieved by adjusting the phase shifts provided by the
constitutional nanoantennas. For x polarization, the
required phase shift for a nanoantenna at the coordinate
(x0; y0) is given by ϕðx0; y0Þ ¼ π þ 2k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r20 þ d2
p

, where d
is the distance between the quantum emitter and the
metasurface, r0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x20 þ y20
p

, and k0 is the wave number
in the vacuum. The coordinate of the quantum emitter is
(0, 0, d). Here we use five different nanoantenna designs of
a gold bar as the constitutional elements of the metasurface.
Each design provides a distinct phase shift for the x
polarization but not the same phase shift for the y
polarization through its anisotropic plasmonic resonances.
The designs with required phase shifts are obtained by
sweeping over different geometrical parameters, the length
and thewidth of the gold bars, using full-wave finite element
simulations. The five designed nanoantennas are shown in
Fig. 3(a). When the size [namely, lx and ly as shown in the
left panel of Fig. 3(a)] of the nanoantenna changes, the phase
shift of the scattered light of the nanoantenna will change
accordingly in the x-polarized incidence. The response of
the five nanoantennas covers the phase shift from 0 to 2π
and matches well with the ideal phase shifts required by the
constituent nanoantennas such that the necessary spherical
phase profile is imprinted by the metasurface. In Fig. 3(b)
we have plotted two-dimensional distribution of the phase
profile required upon the reflection to focus the incident
light and compensate the optical path length froman x dipole
to its image, where the height and the color of the surface
plot indicates the phase shift.
Figure 4 shows the calculated radiative decay rate

of a two-level quantum emitter above an infinite-sized
metasurface versus the distance d=λ0. The decay rate is
obtained by utilizing the ratio between numerically calcu-
lated total emitted power from a dipole [42]with andwithout
the presence of a metasurface. For the x dipole a constant
decay rate γxx ∼ 0.6γ0 can be engineered,while for a y dipole
the decay rate oscillates [42] and quickly goes to the value
of γyy ¼ γ0 and remains constant thereafter. Thus we can
achieve anAQV regardless of the distance by optimizing the
design for each point along the z axis. The upper limit to the
distance between the quantum emitter and themetasurface is
fundamentally constrained by the photonic coherence length

[14]. For a given design, considering the metasurface as a
focusing device which is diffraction limited, the position
tolerance for the dipole is on the order of a wavelength. An
infinitely large metasurface is equivalent to a solid angle
of 2π in the perspective of the dipole. Practically, the solid
angle can be close to 2π if the metasurface is sufficiently
large. For example, for the solid angle of 1.998π, if the
dipole is at a distance of 100λ0, the radius of the metasurface
is about 2234λ0, and the resulting γxx ¼ 0.62γ0. If we
consider 133Cs as an isolated trapped atom at 100λ0, where
λ0 ¼ 894 nm (D1 transition) the radius of the metasurface
to project 1.998π radian of the solid angle is ∼2 mm.
To see the effect of an AQV on a multilevel quantum

emitter we will consider a three-level atom in V configu-
ration, as shown in Fig. 1 (inset). The details of the
atomic transitions and equation of motion are given in
the Supplemental Material [36]. In an AQV the orthogonal
transitions (ja1;2i → jbi) are coupled whose strength
is quantified by the cross damping [6] term

κ ∼ ℘a1b · ℑm½G
↔
ðr0; r0;ωabÞ� · ℘�

a2b
where r0 is the position

vector of the atom, ωab is the atomic transition frequency

and ℑm½G
↔
� is the imaginary part of the dyadic Green’s

function. In terms of the local coordinates the cross
damping term takes the form κ ¼ ðγxx − γyyÞ=2. From
Fig. (4) we obtain γxx¼ 0.6;γyy¼ 1 which yields
κ ¼ −0.2. If we consider d ¼ 20λ0 where λ0 ¼ 894 nm,
we obtain a significant cross damping at a distance of
∼18 μm from the metasurface. It is worth mentioning that
by introducing another metasurface above the quantum
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FIG. 3 (color online). Polarization dependent phase shift and
vanishing optical path: (a) Phase shift imprinted by the five
constitutional nanoantennas for the x-polarized (red stars) and
y-polarized (blue stars) incident light. For the x-polarized light
the response is linear and covers the full phase range 0 to 2π, and
matches well with the required ideal phase indicated by the solid
red line, while for the y-polarized light the corresponding phase
shift for each constitutional nanoantenna is a constant. (b) Two-
dimensional distribution of the phase profile required upon the
reflection to focus the incident light and compensate the optical
path length from an x dipole to its image. The inset shows the top
view of a small piece. The dimensions (lx nm, ly nm, 30 nm) of
the five nanoantennas are: (32, 154), (144, 161), (166, 159), (186,
157), and (229, 153), respectively.

PRL 115, 025501 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
10 JULY 2015

025501-3



emitter, the decay rate can be further reduced and the
anisotropy can be enhanced. On the other hand with
plasmonic, negative-index metamaterials (with losses), or
above a photonic crystal the cross damping κ ∼ 0 over such
distances.
In Fig. 5(a) we have plotted the population of the excited

states ja1;2i as a function of normalized time γ0t (see
Supplemental Material for calculations [36]). In an isotropic
quantumvacuumwith no physical boundary the atomdecays
exponentially with a characteristic time constant τc ¼ γ−10
(dashed green) and the population of the state ja2i remains
zero. On the other hand, when the atom is located at the focus
of the metasurface, it experiences an AQV which induces
quantum interference among the decay channels ja1;2i→ jbi.

Subsequently, the decay of the excited state ja1i is sup-
pressed (dashed red) andwe see nonzero population transfer
to ja2i (solid red). At initial times, the evolution of the
population of the state ja2i is ϱa2a2ðtÞ ≈ ðjκ1j2=4Þt2 while
the coherence grows linearly as ϱa1a2 ≈ ðκ�1=2Þt. In Fig. 5(b)
we have plotted the transient coherence (real part of ϱa1a2) at
different points in space along the z axis. Nonzero coher-
ence, along with nonzero population in the state ja2i, is a
clear signature of vacuum-induced cross damping between
the two transitions ja1;2i↔jbi. Vacuum induced coherence
effects can also be probed by studying resonance profiles
[43], photon-photon correlation [44], etc.
Aviableway to place and hold quantumemitters at remote

distances from the plasmonic metasurface is by trapping
ultracold atomic gases in optical lattices or atomic chips.
For instance, trapping a Bose-Einstein condensate (BEC) at
∼5 μm froma goldwire has been successfully demonstrated
in Ref. [45]. By contrast, trapping below or at submicron
distances from a metallic interface is often challenging
owing to fluctuating spatial and temporal magnetic fields,
surface tunneling, Casimir-Polder forces, thermal noise, etc.
[10]. The possibility of trapping an ultra-cold atom at sub-
micron dimensions near a wire has been proposed in
Ref. [46]. However, although metallic interfaces can induce
strong anisotropic quantum vacuum at distances d ≪ λ0,
precise control over positioning andholding atomswithin this
limit is extremely difficult if not impossible. Hence, crea-
ting a strongAQVat distances d ≫ λ0 is indeed necessary for
viable experimental demonstrations. We anticipate that our
approach will not only bridge the gap between plasmonic
metasurfaces and QED [47] but also open a door for quantum
engineering of light-matter interactions with single or no
photons, constructing a long-range interaction between
quantum emitters, and exploring fundamental quantum
physics.
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FIG. 5 (color online). Anisotropic quantum vacuum-induced quantum interference: (a) Plot of the excited state populations Pi ¼ ϱaiai
of a three-level atom (shown in Fig. 1 inset) located at 20λ0 distance from the metasurface, initially prepared in ja1i, as a function of
normalized time γ0t. In an isotropic quantum vacuum, with no physical boundary (κ ¼ 0) the atom decays exponentially (dashed green)
with time constant γ−10 and the population of the state ja2i remains zero. On the other hand, when the atom is located at the focus of the
metasurface the decay of the excited state ja1i is suppressed (dashed red) and a nonzero population transfers to the level ja2i (solid red).
(b) 3D plot of the transient coherence (Re½ϱa1a2 �) between the excited states as a function of normalized time (γ0t) and distance (d=λ0).
Nonzero coherence, a clear signature of vacuum-induced cross damping, can be sustained over macroscopic distances.
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FIG. 4 (color online). Anisotropic decay rate of a quantum
emitter over remote distances. Plot of the normalized decay rate of
an x dipole (blue line) and y dipole (red line) located at the focus of
the metasurface against distance d=λ0. As the distance between the
x dipole and the metasurface is increased (along the z direction)
the decay rate does not change and remains flat. However, for the y
dipole the decay rate oscillates and quickly goes to the value of
γyy ¼ γ0 and remains constant thereafter. We can induce an AQV
in the x-y plane, i.e., γxx ≠ γyy over remote distances by designing
the metasurface for each point along the z axis.
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