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Nonreciprocal optical systems have found many applications altering the linear transmission of
light as a function of its propagation direction. Here we consider a new class of nonreciprocity which
appears in photon pair correlations and not in linear transmission. We experimentally demonstrate
and theoretically verify this nonreciprocity in the second-order coherence functions of photon pairs
produced by spontaneous four-wave mixing in a silicon microdisk. Reversal of the pump propagation
direction can result in substantial extinction of the coherence functions without altering pump

transmission.

Nonreciprocal optical systems, which exhibit a change
in transmission upon reversing the propagation of an in-
put field, have generated great interest in classical elec-
tromagnetism. Many nonreciprocal systems have been
achieved with magnetic biasing [1], while others have re-
lied on dynamic modulation [2-4]. Optical nonlinearity
has also been leveraged to induce nonreciprocity, espe-
cially in chip-scale systems [5-9]. These nonreciprocal
systems form the foundation of optical isolation, which
has proven vital to laser operations [10, 11]. Recently,
nonreciprocity has been extended to lasing itself [12],
and even been explored in quantum systems to achieve
single-photon routing and isolation [13-15], design pho-
ton blockades [16, 17], and envision one-way entangle-
ment [18]. Recent work has additionally investigated the
relationship between quantum correlations and nonre-
ciprocity [15-19], however the nonreciprocity of quantum
correlations in a classically reciprocal system has not yet
been fully explored or experimentally demonstrated.

In classical electromagnetism, the change in the ra-
tio between transmitted and incoming fields that occurs
upon swapping sources with detectors determines the ex-
tent of a system’s nonreciprocity [1]. Here, we introduce a
new class of nonreciprocity, which does not appear in the
linear transmission of light, but rather in the quantum
measurement of field coherence. Specifically, in a nonlin-
ear system operating in the single-photon regime, nonre-
ciprocity emerges in the second-order coherence function
between quantum optical fields.

We begin to explore the aforementioned nonreciproc-
ity by considering first an optical microdisk with a single
scatterer on its surface, shown in Fig. 1(a). Laser light
is coupled into the cavity in one of two possible prop-
agation directions via port 1 or port 2, exciting a co-
propagating whispering-gallery mode (WGM). The single
scatterer couples the clockwise-propagating and counter-
clockwise-propagating WGMs as light scatters between
the modes. The position of the scatterer introduces a
crucial asymmetry between ports, creating a dependence
of the relative phase between WGMs on the laser light’s

entry port.

In practice, the disk’s surface is not smooth but in-
stead possesses nanoscale roughness, as in Fig. 1(b). The
asymmetrical distribution of the surface roughness com-
bines with its sub-wavelength scale to create a system
analogous to that of the smooth microdisk with a sin-
gle scatterer in Fig. 1(a). Scattering-induced coupling
again arises between counter-propagating WGMs. With
scattering populating both WGMs and breaking their
degeneracy, standing wave eigenmodes such as those in
Fig. 1(b) form in the microdisk. The asymmetry ob-
served in the case of single scatterer persists in the
presence of a distributed scatterer like nanoscale surface
roughness. That phase asymmetry is now most easily
visualized in the standing wave mode pattern, fixed in
place by the surface roughness.

The observed phase asymmetry has no effect on the
linear optical response of the system. Fig. 1(c) shows
that there is no change in the transmission when the
laser light’s input direction is changed. However, if
the microdisk additionally exhibits resonantly enhanced
third-order (X(3)) nonlinearity, the laser light may act
as a pump to generate pairs of signal and idler pho-
tons by spontaneous four-wave mixing (SFWM) [20-22],
and nonreciprocity can be observed. Fig. 1(d) shows
the nonlinear process in the frequency domain, with
each of the standing wave pump modes (green) popu-
lated by scattering-induced coupling at eigenfrequencies
w;—L = wp £ |B]. Here the central resonance frequency
is given by w, while |3| denotes the scattering rate, or
equivalently half of the doublet resonance splitting [23—
25]. If nanoscale surface roughness likewise induces split-
ting at the signal (red) and idler (blue) resonance fre-
quencies, a quantum interference arises between SFWM
biphoton creation pathways, an interference that criti-
cally depends upon the pump field’s incoming propaga-
tion direction.

The system in Fig. 1(e) shows how modal coupling
at all three (pump, signal, and idler) resonances af-
fects the nonlinear generation of signal and idler pho-
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FIG. 1. Nonreciprocity arises in photon pairs generated by cavity-enhanced spontaneous four-wave mixing (SFWM) via coupled
whispering-gallery modes (WGMs). (a) A depiction of a smooth silicon microdisk with a single surface scatterer. Pump laser
light (green) is introduced at port 1 and evanescently coupled into the microdisk, exciting a forward-propagating WGM. The
scatterer couples this mode to a backward-propagating WGM. If the device were instead pumped from port 2 (translucent green),
the backward-propagating WGM would be excited and light could scatter to the forward-propagating WGM. The position of
the scatterer crucially affects the relative phase between WGMs in each pumping scenario. (b) A depiction of a rough silicon
microdisk. Nanoscale surface roughness acts as a distributed scatterer, coupling WGMs and creating standing wave eigenmodes
(blue and orange). (c) The experimental cavity transmission of the pump doublet resonance for a pump field introduced at port
1 (blue) and at port 2 (red), which closely match. (d) A frequency domain representation of SFWM in the silicon microdisk
showing several biphoton creation pathways. (e) SFWM in a silicon microdisk with scattering-induced coupling. Generated
signal and idler photons may coherently scatter between clockwise- and counterclockwise-propagating modes before exiting the
device either forward- or backward-propagating relative to the input pump field. The phase relationship between pump modes
and generated biphoton states depends on pump field’s initial propagation direction.

ton pairs. Modal coupling dramatically alters the pho-
tons’ dynamics. Pump light undergoing resonantly-
enhanced SFWM will always produce co-propogating
photon pairs to conserve momentum. However, in the
presence of modal coupling, these photons can coher-
ently scatter between clockwise- and counterclockwise-
propagating WGMs. With respect to the WGMs, this
coherent scattering creates a time-evolving path entan-
glement within the cavity, as the propagation direction
of either photon in an entangled pair oscillates via scat-
tering. Oscillations in propagation direction persist until
each photon exits the cavity in either the same direction
as the input pump (forward) or the opposite direction
(backward).

Each signal and idler photon exits the optical cavity
probabilistically, at a rate governed by the cavity quality
factor. If the signal exits the cavity first, then the idler is
free to coherently scatter within the optical cavity. This
coherent scattering alters the idler propagation direction

correlated with the signal photon’s exit direction. An il-
lustrative example considers the situation in which the
signal and idler are created propagating in the clockwise
direction, and the signal exits the cavity in the forward
direction while the idler remains in the cavity. The con-
tinued scattering of the idler in the cavity will cause this
forward-propagating signal photon to oscillate between
correlation with a clockwise-propagating idler and cor-
relation with a counterclockwise-propagating idler until
the idler leaves the cavity. The cross-correlation of the
photon pair is a function of the difference in emission
time between the signal and idler photons, 7 = t, — ¢;.
As such, oscillations appear in this biphoton coherence
function, with an oscillation rate equal to the scattering
rate |3|. These oscillations can equivalently be described
in the frequency domain as a beating between two signal
(idler) eigenmodes, with the beat frequency given by half
the mode splitting, again giving |3|.

The oscillations are evident in the biphoton coherence
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FIG. 2. Normalized second-order biphoton coherence functions. (a) and (b) Measured coincidences are plotted as a function
of the difference in the detection times of the signal and idler photons produced by a pump input at port 1 (a) and port 2
(b) for all possible biphoton path configurations: signal-forward and idler-forward (SF-IF), signal-forward and idler-backward
(SF-1B), signal-backward and idler-forward (SB-IF), and signal-backward and idler-backward (SB-IB). The sum of coherence
functions for all four path configurations gives the total coherence function, and all coherence functions are normalized to the
maximum of the respective total coherence function. (¢) and (d) The theoretically obtained coherence functions corresponding

to pump port 1 and pump port 2, respectively.

functions for four possible pairs of propagation direc-
tions: signal-forward and idler-forward (SF-IF), signal-
forward and idler-backward (SF-IB), signal-backward
and idler-forward (SB-IF), and signal-backward and
idler-backward (SB-IB). Summing these four functions
yields the exponential decay envelope one would expect
from a cavity in which no modal coupling is present, ver-
ifying conservation of total probability. For a pair of sig-
nal and idler photon paths, denoted j = f,band k = f,b
respectively, the probability that the signal photon ar-
rives at time ¢5; and the idler photon at time t;;, is given
by [26]

pltsjtin) =
NeTemlminl|cI cos(B,,mn) + m3F sin(Bmrn)|? (1)

The subscript m = s for t5; > t;; and ¢ for t5; < ti.
The total decay rate Iy, is consequently determined
from either the signal or idler decay rate, depending on
the value of m. The complex scattering rate [, like-
wise differs between the signal and idler, and it may be
written B, = |Bm|e®™ where ¢,, is the phase accrued
upon scattering. The normalization coefficient N is de-
termined by parameters of the device. Meanwhile, (/¥
and 7JF are functions of the energy and relative phase
of the clockwise- and counterclockwise-propagating in-

tracavity pump modes shown in Fig. 1.

The complex amplitude of these intracavity pump
fields can be found as a function of the laser detuning
from resonance A by solving the coupled-mode equations
in the steady state. For an input field b; introduced at
port 1, the forward and backward propagating fields, rel-
ative to the pump direction, are

af(A) =
ab(A)

K(A)(iA — Ty /2)br (2)
K(A) (~il Byle ™7 )by (3)

where k(A) depends upon the cavity decay rate and the
modal scattering rate. Pumping at port 2 with field bs,
the complex mode amplitudes are instead
af(A) =
ap(A)

K(A)(iA — Ty /2)bo (4)
R(A)(=i|Bple"?? )b (5)

Thus pumping at the second port instead of the first al-
ters the relative phase between intracavity modes by 2¢,,
twice the pump scattering phase. The phase difference
will influence the quantum interference occurring within
the microresonator and induce corresponding phase shifts
in the second-order biphoton cross-correlations. The
joint spectral amplitude of the generated biphotons is
unaffected.



A silicon microdisk of radius 4.5 um and thickness
260 nm is used to experimentally verify that non-
reciprocity arises in the second-order cross-correlation.
The SFWM process harnesses three adjacent quasi-
transverse-magnetic (quasi-TM) doublet modes at wave-
lengths 1532, 1551, and 1569 nm, and average intrinsic
quality factors over 8 x 10°. The magnitude of the com-
plex scattering rate is 0.55, 0.26, and 0.48 GHz for signal,
pump, and idler modes respectively.

Pump light is evanescently coupled into the device
via either port 1 or port 2 of the tapered optical fiber.
Wavelength-division multiplexers separate signal, idler,
and pump photons. Optical switches allow for con-
trol over which propagation pathway of emitted signal
and idler photons are detected with superconducting
nanowire single-photon detectors (SNSPDs). In this way
all combinations of propagation directions for signal and
idler photon pairs can be measured. A time-correlated
single-photon counter (TCSPC) is used to acquire the de-
tection times of the signal and idler photons. A schematic
of the experimental setup can be found in the supplemen-
tal material.

Fig. 2(a) and Fig. 2(b) contrasts the biphoton correla-
tion functions that arise in the presence of a pump laser
from port 1 with those generated by a pump laser from
port 2. Normalized biphoton coincidence counts collected
over a three minute data acquisition time are plotted
against delay time 7. A dramatic phase shift can be
observed in the correlations’ oscillations upon reversing
the pump direction. Theory derived from the coupled-
mode equations and Heisenberg-Langevin equations [27]
predicts this phase shift. Fig. 2(c) and Fig. 2(d) demon-
strate the correspondence with theory, respectively for
inputs at pump port 1 and pump port 2. In all cases, the
theory accurately replicates the experimentally observed
system behavior. The differences that are present be-
tween experimental and theoretical biphoton coherence
functions are likely due to the application of the coupled-
mode equations. To focus on the underlying nonrecipro-
cal physics of the system, we approximate the standing
wave modes of each resonance as having identical loss
rates, but in general they exhibit unique loss rates [28].

Further evidence verifying the mechanism of the
biphoton coherence functions’ phase shifts can be pro-
vided by examining a second device, one which does not
exhibit coupling between pump modes. Such a device,
the resonance structure of which is presented in Fig. 3(a),
would still show oscillations in the biphoton coherence
function as a result of modal coupling in the signal and
idler modes, but these oscillations would not change with
a change in pump input direction. This implies that the
doublet nature of the pump mode is indeed vital to the
observed phase shift.

The variation in nanoscale surface roughness between
fabricated devices allowed us to test such a device, and
the results are displayed in Fig. 3(b-e). With a radius
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FIG. 3. Description of a microdisk with a singlet pump mode.
(a) A frequency domain picture of SFWM with a singlet
pump. (b) Second-order coherence function (normalized to
its maximum) for (b) SF-IF, (c) SF-IB, (d) SB-IF, and (e)
SB-IB biphoton path configurations from a microdisk with a
singlet pump mode.



of 4.4 um and a thickness of 260 nm, the device exhibits
doublet modes at 1531 and 1567 nm with quality factors
over 8 x 10° and complex scattering rates of 0.80 and
0.62 GHz, and a singlet mode at 1549 nm with a quality
factor of 4.1 x 10°. For all four biphoton path configu-
rations, there is no change observed in the second-order
coherence function upon changing pump direction. This
verifies that the coupling between counter-propagating
pump modes is requisite to the nonreciprocity observed
in the second-order biphoton coherence functions.

The silicion microdisk’s intrinsic scattering phase pri-
marily determines the extent of the phase shift that oc-
curs in the biphoton coherence functions when the input
pump port is changed. In the described experiment, the
coupling mechanism between counter-propagating modes
is Rayleigh scattering mediated by the device’s nanoscale
surface roughness, and the associated scattering phase is
not tuned. Importantly though, this phase can be tuned
for the desired application by modulating the device’s ra-
dius during fabrication [29], or, if reconfigurability is re-
quired, by applying an external scattering probe [30, 31].

The degree of the phase shift, and likewise the extinc-
tion ratio, can also be tuned by varying the pump laser
wavelength. Detuning the pump laser from resonance
changes the relative power and relative phase between
counter-propagating pump fields in the device, which can
shift peaks to nulls (and nulls to peaks) in the second-
order biphoton coherence functions.

The extent of the device’s tunability enhances its util-
ity. As a source, it provides highly configurable path-
entangled photon pairs. Active device tuning such as
phase modulation of the pump laser or mechanical mod-
ulation of the microdisk allow even greater control over
the intercavity quantum state and the device’s nonre-
ciprocity. With these techniques, the nonreciprocity can
be continuously tuned through its full range. Expanding
the system to multiple devices, this active approach can
yield high-dimensional and multipartite quantum states.
[32, 33]. The system’s nonreciprocity provides a means
of phase control over generated quantum states, inde-
pendent of detuning and thus bypassing the limitations
of thermal locking [34].

The device additionally provides an avenue toward
nonreciprocal quantum processing. Because the nonre-
ciprocity arises from doublet splitting, it can be har-
nessed from splitting in the signal or idler mode via
single-photon stimulated SFWM [35, 36]. This could in
turn be applied to the routing of discrete multipartite
quantum states [36, 37] or nonreciprocal quantum state
manipulation and control [38]. The device could also be
operated as a phase-sensitive optical parametric oscilla-
tor to realize nonreciprocal squeezing [39, 40].

Beyond its applicability, the silicon microdisk system
illustrates a new class of nonreciprocity in the second-
order coherence functions of its nonlinearly created pho-
ton pairs. The complete experimental and theoretical

description of such a system provides deeper insight and
intuition into the quantum behavior of nonlinear non-
reciprocal systems. Moreover, the understanding devel-
oped by the theoretical and experimental demonstration
of nonreciprocity in biphoton coherence functions can be
applied to any system regardless of platform, inviting the
possibility of new developments in nonreciprocal quan-
tum structures.
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