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QUANTUM OPTICS

Quantum optical circulator
controlled by a single chirally

coupled atom

Michael Scheucher, Adéle Hilico, Elisa Will, Jiirgen Volz,* Arno Rauschenbeutel*

Integrated nonreciprocal optical components, which have an inherent asymmetry between their
forward and backward propagation direction, are key for routing signals in photonic circuits.
Here, we demonstrate a fiber-integrated quantum optical circulator operated by a single atom.
Its nonreciprocal behavior arises from the chiral interaction between the atom and the
transversally confined light. We demonstrate that the internal quantum state of the atom
controls the operation direction of the circulator and that it features a strongly nonlinear
response at the single-photon level. This enables, for example, photon number—dependent
routing and novel quantum simulation protocols. Furthermore, such a circulator can in principle
be prepared in a coherent superposition of its operational states and may become a key
element for quantum information processing in scalable integrated optical circuits.

s their electronic counterparts, integrated
optical circuits require nonreciprocal ele-
ments, such as diodes and circulators, for
signal routing and processing. Bulk optical
implementations of such components are
readily available and rely mostly on a nonreciprocal
polarization rotation via the Faraday effect. How-
ever, this mechanism cannot straightforwardly
be translated to integrated optics because nano-
optical structures are typically birefringent (7). Dem-
onstrations of integrated nonreciprocal devices
therefore rather used, for example, nonlinear op-
tical effects (2-4), time-modulation of the wave-
guide (5-7), or magneto-optical effects in conjunction
with the extraordinary polarization properties of
strongly confined light fields (1, 8, 9). None of
these approaches could simultaneously realize
strong nonreciprocity, low loss, and compatibility
with low light levels. However, these character-
istics are crucial when it comes to quantum ap-
plications such as quantum communication (10),
quantum information processing (11), and quan-
tum simulation (72). There, information is en-
coded in individual photons, and their loss must
be avoided as much as possible. This condition
narrows down the scope of quantum-compatible
nonreciprocal optical elements to nonreciprocal
phase shifters and circulators.
‘We experimentally realized a fiber-integrated
circulator that is capable of routing individual
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photons for quantum optical applications. It is
operated by a single atom that is coupled to the
evanescent field of a whispering-gallery-mode
(WGM) microresonator. The latter is interfaced
with two coupling fibers (13, 14), realizing a four-
port device (Fig. 1A). We demonstrate that the
internal quantum state of the atom controls the
operation direction of the circulator. Furthermore,
we show that being controlled by a single atom,
our device features photon number-dependent
routing capability that has application in, for
example, novel quantum simulation protocols.

In order to achieve efficient routing, the coup-
ling rates «, and x;, between the resonator field
and the field in the respective coupling fiber
“a” or “b” are adjusted so that both fibers are
approximately critically coupled to the empty res-
onator: K, = K, » Ko, Where K, is the intrinsic
resonator field decay rate. When no atom is
coupled to the resonator mode, this realizes
an add-drop filter (13, 14) in which light that
is launched into one fiber will be transferred
to the other fiber via the resonator. Because of its
strong transverse confinement, the evanescent
field of the clockwise (cw) propagating resonator
mode is almost fully circularly polarized (15). Its
electric field vector rotates counterclockwise in
the plane orthogonal to the resonator axis (g axis),
corresponding to ¢~ polarization (Fig. 1B). Time-
reversal symmetry then implies that the evanescent
field of the counterclockwise (ccw) propagating
mode is almost fully ¢*-polarized (15). Coupling
such “spin orbit-locked” light fields to single quan-
tum emitters gives rise to the new paradigm of
chiral quantum optics (76). In the context of

WGMs, it recently enabled the implementation
of an optical switch controlled by a single pho-
ton (I7) and the extraction of a single photon
from an optical pulse (I18). Moreover, an optical
isolator was realized that either transmits or dis-
sipates fiber-guided light depending on its prop-
agation direction (19). For the circulator, we
resonantly coupled a single **Rb atom to the
resonator, which is prepared in the outermost
Zeeman sublevel mg = +3 of the 55,5, F = 3
hyperfine ground state. Thus, the two counter-
propagating resonator modes couple to an ef-
fective V-level system (Fig. 1C). Remarkably,
the strength of the transition to the 5P;, F' = 4,
my = +4 excited state is 28 times stronger than
that to the F' = 4, m; = +2 state (20). As a
consequence, light in the ccw mode interacts
strongly with the atom with a coupling strength
8eew, Whereas light in the cw mode exhibits much
weaker coupling, ge < Zcew- This chiral (direction-
dependent) light-matter interaction breaks Lorentz
reciprocity (19, 21-25). In particular, the presence of
the atom changes the resonator field decay rate
from Kot = Ko + Ka + Kp 10 Kot + I'ewycews Where
Cowjeew = & awjeew/Y 1S the direction-dependent
atom-induced loss rate (26) and y = 21 x 3 MHz
is the dipole decay rate of Rb. For light in the
cw mode, I, is small, and the field decay rate is
not substantially modified by the atom, whereas
for the ccw mode, I'.., can become comparable
with or even exceed k. Consequently, the add-
drop functionality is maintained when light
is launched into those fiber ports for which it
couples to the cw mode (Fig. 1D, input ports 2
and 4). However, for the two other input ports
(Fig. 1D, 1 and 3), the light couples to the ccw
mode, and the resonator-atom system operates
in the undercoupled regime

Ka, Kp € 1—‘ccw (1)

Thus, the incident light field remains in its initial
fiber. Overall, the device thus realizes an optical
circulator that routes light from the input port ¢ to
the adjacent output port ¢ + 1 with 7 € {1, 2, 3, 4}
(Fig. 1D). Preparing the atom in the opposite
Zeeman ground state, F = 3, mg = —3, exchanges
the roles of the cw and ccw mode and thus yields
a circulator with reversed operation direction.
Hence, the circulator is programmable, and its
operation direction is defined by the internal
state of the atom.

For nonperfect circular polarization of the modes
and our experimental parameters (geew = 27 X
12 MHz), the ratio between I'.., = 21 x 48 MHz
and Iy, = 21 x 1.7 MHz is finite (26). Concerning
the performance of the circulator, there is thus a
trade-off between efficient light transfer from
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one fiber to the other via the cw mode, which
implies x,, x, > Ko + [ and the condition that
the presence of the atom should substantially
influence the field decay rate (Eq. 1). To find
the optimum working point in our experiment,
we measured the circulator performance as a

Ka and xp, which can be adjusted by changing the
distance between the respective fiber and the
resonator surface. We imposed the constraint
that fiber a is critically coupled to the empty
resonator that is loaded with fiber b: x, = ky, + Ko
(26). For each setting, we measured the trans-

function of the fiber-resonator coupling strengths missions 75, to all output ports j when sending
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Fig. 1. Operation principle of the circulator. (A) Schematic of the experimental system. A single ®Rb
atom is coupled to the WGM of a bottle microresonator, which is interfaced by two tapered fiber couplers.
(B) The polarization of the evanescent field of the modes, ¢~ and ¢*, depends on their propagation
direction, clockwise or counterclockwise. (C) For a ®°Rb atom prepared in the F = 3, mr = +3 Zeeman state,
the transition strength for ¢*-polarized light (for the counterclockwise mode) is 28 times larger than for
6 -polarized light (for the clockwise mode). This situation is reversed if the atom is prepared in mg = -3.
(D) Routing behavior of the circulator for the atom prepared in mg = +3.
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+ 6= is the intrinsic field decay rate of the resonator. Be-
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the different transmission behavior between the
cases 1+ 2 and 3 « 4.The solid circles indicate transmissions to the forward direction, and the open
circles indicate transmissions to the backward direction; the color code follows that of the insets. (C and
D) Operation fidelity F and photon survival probability n of the circulator, calculated from the data in (A)
and (B). The lines are the predictions of our theoretical model (26), with the atom-resonator coupling
strength geew = 21 x 12 MHz. The vertical error bars indicate t1o statistical errors, and the horizontal error
bars represent an estimate of the variation of k. due to drifts of the fiber-resonator distances during the
corresponding measurement.
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aweak coherent probe field into the four different
input ports 7 (26). The relevant transmissions as a
function of . are shown in Fig. 2, A and B.

To quantify the performance of the circulator,
we calculated the overlap of the renormalized
transmission matrix 7 = (7;;/m;), with the one
expected for the ideal circulator, Tid (Fig. 3A).
Here, n; = . T; x is the survival probability of
a photon entering port 7. Thus, the average op-
eration fidelity of our circulator is

T[T - 74" 1 - a
F g 12 T - 7@

This quantity—also called inquisition (27)—gives
the probability of a correct circulator operation
averaged over its eigenstates. The minimum fidel-
ity is 7 = 0, whereas F = 1is reached for ideal
operation. For any reciprocal device (f‘ = 7~"T),
the fidelity is bound by F <0.5. In Fig. 2, C and
D, we plot F and the average photon survival
probability n = Y",n;/4 as a function of k. The
results show an optimum circulator performance
for xy1/2ko = 2.2, where 7 = 0.72 + 0.03 and, at
the same time, n = 0.73 + 0.04. The measured
transmission matrix (7; ;) for the optimum work-
ing point (Fig. 3B) shows good qualitative agree-
ment with 79, In order to demonstrate that
the chiral atom-light coupling is at the origin of
the nonreciprocal behavior, we also measured the
transmission matrix without coupled atom and
obtained a symmetric matrix (Fig. 3D). The cir-
culator performance can also be quantified by
the isolations, I; = 1010g(7} ;+1/ 1.1, of the four
optical diodes formed between adjacent ports.
For the optimum working point, we obtained
(I;)=(10.9+£2.5,6.8+1.3,4.7+0.7,54 +1.1)dB
and an average insertion loss of -10 log n =
1.4 dB.

In order to reverse the operation direction of
the circulator, we then prepared the atom in the
opposite Zeeman ground state, F = 3, mp = -3
(26). This results in a complementary V-type
level scheme (Fig. 1C, dashed arrows). For this
case, we obtained the transmission matrix shown
in Fig. 3C, again measured for the optimum fiber-
resonator coupling rate. Here, we observed a
fidelity with respect to the reversed circulator of
F = 0.70 £ 0.02, an average photon survival prob-
ability of n = 0.69 + 0.02 corresponding to 1.6 dB
average insertion loss, and optical isolations of
I;)=-(8.3+0.8,49+0.7,3.7+ 04, 5.6 +0.5) dB.
Taking into account the sign change, these re-
sults agree well with the values obtained for the
atom in the F = 3, my = +3 state. State-of-the-art
passive integrated optical circulators exhibit com-
parable isolations of ~12 dB, but they are subject
to orders-of-magnitude-higher insertion losses
of ~30 dB (8, 9).

Last, in the regime of strong coupling, a single
photon already saturates the atom (14, 17, 28).
Thus, the transmission properties for the case of
two photons simultaneously impinging on the
circulator should strongly differ from the single-
photon case. In order to demonstrate this quan-
tum nonlinearity, we measured second-order
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correlation functions for all input-output com-
binations when the atom is prepared in F = 3,
my = +3 (fig. S2). Those second-order correla-
tions that yield the strongest signals are shown
in Fig. 4. As expected (26), the strongest signals
occur for the cases in which the photons couple
into the ccw resonator mode. We observed photon
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Time delay t (ns)

antibunching for photons that remain in the
initial fiber (forward direction of the circulator,
1 — 2, 3 — 4) and bunching for photons that
are transmitted to the other fiber (backward di-
rection of the circulator, 1 — 4, 3 — 2). This be-
havior illustrates the photon number-dependent
routing capability; while individually arriving

Fig. 3. Transmission matrices (T ;). The rows cor-
respond to the input ports i and the columns to the
output ports j. (A) Transmission matrix for an ideal
cirulator. The broken symmetry with respect to the
dashed line indicates the nonreciprocal character of
the device. Transmission matrix measured for the
atom prepared in (B) F =3, mg=+3and (C) F =3,
mg = —3 (reversed operation direction). For com-
parison, (D) shows the symmetric transmission
matrix of the system measured without atom. For
(B), (C), and (D), the fiber-resonator coupling was
set to the optimal working point kiot/2xg = 2.2. In
(A) to (D), the four highest transmission values are
given. All other values are below 0.28 (table S1).

Fig. 4. Quantum nonlinearity of the circulator.
Second-order correlation, g®(x), as a function of the
detection time delay t between pairs of photons, nor-
malized so that g@(x) =1fort » 1/kior. The labelsi—j
indicate the input and output ports for the respective
measurements. We use the same color code as in
Fig. 2; the solid lines are guides to the eye. The error
bars indicate the *lo statistical error.

photons remain in their original fiber, simulta-
neously arriving photons are preferentially trans-
ferred to the other fiber.

The demonstrated circulator concept is useful
for the processing and routing of classical signals
at ultralow light levels in integrated optical circuits
and networks. Beyond that, and in contrast to
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dissipative nonreciprocal devices, a circulator
that is controlled by a single quantum system
also enables operation in coherent superposi-
tion states of routing light in one and the other
direction, providing a route toward its applica-
tion in future photonic quantum protocols. The
demonstrated operation principle is universal in
the sense that it can straightforwardly be im-
plemented with a large variety of different quan-
tum emitters provided that they exhibit circularly
polarized optical transitions and that they can
be spin-polarized. Using state-of-the-art WGM
microresonators (29), one could realize a circula-
tor with optical losses below 7% and close-to-unit
operation fidelity (26). This would then allow one
to almost deterministically process and control
photons in an integrated optical environment.
Arranging N circulators so that they form a linear
array allows one to realize a (2N + 2)-port optical
circulator. Moreover, two- and three-dimensional
networks of quantum circulators are potential
candidates for implementing lattice-based quan-
tum computation (30). Such networks would
enable the implementation of artificial gauge
fields for photons (37-33), in which a nonlinearity
at the level of single quanta allows for the flux
to become a dynamical degree of freedom that
interacts with the particles themselves (34).
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Emergence of hierarchical structural
complexities in nanoparticles and

their assembly

Chenjie Zeng,' Yuxiang Chen,' Kristin Kirschbaum,?

Kelly J. Lambright,” Rongchao Jin'*

We demonstrate that nanoparticle self-assembly can reach the same level of hierarchy,
complexity, and accuracy as biomolecules. The precise assembly structures of gold
nanoparticles (246 gold core atoms with 80 p-methylbenzenethiolate surface ligands) at
the atomic, molecular, and nanoscale levels were determined from x-ray diffraction studies.
We identified the driving forces and rules that guide the multiscale assembly behavior. The
protecting ligands self-organize into rotational and parallel patterns on the nanoparticle surface
via C-H---r interaction, and the symmetry and density of surface patterns dictate directional
packing of nanoparticles into crystals with orientational, rotational, and translational orders.
Through hierarchical interactions and symmetry matching, the simple building blocks evolve
into complex structures, representing an emergent phenomenon in the nanoparticle system.

ierarchical self-assembly of nanoparticles

(NPs) into complex architectures across

different length scales is an important ca-

pability in nanotechnology (I-4), especially

for the bottom-up fabrication for electron-
ics, sensors, energy conversion, and storage devices.
Such self-assembly can be driven by entropy-
dictated maximization of the packing density,
as demonstrated in close packing of spheres,
binary NPs, rods, and hard polyhedrons (5-9).
Interparticle interactions, such as the electrostatic
attraction (Z0), cDNA binding (71, 12), and patchy
NP surfaces (13-15), have also been exploited to
guide assembly into diverse lattice structures.
Despite these advances, NP assembly has not
achieved the same level of atomic accuracy
as in biological systems.

‘We now demonstrate that NP-assembled struc-
tures can reach the same hierarchy and atomic
accuracy as biomolecules at the interparticle
and intraparticle levels. Through crystalliza-
tion of uniform 2.2-nm gold NPs bearing p-
methylbenzenethiolate (p-MBT) surface ligands
[Auy,6(p-MBT)g,], we fully resolve the entire self-

'Department of Chemistry, Carnegie Mellon University,
Pittsburgh, PA 15213, USA. 2Department of Chemistry and
Biochemistry, University of Toledo, Toledo, OH 43606, USA.
*Corresponding author. Email: rongchao@andrew.cmu.edu

assembled structures at atomic (packing of gold
atoms), molecular (packing of surface ligands),
and nanoscale (packing of NPs) levels by single-
crystal x-ray diffraction (SC-XRD) (16). The precise
structural information across scales allows an in-
depth examination of the forces and the rules that
govern the assembly behavior at each level. We
reveal that the simple structure of protecting
ligands can generate complex patterns on the
NP surfaces, and the symmetry and density of
the surface patterns further guide the packing
of NPs into lattices with orientational, rotational,
and translational order.

The Au,,s(p-MBT)g, NPs were synthesized by
a two-step “size-focusing” method (16). Briefly,
the ligand-coated NPs in a narrow size range from
~10 to ~70 kilodaltons were first made, and then
the size focusing process gradually led to the stable
Auy(p-MBT)go NPs (figs. S1 and S2). The as-
obtained product (~90% purity) was subject to
further solvent fractionation to reach molecu-
larly pure Au,,s NPs. Optical absorbance spectra
showed a prominent peak at 470 nm and sev-
eral weak humps at 400 and 600 nm (fig. S3),
indicating the nonplasmonic nature of the Auyyg
(p-MBT)g, NPs. Single crystals were grown by dif-
fusion of antisolvent (acetonitrile) into a toluene
solution of the pure Au,,s NPs. The structure was
determined at the resolution of 0.96 A by SC-XRD
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Editor's Summary

A quantum optical circulator

A circulator is a passive three- or four-port device that routes signals according to asimple
protocol: If the ports are numbered in ascending order, asignal that enters the circulator through port 1,
2, 3, or 4 exitsit through port 2, 3, 4, or 1, respectively. Scheucher et al. demonstrate an integrated
optical circulator that operates by using the internal quantum state of a single atom (see the Perspective
by Munro and Nemoto). Moreover, the routing can be reversed by flipping the atomic spin. Such an
integrated optical device may be important for routing and processing quantum information in scalable
integrated optical circuits.
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