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Nanophotonic quantum phase switch with a

single atom

T. G. Tiecke"?*, J. D. Thompson'*, N. P. de Leon"?, L. R. Liu!, V. Vuleti¢*> & M. D. Lukin'

By analogy to transistors in classical electronic circuits, quantum
optical switches are important elements of quantum circuits and
quantum networks'>. Operated at the fundamental limit where a
single quantum of light or matter controls another field or material
system®, such a switch may enable applications such aslong-distance
quantum communication®, distributed quantum information pro-
cessing” and metrology®, and the exploration of novel quantum
states of matter’. Here, by strongly coupling a photon to a single
atom trapped in the near field of a nanoscale photonic crystal cavity,
we realize a system in which a single atom switches the phase of a
photon and a single photon modifies the atom’s phase. We experi-
mentally demonstrate an atom-induced optical phase shift® that is
nonlinear at the two-photon level’, a photon number router that
separates individual photons and photon pairs into different output
modes'’, and a single-photon switch in which a single ‘gate’ photon
controls the propagation of a subsequent probe field'"'>. These
techniques pave the way to integrated quantum nanophotonic
networks involving multiple atomic nodes connected by guided
light.

A quantum optical switch'"">"'¢ is challenging to implement because
the interaction between individual photons and atoms is generally very

Figure 1 | Strong coupling of a trapped atom to a photonic crystal cavity.
a, A single 87Rb atom (blue circle) is trapped in the evanescent field (red) of a
photonic crystal (grey). The photonic crystal is attached to a tapered optical
fibre (blue), which provides mechanical support and an optical interface to the
cavity. The tapered fibre-waveguide interface provides an adiabatic coupling of
the fibre mode to the waveguide mode. The inset shows the one-dimensional
trapping lattice (green), formed by the interference of a set of optical tweezers
and its reflection from the photonic crystal. b, Scanning electron microscope
(SEM) image of a single-sided photonic crystal. The pad on the right-hand side
is used to tune the cavity resonance thermally by laser heating. ¢, The photonic
crystal (PC) is integrated in a fibre-based polarization interferometer. A

weak. Cavity quantum electrodynamics (cavity QED), in which a photon
is confined to a small spatial region and made to interact strongly with
an atom, is a promising approach to overcoming this challenge*. Over
the past two decades, cavity QED has enabled advances in the control of
microwave'’™'* and optical**°~*’ fields. Although integrated circuits with
strong coupling of microwave photons to superconducting quantum bits
(qubits) are being developed at the moment™, a scalable path to inte-
grated quantum circuits involving coherent qubits coupled by means of
optical photons has yet to emerge.

Our experimental approach (Fig. 1a) makes use of a single atom
trapped in the near field of a nanoscale photonic crystal cavity that is
attached to an optical fibre taper®. The tight confinement of the optical
mode to a volume V =~ 0.41°, below the scale of the optical wavelength,
/, results in strong atom-photon interactions for an atom sufficiently
close to the surface of the cavity. The atom is trapped about 200 nm
from the surface in an optical lattice formed by the interference of an
optical tweezer and its reflection from the side of the cavity (Methods
Summary, Supplementary Information and Fig. 1a,b). Compared with
transient coupling of unconfined atoms'**, trapping an atom allows
for experiments exploiting long atomic coherence times, and enables
scaling to quantum circuits with multiple atoms.
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polarizing beam splitter (PBS2) splits the D-polarized input field into an
H-polarized arm containing the photonic crystal and a V-polarized arm with
adjustable phase ¢v. Using a polarizing beam splitter (PBS1) and a half-wave
plate (HWP), the outgoing D and A polarizations are detected independently.
d, Excited-state lifetime at an atom-cavity detuning of 0 (red) and —41 GHz
(blue). The excited-state lifetime is shortened to T = I" ' = 3.0(1) ns from the
free-space value of ' = 26 ns, yielding a cooperativity of # = 7.7 = 0.4. The
difference in the fluorescence signal at t = 0 for the two detunings is consistent
with the change in cavity detuning. The inset shows the enhancement of the
atomic decay rate versus atom-cavity detuning. a.u., arbitrary units.
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We use a one-sided optical cavity with a single port for both input
and output®. In the absence of intracavity loss, photons incident on the
cavity are always reflected. However, a single, strongly coupled atom
changes the phase of the reflected photons by 7 relative to an empty
cavity. More specifically, in the limit of low incident intensity, the
amplitude reflection coefficient of the atom-cavity system is given by*®

(n—1)y+2id
Vc(ﬂ): m (1)

where 5 = (2)*/xy is the cooperativity, 2g is the single-photon Rabi
frequency, ¢ is the atom-photon detuning and the cavity is taken to be
resonant with the driving laser. In our apparatus, the cavity intensity
and atomic population decay rates are given by x = 21 X 25 GHz and
y = 21 X 6 MHz, respectively. The reflection coefficient in equation (1)
changes sign depending on the presence (1 > 1) or absence (17 = 0) of
a strongly coupled atom. If the atom is prepared in a superposition of
internal states, one of which does not couple to the cavity mode (for
example another hyperfine atomic sublevel), the phase of the atomic
superposition is switched by m on reflection of a single photon. By also
adding an auxiliary photon mode that does not enter the cavity (for
example an orthogonal polarization), this operation can be used to realize
the Duan-Kimble scheme for a controlled-phase gate between an atomic
and a photonic quantum bit®. The property of the atom-cavity system
that a single photon and a single atom can switch each other’s phase by ©
is the key feature of this work.

We quantify the single-atom cooperativity, #, by measuring the life-
time, 7, of the atomic excited state when it is coupled to the cavity. We
excite the atom with a short (3-ns) pulse of light co-propagating with the
optical trap and resonant with the |5S,/,, F = 2) — |5P5,, F' = 3) trans-
ition (near 780 nm). The atomic fluorescence is collected through the
cavity to determine the reduced excited-state lifetime, t = I"~* (Fig. 1d),
which yields the cooperativity, n = (I” — y)/y. Fitting a single exponen-
tial decay gives T = 3.0 = 0.1 ns, corresponding to n =7.7 = 0.3 and a
single-photon Rabi frequency of 2¢g = 21 X (1.09 % 0.03) GHz.

To probe the optical phase shift resulting from the atom-photon inter-
action, we integrate the cavity into a fibre-based polarization interfero-
meter, which converts phase shifts into polarization rotations (Fig. 1c).
The horizontally (H) polarized arm of the interferometer contains the
cavity, and the vertically (V) polarized arm is used as a phase reference.
For an input photon state |i/;,) in the polarization basis {|H), |V)}, the
state exiting the interferometer is given by R|y;.), where R=ryev|V)
(V|+7.(n)|H)(H| and ryv and ¢y are respectively the amplitude and
phase of the reflection of the reference arm. We choose ry to match the
reflection amplitude of the empty (lossy) cavity, such that, in the
absence of an atom, the light emerges in the incident polarization state
D) = (|V) + (H]|) /v/2. In the presence of an atom, for ¢, = 0 and >>1,
input light exits the interferometer predominantly with the orthogonal
polarization [A) = (|V) — |H)) //2 (Supplementary Information).

Figure 2a demonstrates the optical phase shift arising from an atom
coupled to the cavity. A weak, D-polarized probe field is applied at the
interferometer input, and the output power in the A and D ports is re-
corded as a function of the reference phase, ¢ The phase of the reflected
light is shifted by (1.1 = 0.1)7 relative to the case with no atom, and
the visibilities of the oscillation with ¢+ are 44% =+ 2% and 39% * 2% in
the A and D ports, respectively. By repeating this measurement for a range
of atom-photon detunings, J, we observe a 2nt change in the reflection
phase across the atomic resonance (Fig. 2b), in agreement with equa-
tion (1). For the data presented, the events where an atom was not
present in the cavity (for example because of escape from the trap)
were excluded. The remaining contributions to the reduced fringe
visibility are imperfect balancing of the interferometer (~5%), atomic
saturation effects (~10%), state-changing scattering processes that
leave the atom in a different final state and therefore reveal which path
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Figure 2 | Photon phase shift produced by a single atom. a, Normalized
interferometer output versus reference phase, . The blue circles, blue squares,
red circles and red squares correspond to A; /Py, D1 /P (with atom) and
Ao /Po, Do/ Py (without atom), where A and D are the powers in the A and D
output ports and P = .4+ D. The measurement is performed near resonance
(0 = —2MHpz), and the lines are sinusoidal fits resulting in a phase shift of
(1.1 = 0.1)w. The maximum fringe visibilities with and without an atom are
44% * 2% and 97% * 1%, respectively. b. Measured phase shift versus
detuning in the presence (blue) or absence (red) of an atom. The curve includes
cavity losses in equation (1) (Supplementary Information) and corresponds to a
cooperativity of n = 7.7 and a small (5-MHz) offset from the free-space
resonance. The inset shows A; /Py at ¢y = 1. The solid line is the expected
value for the same model parameters as in the main figure. The expected
increase in reflectivity in the presence of an atom (P /P, > 1) arises because
the atom reduces the field amplitude in the lossy cavity (Supplementary
Information). In our experiment, we observe P; /Py=1.2. The error bars are
the 1o statistical uncertainty.

the photon has taken in the interferometer (~20%), and thermal motion
of the atom (~20%) (Supplementary Information).

The saturation behaviour of the atom-cavity system is examined in
Fig. 3a, which shows the fraction of the output power in the A and D
ports as a function of the input power. We set the reference phase to
¢v = 0, such that the A port is dark in the absence of the atom. The
distribution of the output is power independent for low input powers,
as expected for a linear system. At higher powers, the atomic response
saturates and the output fraction at the A port decreases. The saturation
becomes evident when the input photon rate approaches the enhanced
excited-state decay rate, I, in agreement with theoretical predictions
(Supplementary Information). This nonlinearity results in different
reflection phases for single photons and photon pairs. In a Hanbury-
Brown-Twiss experiment, we measure the photon—photon correlation
functions, g(z)gr), atlow input power (Fig. 3b, c). We observe strong anti-
bunching ongz) (0)=0.12(5) and bunching ofg](;) (0)=4.1(2) atthe A
and D ports, respectively, indicating that the atom—cavity system acts as
an effective photon router by sending single photons to output A and
photon pairs to output D (ref. 27).
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Figure 3 | Quantum nonlinear optics with the atom/photonic-crystal performed in the presence of the dipole trap, which reduces A, /P; at low

system. a, Interferometer output as a function of the rate at which photons are  driving intensities ( Sup})lementary Information). b, ¢, Photon-photon
incident on the interferometer. The outputs A; /Py (blue) and D; /Py (red) correlation functions, jg )(r) for the A (b) and D (c) ports. Port A shows clear
are normalized to the case without an atom. The incident photon rate is antlbunchmg with gA =0.12(5), whereas port D exhibits strong bunching
normalized to the enhanced atomic decay rate, I"= (1 + 1)y. The with g (0) =4.1(2). The solid lines in a-c are obtained from a model
interferometer is tuned such that port A is dark in the absence of the atom and  including inhomogeneous light-shift broadening arising from the dipole trap
such that the output in port A starts to saturate at a rate less than one photonper  (Supplementary Information). The error bars are the 1o statistical uncertainty.
bandwidth /”. Unlike the data in Figs 2 and 4, these measurements were

To realize a quantum switch in which the state of a single atom number of photons (714 =6.2) was used to increase the rate of data
controls the propagation of many probe photons, we use two atomic  acquisition by allowing a greater number of measurements with the
hyperfine states, |c) = |[F =2,mp =0) and |u) = |[F = 1,mp=0) (Fig.4a), same atom. This photon number allows us to distinguish the switch
which can be coherently manipulated with microwaves. Although the state with an average fidelity of 95%.
atom-photon interaction strength is similar for all of the sublevels in a Because the effect of an atom on a photon and that of a photon on an
given hyperfine manifold, the F = 1 levels (including |u)) are effectively =~ atom are complementary, it follows from equation (1) that a single
uncoupled because the probe is far detuned from all optical transitions  photon can shift the phase of the coupled state, |c), by m. This phase
originating from this level. In Fig. 4a, we show the output signal at the A shift can be converted into a flipping of the atomic switch, |c) <> |u),
port for a D-polarized probe field with an atom preparedinthe F=1or  using an atomic Ramsey interferometer'®. An atom is first prepared in
F = 2 manifold. The switch is ‘on’ and the input light goes mostly to the  |u) by means of optical pumping, and then rotated to the superposition
A port when F = 2, whereas the switch is ‘off” and the A port is dark  (Ju) +|c)) //2 by a microwave n/2-pulse (Supplementary Informa-
when F = 1. We estimate that up to 714 =75 photons could be transmit-  tion). A single H-polarized ‘gate’ photon flips the atomic superposition
ted to the A port in the ‘on’ state before the atom is optically pumped out  to (Ju) —|c))/v/2. Because reflection of the gate photon does not
of the F =2 manifold. In the experiments shown in Fig. 4, a smaller  reveal the atomlc state, the atomic superposition is not destroyed.
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Figure 4 | Realization of the quantum phase switch. a, Number of probe couples only to |c). MW, microwave. b, Top: the switch sequence (see text).
photons detected in port A as a function of the internal atomic state. If theatom  Bottom: the probability, P,,, of finding the switch ‘on’, as a function of
is in the F = 2 manifold, the switch field is ‘on’, thereby routing 714 = 6.2 the phase, 0, of the second microwave pulse (6 = 0 (top panel) and
photons to port A (the switch sequence is shown at top). If the atom is absent ¢ = 2n X 14 MHz (bottom panel)). P,,, is shown in several cases: without a gate
(dashed line) or in the F = 1 manifold, then 714 =0.2. The input photon field (P2, red); and with a gate field, both with (P!, blue) and without (P,
number is the same in all cases, with a peak rate much smaller than I". The green) conditioning on the detection of a reflected photon. The error bars are
separation between the two distributions allows the switch states to be the 1o statistical uncertainty in the data, and the shaded region shows the range

distinguished with 95% average fidelity. The inset shows the relevant levels for  of curves with fit parameters within 1¢ of the best fit.
the quantum switch. The laser is tuned to the F = 2-to-F’ = 3 transition, and
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Finally, a second microwave 1t/2-pulse rotates the atomic state to |c) or
|u) depending on the presence or absence of the gate photon, leaving
the switch on (atom in |c}) or off (atom in |u}). A similar technique was
recently explored for non-destructive photon detection in a Fabry-
Pérot cavity'.

In our measurement, we mimic the action of a single gate photon by
applying a weak coherent field with #~0.6 incident photons, and
measuring the probe transmission conditioned on the detection of a
reflected gate photon at either interferometer output. Figure 4b shows
the probability, P, of finding the switch in the ‘on’ state as a function
of the phase of the second microwave pulse. The dependence of P,,, on
the microwave phase when a reflected gate photon is detected shows
that the superposition phase is shifted by (0.98 = 0.07)n. The atomic
coherence is reduced but not destroyed. The absence of a phase shift in
the unconditioned data (Fig. 4b, green curve) confirms that the switch is
toggled by a single photon. The phase shift depends on the gate photon
detuning: tuning the laser to 6 = 21t X 14 MHz results in a phase shift of
(0.63 = 0.15), in good agreement with the detuning dependence of the
photon phase shift (Fig. 2b).

For an optimally chosen phase of the second microwave pulse, we
find that the switch is in the ‘on’ state with probability P | =0.64 4 0.04
if a gate photon is detected, P2 =0.1140.01 if no gate field is applied
and PY = 0.46 + 0.06 if we do not condition on single-photon detection.
The finite P_ >0 without a gate field arises from imperfect atomic-state
preparation and readout fidelity (Supplementary Information). Also,
P! is affected by the finite probability of the gate field containing two
photons, of which only one is detected. This results in a decrease in P
and an increase in Pg;; by about 20% in a way that is consistent with our
measurements (Methods Summary and Supplementary Information).
We attribute the 8% positive offset in P! and P to spontaneous scat-
tering events of the gate photon, which cause atomic transitions to a final
state other than |c) within the F = 2 manifold. Lastly, we estimate that
fluctuations in # arising from thermal motion do not change P. by
more than 10%, because the atom-photon interaction scheme used
here® is inherently robust to variations in # for >>1. The imperfect fringe
visibility in Figs 2 and 4, which is due to the technical imperfections
discussed above, can be improved by better atomic-state preparation,
alignment of the cavity polarization with the magnetic field defining the
quantization axis, and improved atom localization. The fringe visibility
does not directly depend on the cooperativity and, absent technical
imperfections, perfect fringe visibility should be achievable; however, the
probability of gate photon loss is reduced as the cooperativity increases
(Supplementary Information).

Our experiments enable a number of intriguing applications. For
instance, efficient atom—-photon entanglement for quantum networks
can be generated by reflecting a single photon from an atom prepared
in a superposition state. The quantum phase switch also allows for
quantum non-demolition measurements of optical photons'>*%. With an
improved collection efficiency of light from the photonic crystal cavity
and reduced cavity losses, it should be possible to make high-fidelity non-
demolition measurements of optical photon number parity to create
non-classical Schrodinger cat states, with possible applications to state
purification and error correction. Most notably, the scalable nature of
both nanofabrication and atomic trapping allow for extensions of this
work to complex integrated networks with multiple atoms and photons.

METHODS SUMMARY

We begin our experiments by loading a single ’Rb atom from a magneto-optical
trap into a tightly focused optical dipole trap. After a period of Raman sideband
cooling™ to localize the atom in the trapping potential, we translate the optical
dipole trap to the photonic crystal cavity, where the interference of the dipole trap
light with its reflection from the photonic crystal forms an intensity maximum that
confines the atom at a distance of about 200 nm from the surface of the photonic
crystal®® (Fig. 1a, b). The success probability of loading an atom near the photonic
crystal is >90%. We modulate the dipole trap with full contrast at 5 MHz to
interrogate the trapped atom at instances over which the light shift is negligible.
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