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Breaking optical reciprocity enables new regimes of light–matter interaction with broad implica-
tions for fundamental physics and emerging quantum technologies. Although various approaches
have been explored to achieve optical nonreciprocity, realizing it at the single-photon level has re-
mained a major challenge. Here, we demonstrate nonmagnetic optical nonreciprocity—including
both isolation and circulation—in the quantum regime, enabled by efficient and noiseless all-optical
frequency conversion on an integrated III-V photonic chip. Our device preserves the quantum coher-
ence and entanglement of the input photons while delivering exceptional performance parameters,
including a high extinction ratio of 34 dB, low insertion loss of 0.8 dB, broad bandwidth of 44
GHz, high operational fidelity of 97%, and widely tunable operation wavelength. This realization of
quantum optical nonreciprocity in a scalable photonic platform opens a pathway toward directional
quantum communication and noise-resilient quantum networks.

Reciprocity, a cornerstone of Maxwell’s equations, en-
sures symmetric light transmission and forms the basis of
most conventional optical systems. Breaking this funda-
mental symmetry of electromagnetic reciprocity reveals
new physical phenomena [1–4] and enables novel func-
tionalities in both classical and quantum regimes. For ex-
ample, once this symmetry is broken, it becomes possible
to engineer nonreciprocal devices—components that al-
low light to transmit preferentially in one direction—such
as optical isolators [5], which block unwanted backscat-
tering and are critical for stabilizing lasers and ampli-
fiers in communication networks [6]. In the quantum
regime, the ability to control electromagnetic reciprocity
becomes even more significant, as nonreciprocal compo-
nents can protect superconducting qubits from amplifier
noise and enable quantum-limited directional amplifica-
tion in quantum microwave circuits [7–13]. In optical
quantum systems, nonreciprocal devices are increasingly
sought after [14–21], where they can protect sensitive
quantum components from stray light in a network and
enable new forms of light–matter interaction for quantum
simulation, sensing, and communication [22–29].
A variety of approaches have been explored to achieve

optical nonreciprocity, including magneto-optic effects
[21, 30] and passive optical nonlinearities [31, 32]. How-
ever, magneto-optic materials are intrinsically lossy and
difficult to integrate on-chip, while passive optical non-
linearities are too weak to produce nonreciprocity at the
single-photon level. Recently, atomic systems have been
shown to be effective for quantum optical nonreciprocity
[14–20], but they remain constrained by fixed operational
wavelengths, narrow bandwidths, and limited scalabil-
ity. Another widely investigated strategy for inducing
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optical nonreciprocity is spatiotemporal modulation [33–
45]. Unlike passive approaches, spatiotemporal modula-
tion requires external driving fields to break time-reversal
symmetry. Whether such actively driven nonreciprocal
optical systems can function in the quantum regime—
where stringent constraints on loss and noise apply—
remains an open question.

Here, we demonstrate the first nonmagnetic opti-
cal nonreciprocity—encompassing both isolation and
circulation—at the single-photon level on an integrated
photonic chip, while preserving the quantum coherence
and entanglement of the input photons. Our device em-
ploys optical frequency conversion in nonlinear nanopho-
tonic waveguides with parametric optical pumps, achiev-
ing an added noise far below the single-photon limit.
Thanks to the efficient optical frequency conversion, the
pump power required for high isolation is significantly
lower than that of spatiotemporally modulated isolators
using electro-optic or acousto-optic effects [37–44]. Our
platform simultaneously achieves a high extinction ra-
tio of 34 dB, low insertion loss of 0.8 dB, broad band-
width of 44 GHz, high operational fidelity of 97% (for the
circulator), and widely tunable operation wavelengths,
significantly outperforming previous demonstrations of
quantum optical nonreciprocity based on atomic systems
[14–20] and magneto-optic effects [21]. These results
demonstrate the feasibility of spatiotemporally modu-
lated optical nonreciprocity in the quantum regime and
advance the path toward robust, integrated quantum op-
tical systems with broken time-reversal symmetry. Our
approach based on parametrically driven optical nonlin-
earity also provides a solution for integrated isolators on
III-V semiconductor platforms, which are constrained by
weak electro-optic and piezoelectric effects.

Concept

Our quantum optical isolator and circulator are realized
on the basis of noiseless parametric frequency conver-
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FIG. 1. Optical nonreciprocity via noiseless optical frequency conversion. a. Illustration of optical isolation via
optical frequency conversion in a χ

(2) nonlinear waveguide. b. Representation of χ
(2)-mediated optical frequency conversion

in the band diagram. Only the forward direction satisfies the frequency- and phase-matching conditions for the frequency
conversion. c. Optical circulation utilizing the full mode space of a parametrically-pumped χ

(2) waveguide. d. InGaP photonic
chip. e. 3D illustration of the phase-matching tunable waveguide device (not to scale). f. Optical microscope image of an
InGaP nanophotonic waveguide integrated with a nanoheater array. g. Scanning electron microscope image of a portion of the
device and simulated field profile of the waveguide modes.

sion [46] in a waveguide with χ(2) nonlinearity (Figs. 1a
and b), although the principle can also be extended to
systems with χ(3) nonlinearity. Consider a waveguide
supporting three optical modes, a, b, and c, where the
χ(2) nonlinearity facilitates a three-wave mixing process

described by the Hamiltonian Ĥ = ℏχ(â†b̂†ĉ + âb̂ĉ†)
with â (â†) denoting the annihilation (creation) opera-
tor for mode a, and similarly for modes b and c. In
the forward direction, when the three modes satisfy the
frequency- and phase-matching conditions ωa + ωb = ωc

and ka + kb = kc, where ω and k denote the angular
frequency and wavevector, respectively, and mode a is
driven by a classical pump field with amplitude α, the in-
teraction between modes b and c becomes linearized, i.e.,

Ĥ = ℏχα(b̂†ĉ + b̂ĉ†), which enables noiseless frequency
conversion between the two modes, i.e., sum-frequency
generation (SFG) (b → c) and difference-frequency gen-
eration (c → b).

When the frequency conversion is efficient, the input
photons in mode b (c) can be completely transferred to
mode c (b). Thus, filtering out the pump and light in
mode c (b) effectively blocks the forward transmission of
photons in mode b (c). In the backward direction, the
same pump configuration no longer satisfies the phase-
matching condition, and frequency conversion between
modes b and c is suppressed. Consequently, the light
input in mode b (c) is transmitted, resulting in nonre-
ciprocal transmission. It should be noted that in this

context, the definitions of forward and backward direc-
tions are opposite to those typically used for an isola-
tor. Importantly, this isolator operates simultaneously
in widely separated optical frequency bands and inher-
ently integrates quantum frequency conversion, making
it particularly attractive for hybrid quantum networks
involving photons of disparate wavelengths. When the
full mode space is considered, the scattering matrix of
the device, defined by (bL,out, bR,out, cL,out, cR,out)

T =
S(bL,in, bR,in, cL,in, cR,in)

T , becomes asymmetric—a key
feature of optical nonreciprocity [5]:

S =











0 1 0 0

0 0 1 0

0 0 0 1

1 0 0 0











. (1)

This scattering matrix indicates that the χ(2) waveguide
can also function as a four-port optical circulator when
all modes are utilized (Fig. 1c), with (bL, bR, cL, cR) cor-
responding to ports 1 − 4, respectively. Furthermore,
the directionality of both isolation and circulation can
be reversed by switching the propagation direction of the
pump.
This form of optical nonreciprocity, which is based

on χ(2)- or χ(3)-mediated parametric frequency con-
version, is distinct from passive nonlinear optical ap-
proaches [31, 32]. Because the interaction is linearized
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FIG. 2. Isolator performance. a. Backward and forward transmissions of the 6-mm isolator for pump on and off with pump
power of 21.3 mW. b. Measured and theoretical isolation versus pump power. c. Peak isolation ratio versus pump power. d.
Tunable isolation by changing the pump wavelength. Two isolation spectra are shown for pump wavelength of 1562 nm and
1543 nm, respectively. The 3-dB and 10-dB isolation bandwidths are indicated. Measured isolation wavelength range is 1538
nm−1570 nm due to the available laser wavelengths while the simulated isolation range is > 1000 nm for the same device.

by a classical pump, it circumvents the dynamic reci-
procity constraint that limits passive nonlinear isola-
tors [47]. Moreover, unlike nonreciprocity via paramet-
ric down-conversion [48]—which relies on pumping the
highest-frequency mode and thus suffers from sponta-
neous emission noise—our approach leverages noiseless
conversion while preserving the original signal frequency
in the transmission direction when operating as an iso-
lator. These are critical for the realization of quantum
optical isolation, as they avoid the need for single-photon
nonlinearities and allow seamless downstream informa-
tion processing.

Integrated nonlinear photonics platform

For a waveguide of length L, parametric frequency con-
version causes Rabi oscillation between the two modes
governed by the pump power. The isolation ratio is given
by (Supplementary Information (SI))

I =
∆k2

4g2 +∆k2
+

4g2

4g2 +∆k2
cos2

√

g2 +
∆k2

4
L, (2)

where g =
√

ωb

ωc
ηSFGPa, ηSFG is the SFG efficiency in the

weak pump limit, and ∆k = kc−ka−kb is the wavelength-
dependent phase mismatch between the optical modes.
Maximum isolation occurs at half of the oscillation pe-
riod for specific pump powers, where the energy transfer
between the modes is optimized, with the maximum iso-

lation ratio given by

Imax =
(

(2n+ 1)
π

L

)2

/∆k2, (3)

for integer n ≥ 0. The maximum isolation ratio is funda-
mentally constrained by the waveguide’s phase mismatch
and is realized when n + 1

2 oscillations occur between
modes b and c.
We demonstrate the optical nonreciprocity using the

III-V InGaP integrated photonics platform (Figs. 1d-e)
with a substantial χ(2) nonlinearity (χ(2) = 220 pm/V)
and low optical losses [49–51] (see the SI for device fabri-
cation). The InGaP nanophotonic waveguide is designed
to be modal-phase-matched between the 1550-nm-band
fundamental transverse electric mode (for a and b) and
the 780-nm-band fundamental transverse magnetic mode
(for c). For a phase-matched InGaP nanophotonic waveg-
uide along the (110) direction, the simulated SFG ef-
ficiency at the weak pump limit is ηSFG ≡ Pc

PaPbL2 =

520, 000%/W/cm2. We also implemented in situ phase-
matching tuning nanoheater arrays (Figs. 1f-g) to con-
trol the temperature of each segment of the waveguide
and counteract the effect of thickness variations on the
phase-matching condition (SI). By minimizing the phase
mismatch along the entire waveguide, a high isolation
ratio can be achieved.
Isolator performance
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FIG. 3. Quantum optical isolator and circulator. a. Forward and backward on-chip noise flux in the 1550-nm band
at the wavelength separated from the pump by 20 nm (−2.5 THz) versus the pump power of the 6-mm waveguide. The

line is a linear fitting. b. Normalized correlation function g
(2)(τ) of non-degenerate correlated photon pairs in the forward

direction for pump on and off. EPS: entangled-photon source. Line is fitting. c. Two-photon interference fringe of degenerate
correlated photon pairs after transmission through the optical isolator in the backward direction. Time-resolved coincidence
counts are collected in 250-ps time-bins and for 180 s. The visibility of the fringe is 91.7%. d. Measured transmission matrix
in the counterclockwise direction. The operational fidelity is F = 0.962(4). e. Measured transmission matrix in the clockwise
direction. The operational fidelity is F = 0.970(3). f. Total and noise-subtracted coincidence counts in 2.3 GHz bandwidth in
60 s versus entangled photon pair rate after the signal is transmitted from port 1 to port 4 in the counterclockwise circulator.

We use the phase-matching optimized 6-mm-long waveg-
uide to demonstrate the optical isolator. The pump and
signal are supplied by two wavelength-tunable telecom
lasers, respectively. The pump and the converted light in
the 780-nm band are filtered for the transmission mea-
surement of the signal. Fig. 2a shows the backward and
forward transmissions when the pump is switched on and
off, with the pump power of 21.3 mW. The backward
transmission remains unchanged with an average inser-
tion loss of 0.8 dB due to the waveguide propagation
loss in the 1550-nm band. Fig. 2b shows the measured
isolation, I[λ] = |tf [λ]/tb[λ]|2, where tf(b)[λ] is the for-
ward (backward) transmission coefficient as a function of
wavelength, and the modeled isolation at approximately
1565 nm for various pump powers and pump wavelength
at 1543 nm (see SI for the forward and backward trans-
mission spectra). Fig. 2c shows the corresponding peak
isolation ratio. The isolation ratio increases with pump
power and reaches a maximum of 33.6 dB at a pump
power of 27 mW, corresponding to the first half oscil-

lation between the 1550-nm- and 780-nm-band modes.
The maximum isolation is limited by the residual phase
mismatch in the waveguide at length scales shorter than
that of individual nanoheaters and can be improved with
more discrete nanoheaters. The 3-dB and 10-dB isolation
bandwidths corresponding to the maximum isolation are
44.1 GHz and 14.7 GHz, respectively. The signal power
used in this measurement is approximately 17 µW, which
is much weaker than that of the pump. We also measured
isolation for various signal power in the range of 1 µW–
200 µW and the maximum isolation is similar (SI).

The isolation wavelengths, λb and λc, of the dual-band
isolator can be tuned by adjusting the pump wavelength,
λp, since the isolation is determined by the frequency-
and phase-matching conditions of the frequency conver-
sion: 1

λp
+ 1

λb
= 1

λc
and

np

λp
+ nb

λb
= nc

λc
, where nk is the ef-

fective index of the respective mode and wavelength. Nu-
merical simulations indicate that the fabricated waveg-
uide supports wide isolation wavelength ranges, with
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mode b tunable over more than 1000 nm and mode c over
more than 30 nm. Due to the available laser wavelengths
in our experiment, we demonstrate the tuning of the iso-
lation wavelength by setting the pump at 1562 nm and
reoptimizing the phase-matching condition of the waveg-
uide using the nanoheater array. Under these conditions,
a maximum isolation of 30.3 dB is achieved at 1546.7 nm
with a pump power of 29 mW, as shown in Fig. 2d.

Quantum isolator and circulator

Quantum frequency conversion mediated by the
beamsplitter-like Hamiltonian is fundamentally noiseless
[46]. However, parasitic noise due to pump–matter inter-
actions in the waveguide can still arise. We measure the
on-chip noise to be linear in pump power, reaching ap-
proximately 2× 10−4 counts per second per Hz (cps/Hz)
for both backward and forward directions at the signal
wavelength, about 20 nm away from the pump, and at the
pump power corresponding to maximum isolation (Fig.
3a). This noise level is well below the single-photon
threshold of approximately 1 cps/Hz (one photon per
time–frequency mode), confirming that our optical iso-
lator can operate in the quantum regime.

To demonstrate the quantum-compatibility of our de-
vice, we first verify that signal isolation works for single
photons. We use a pair of correlated non-degenerate pho-
tons in the telecom band with a bandwidth of 2.3 GHz
generated from spontaneous parametric down-conversion
(SPDC) and send the signal photon in the forward di-
rection of the isolator. Fig. 3b shows the coincidence
counts of the signal and idler photons when the pump
is switched on and off. When the pump is off, the mea-
sured coincidence peak verifies the strong correlation be-
tween signal and idler; when the pump is on, the signal
photons are blocked (by conversion to the 780-nm band
and subsequent filtering), and consequently the coinci-
dence vanishes. We then demonstrate that the time–
energy entanglement of the SPDC photons is preserved
after transmission through the optical isolator. As illus-
trated in Fig. 3c, we send a pair of degenerate SPDC
photons with a bandwidth of 0.95 nm in the backward
direction of the optical isolator and measure the time-
resolved two-photon interference [52] via an unbalanced
glass Mach–Zehnder interferometer (MZI). The MZI has
a path delay of 1 ns, much longer than the coherence
time of the SPDC photons, and its phase difference is
controlled through temperature. The measured visibility
of the two-photon interference fringe is 91.7% limited by
the imperfect interferometer visibility, which exceeds the
Clauser–Horne limit of 1/

√
2 ≈ 70.7% [53], thereby con-

firming the time–energy entanglement of the transmitted
photons (see the SI for measurement details).

We then utilize both modes b and c of the χ(2) waveg-
uide and the quantum frequency conversion between
them to achieve optical circulation (see Fig. 1c). In
this experiment, we use a 3.2-mm-long phase-matching-
optimized waveguide. To characterize the optical cir-
culation, we measure the transmission matrix Tij ≡
⟨F̂i,out⟩/⟨F̂j,in⟩, where ⟨F̂i,in(out)⟩ represents the input
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(output) photon flux of port i. Fig. 3d displays the
measured transmission matrix for the four-port circula-
tor with a 31-mW pump power (SI). To quantify the per-
formance of the circulator, we calculate the operational
fidelity [15]

F =
Tr[T̃ ·TT

id ]

Tr[Tid ·TT
id ]

, (4)

where T̃ is the renormalized transmission matrix, T̃ij =
Tij/

∑

k Tkj , and Tid is the transmission matrix of an
ideal circulator. It can be shown that 0 ≤ F ≤ 1 and for
reciprocal transmission (T̃ = T̃T ), the fidelity is bounded
by F ≤ 0.5 (SI). The fidelity of the measured circula-
tor is F = 0.962(4), while the average insertion loss is

η = −10log
(

1
4

∑

ij Tij

)

= 2.8 dB, which is limited by

the 780-nm-band waveguide loss. The circulation direc-
tion can be reversed by changing the pump direction,
and the measured transmission matrix for this case is
shown in Fig. 3e with a fidelity of F = 0.970(3). The
added noise is 7.3×10−5 cps/Hz in the 1550-nm band and
2.5×10−5 cps/Hz in the 780-nm band via up-conversion,
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substantially lower than the single-photon level, indicat-
ing the circulator preserves quantum coherence and en-
tanglement of the input photons. To explicitly demon-
strate this, we use a pair of correlated non-degenerate
photons in the telecom band with a bandwidth of 2.3
GHz and only send the signal photon in port 1. We mea-
sure the correlation between the up-converted signal in
port 4 and the idler. The noise-subtracted coincidence
counts (C0) and total coincidence counts (Ct) in the 2.3
GHz bandwidth are displayed in Fig. 3f. Based on this,
the fidelity of the entangled photons after the circulator
is found to be F = 1

2 (1 +
C0

Ct
) = 0.968(6) (SI).

Outlook

In conclusion, we demonstrated a new form of opti-
cal nonreciprocity based on optical parametric frequency
conversion that operates across a wide range of light
levels—from individual photons to milliwatt powers—
and spans a broad spectral range. Fig. 4 compares
key performance parameters of our isolator with other
integrated nonmagnetic isolators demonstrated recently:
our isolator achieves a remarkable isolation ratio with a
low pump power while offering a unique combination of
wide bandwidth and low insertion loss. Since III-V semi-
conductors have weak electro-optic and piezoelectric ef-
fects, our approach based on optical nonlinearity provides
a solution for integrated isolators on III-V platforms.
Moreover, the same strategy can be extended to other
nonlinear photonic materials, such as periodically poled
LiNbO3, where extremely wide bandwidth of optical fre-
quency conversion (> 1 THz)—and thus isolation—can
be achieved [54].
In terms of performance at the single-photon level, our

integrated quantum optical isolator and circulator also
significantly outperform previous demonstrations based
on atomic systems and magneto-optic effects (see Ta-
bles I and II). Our approach, implemented directly on

a scalable platform, enables the construction of robust
classical and quantum optical circuits. For example, ar-
ranging multiple four-port circulators in one- or two-
dimensional arrays can realize programmable networks
that guide light in specific directions. Integration with
quantum emitters, such as quantum-dot-embedded III-
V semiconductors, would allow the construction of on-
chip quantum light–matter interfaces with broken time–
reversal symmetry [23, 28]. With its inherent recon-
figurability and quantum frequency conversion capabil-
ities, this platform offers new opportunities for direc-
tional quantum communication and noise-resilient quan-
tum networks [24, 29, 55].

TABLE I. Quantum optical isolator performances

Scheme Isolation Bandwidth Insertion loss Pump power Reference

Quantum frequency
conversion

34 dB 35.5 GHz 0.8 dB 27 mW This work

Magneto-optic effect 25 dB 1.6 THz 20 dB / Ref. [21]

Single Rb atom 13 dB 230 MHz 1.4 dB / Ref. [14]

Rb atomic gas 22.5 dB 200 MHz 1.95 dB 100 mW Ref. [16]

Rb atomic gas 30.3 dB 175 MHz 0.6 dB 40 mW Ref. [18]

TABLE II. Quantum optical circulator performances

Scheme Fidelity Average isolation Bandwidth Insertion loss Reference

Quantum frequency
conversion

0.97 26 dB 48.8 GHz 2.8 dB This work

Single Rb atom 0.73 7 dB 0.23 GHz 1.4 dB Ref. [15]
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[11] Nathan Rafaël Bernier, Laszlo Daniel Toth, A Koottan-
davida, Marie Adrienne Ioannou, Daniel Malz, Andreas



7

Nunnenkamp, AK Feofanov, and TJ Kippenberg, “Non-
reciprocal reconfigurable microwave optomechanical cir-
cuit,” Nature Communications 8, 604 (2017).

[12] Leonardo Ranzani, Shlomi Kotler, Adam J Sirois,
Michael P DeFeo, Manuel Castellanos-Beltran, Katarina
Cicak, Leila R Vale, and José Aumentado, “Wideband
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I. DEVICE FABRICATION

The device fabrication process is illustrated in Fig. S1. The devices are fabricated from the 112 nm thick disordered
In0.5Ga0.5P thin film grown on GaAs substrate by metal-organic chemical vapor deposition (T = 545 C, V/III =
48, precursors: trimethylindium, trimethylgallium and PH3). The device pattern is defined using electron beam
lithography and 150 nm thick negative tone resist hydrogen silsesquioxane (HSQ). A 20 nm thick layer of silicon
dioxide is deposited on InGaP via plasma-enhanced chemical vapor deposition (PECVD) to promote the adhesion of
HSQ. The device pattern is transferred to InGaP layer via inductively coupled plasma reactive-ion etch (ICP-RIE)
using a mixture of Cl2/CH4/Ar gas. After a short buffered oxide etch to remove the residual oxide (both HSQ and
PECVD oxide), a layer of 35 nm thick aluminum oxide is deposited on the chip via atomic layer deposition. A second
electron beam lithography and subsequent ICP-RIE using CHF3 gas are applied to pattern etch-through holes in
the aluminum oxide layer for the undercut of the InGaP device. Next, a third electron beam lithography followed
by electron-beam evaporation of 5 nm thick chromium and 20 nm thick gold is performed to define the electrodes.
Finally, the InGaP device is released from the GaAs substrate using citric acid-based selective etching.

(2) Lithography (3) ALD (4) Metal depostion(1) Epitaxy

InGaP GaAs Al2O3

(5) Release

Au/Cr

FIG. S1. Illustration of the device fabrication process.

II. THEORETICAL MODELING OF ISOLATION

Consider a waveguide supporting three optical modes, a, b, and c, satisfying ωa+ωb = ωc, where the χ
(2) nonlinearity

facilitates a three-wave mixing process described by the Hamiltonian Ĥ = ℏχ(â†b̂†ĉ+ âb̂ĉ†) with â (â†) denoting the
annihilation (creation) operator for mode a, and similarly for modes b and c. Suppose mode a is driven by a classical

pump field with amplitude α, the interaction between modes b and c becomes linearized, i.e., Ĥ = ℏχα(b̂†ĉ+ b̂ĉ†). In
the forward direction, the coupled-mode equations describing the parametric frequency conversion between modes b
and c is given by

∂b

∂z
= −igce−i∆kz −

α

2
b, (S1)

∂c

∂z
= −igbei∆kz −

β

2
c, (S2)

where g =
√

ωb

ωc

ηSFGPa, ∆k = kc − ka − kb, α(β) is the waveguide loss of mode b(c), and |b|2(|c|2) is the photon flux

of mode b(c). The coupled-mode equations can be solved analytically. In the lossless case α = β = 0, the power in
mode b at length L for Pc(0) = 0 is given by

Pb(L)

Pb(0)
=

∆k2

4g2 +∆k2
+

4g2

4g2 +∆k2
cos2

√

g2 +
∆k2

4
L. (S3)

In the backward direction, the modes do no satisfy the phase matching condition and thus no frequency conversion
happens. The power of the input light is unchanged. As a result, the isolation ratio is given by Eq. S3. When
g ≫ ∆k, the maximum isolation ratio is found to be

Imax =
(

(2n+ 1)
π

L

)2

/∆k2, (S4)

which is achieved when
√

g2 + ∆k2

4 = (n+ 1
2 )

π
L , for integer n ≥ 0.



3

The fitting of the experimental data shown in the main text uses the solution of the coupled-mode equation for the
general case with losses.

III. PHASE-MATCHING OPTIMIZATION

We use the nanoheater array to tune the phase-matching condition of the waveguide. Each nanoheater is 0.4-mm
long, 400-nm wide, and 25-nm thick, which are individually controlled by a channel of a DC voltage source (NI
9264, 16-channel analog output module). Because of the large resistance of the nanoheater and the proximity to the
waveguide, voltage of only up to a few volts is needed for each heater for the tuning. We monitor the sum-frequency
generation (SFG) signal in the 780-nm-band while fixing the pump in the 1550-nm-band and scanning the wavelength
of the 1550-nm-band signal. We begin by heating the first waveguide segment closest to the input, which separates the
SFG signal generated in the first segment from the rest of the spectrum. Next, we heat the second segment and align
its SFG spectrum with that of the first segment and maximize the combined SFG peak intensity. This procedure is
then repeated sequentially for the remaining segments. In practice, a second round of fine tuning is usually performed
to further optimize the aligned SFG signal from the first round. The SFG spectrum of the 6-mm waveguide before
and after tuning is shown in Fig. S2.
We then optimize the extinction of the input 1550-nm-band signal. We switch the detector to monitor the trans-

mission in the 1550-nm-band and perform another round of phase-matching fine tuning. In this round, we focus on
the segments close to the waveguide input to minimize the signal transmission, since they are less effective in tuning
the SFG signal because of the large loss of 780-nm-band light but can tune the extinction of the 1550-nm-band signal
effectively.
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FIG. S2. Phase-matching optimization. SFG spectrum of the 6-mm-long waveguide before and after optimization.

IV. SELF-CALIBRATED FREQUENCY CONVERSION EFFICIENCY

To quantify the phase mismatch of a waveguide, one can calculate the self-calibrated efficiency ratio of frequency
conversion processes, e.g., SFG and difference-frequency generation (DFG), defined as [1, 2],

R ≡
η

η0
=

ηα

AL
, (S5)

where η and η0 denote the peak efficiency of the measured and ideal frequency conversion spectrum, respectively,
A =

∫

η(λ)dλ, and α = 2π(d∆k/dλ)−1 is the simulated dispersion factor with ∆k the wavevector mismatch between
the modes for the respective conversion process. It should be noted that λ in the definition of A and α corresponds to
the same mode. Because R is related to the ratio of η and A, it is free of calibration of the fiber coupling efficiency as
well as the waveguide loss [2]. R thus can be used to calibrate the quality of phase-matching tuning. We find R = 0.45
for the 6-mm-long waveguide after optimization shown in Fig. S2. The discrepancy from the perfect phase matching
condition is primarily due to the phase mismatch at length scales shorter than individual nanoheaters. In addition,
the bandwidth of the ideal frequency conversion spectrum, denoted as B0, follows the relation B0 = 5.57

L ( d∆k
d∆λ )

−1 [3].
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The measured bandwidth B is generally larger than B0 due to the phase mismatch in the waveguide, and the ratio
of B0/B can also be used to quantify the phase mismatch.

V. ISOLATION OF CLASSICAL LIGHT

TA 

VOA 1550 Pump InGaP WG

1%

WM

1%

99% 

99% 

50%

50%

Locking 

Locking 
10%

90%

PPLN-WG 

1550 PDWDM 780 Pump 

1550 Signal

residual pump 

FFP-�lter 

780 PD

residual pump 

1550 PD TCSPC

CWDM 

CWDM 

CWDM 

DWDM 

WDM 

TF

TFEDFA 

TOGF

SNSPD

signal

idler

A1 

B1 

A2 

B2 
TF

FIG. S3. Experimental setup for isolation measurement. InGaP WG: In0.5Ga0.5P waveguide. TA: tapered amplifier.
PPLN-WG: periodically-poled lithium niobate waveguide. CWDM/DWDM: coarse/dense wavelength-division multiplexer.
FFP filter: fiber Fabry-Perot filter. PD: photodetector. TF: tunable filter. WM: wavelength meter. EDFA: erbium-doped
fiber amplifier. VOA: variable optical attenuator. A1/B1: signal input from laser/SPDC. A2/B2: signal output to PD/SNSPD
TOGF: tunable optical grating filter. SNSPD: superconducting nanowire single-photon detector. TCSPC: time-correlated
single-photon counting module. The shaded area is for isolation of classical light only.

The experimental setup for isolation of classical light is shown in Fig. S3. For the classical light isolation mea-
surement, only the components within the shaded area are used. Ports A1 and A2 are connected to the coarse
wavelength-division multiplexer (CWDM), while ports B1 and B2 are disconnected. The isolation pump is first am-
plified by an erbium-doped fiber amplifier (EDFA), followed by a tunable filter (TF) with a 1-nm bandwidth and
a CWDM with a 20-nm bandwidth to suppress the amplified spontaneous emission noise. The filtered pump and
signal are then combined using a CWDM and coupled into the device. At the output, the SFG signal is separated
from the residual 1550-nm-band light using a WDM and directed to a 780-nm-band photodetector. The remaining
1550-nm-band signal is further separated from the 1550-nm-band pump by a CWDM and a 4-nm-bandwidth TF, and
sent to a 1550-nm-band photodetector.
Fig. S4 shows the forward and backward transmission for various pump power corresponding to the peak isolation

ratios in Fig. 2c.

VI. ISOLATION WITH DIFFERENT SIGNAL POWERS

We characterize the isolation performance of our device under different signal powers with the pump wavelength
fixed at λp = 1543 nm. The result is shown in Fig. S5. The isolation is fairly stable with slight fluctuations as
explained below. The phase-matching condition of the device is tuned at a signal power of Psignal = 14.6 µW. The
signal power is then varied to measure isolation without a second tuning. Because high isolation is sensitive to the
phase-matching condition, which is affected by the thermo-optic effect induced by the high-power pump, the pump
power for each signal level is slightly adjusted to achieve maximum isolation, with an average pump power of 30 mW.
In addition, the gain of the regular 1550-nm-band detector is adjusted to keep the signal within the acceptance range,
which may also contribute to fluctuations in the measured isolation. An average isolation of 30.1 dB is obtained over
a signal power range spanning 22 dB.

VII. ON-CHIP NOISE

To measure the parasitic noise associated with the pump, only pump is injected into the device. To characterize the
noise in the backward direction, the reflected light from the device is filtered by a CWDM and a 4-nm-bandwidth TF to
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FIG. S4. Forward and backward transmission corresponding to Fig. 2c for various pump power.

separate the residual pump, and subsequently detected using a SNSPD. The pump is set to a wavelength of 1543 nm,
and its power is varied from 0 to 30 mW. Measurements are taken at detuning from the pump by approximately
±20 nm, and the count rates are found to be similar. The on-chip noise is inferred through a differential method by
subtracting the noise for the cases of fiber coupled and decoupled with the device, to remove noise that originates
outside the device, e.g., in the fiber. Fig. S6a shows the measured noise in the backward direction. To measure the
noise in the forward direction, similar setup is used. However, in this case, to infer the on-chip noise, the differential
method is subtraction of the noise of a long and a short waveguide, in order to remove the noise external to the chip.
Fig. S6b shows the measured noise in the forward direction.

Because the measured on-chip noise is linear in pump power and the pump frequency is below the bandgap, it
could be attributed to spontaneous Raman scattering or defect-induced fluorescence. Though the two noise sources
can be distinguished based on the fact that spontaneous Raman scattered light is polarized while fluorescence is not,
our InGaP waveguide only support TE-modes in the 1550-nm band and consequently we cannot distinguish the two
types of noises based on polarization—if both of them exist. However, since the InGaP used in our experiment is an
undoped crystalline material, unlike amorphous materials, defect-induced florescence is expected to be low and the
on-chip noise is likely dominated by spontaneous Raman scattering.
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FIG. S6. Measured noise for the forward and backward directions.

VIII. ISOLATION OF SINGLE PHOTONS

The experimental setup is shown in Fig. S3. For single-photon isolation, we tune the phase-matching condition of
the device near the target isolation wavelength, following the procedure described in Section III. Then, ports A1 and
A2 are disconnected, and ports B1 and B2 are connected to the CWDM, respectively. To prepare single photon, a
780-nm-band pump laser, amplified by a tapered amplifier (TA) and locked to 770.57 nm using a wavelength meter
(WM), is used to generate spontaneous parametric down-conversion (SPDC) photon pairs using a periodically-poled
lithium niobate (PPLN) waveguide. The residual 780-nm-band pump is filtered out using a WDM. The signal-idler
photon pair is selected by a fiber Fabry-Perot (FFP) filter with a free spectral range (FSR) of 1147 GHz and a
bandwidth of 2.3 GHz. The 1550-nm-band signal laser locked to the WM is used to stabilize the FFP. The locking
laser is separated from the photon pair by a CWDM. Then, the signal and idler photons are further filtered by a
4-nm-bandwidth TF and a 0.94-nm-bandwidth dense WDM (DWDM), respectively.
The idler photon is directed to a superconducting nanowire single-photon detector (SNSPD), while the signal photon

is combined with the isolation pump and co-propagates through the device to realize isolation. A WDM is applied
after the device to separate the 780-nm-band SFG signal. A CWDM is then used to filter the 1550-nm-band pump.
A tunable optical grating filter (JDS TB9223, 3 dB bandwidth: 0.55 nm, 20 dB bandwidth: 1.5 nm) is applied to
the signal photon path before detection to suppress broadband Raman noise generated in the device. To measure
coincidence counts between the idler and signal photons, we use a time-correlated single-photon counting module
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(TCSPC), Swabian, to compute the correlation. For the pump-on case, we scan the isolation pump wavelength within
a small range and collect coincidence data multiple times to identify the configuration yielding the highest isolation.
The coincidence counts decrease from 10,599 to 273 when the pump is on, corresponding to an isolation of 16 dB,
which is consistent with the isolation measured using a classical beam.

TA 

VOA 1550 Pump

WG

WM

1%

99% 

Locking 
PPLN-WG 

WDM 780 Pump residual pump 

residual pump 

TCSPC

CWDM 

DWDM 

TFEDFA 

SNSPD
degenerated 

SPDC

CWDM 

φ

TF polarizer

50% 

50% 
glass MZI

FIG. S7. Experimental setup for two-photon interference. WG: In0.5Ga0.5P waveguide. TA: tapered amplifier. PPLN-
WG: periodically-poled lithium niobate waveguide. CWDM/DWDM: coarse/dense wavelength-division multiplexer. WM:
wavelength meter. EDFA: erbium-doped fiber amplifier. TF: tunable filter. VOA: variable optical attenuator. MZI: Mach–
Zehnder interferometer. SNSPD: superconducting nanowire single-photon detector. TCSPC: time-correlated single-photon
counting module.

The experimental setup for two-photon interference is shown in Fig. S7. Before the experiment, a 1550-nm-band
laser is used to optimize the visibility of the glass Mach–Zehnder interferometer (MZI), achieving a value of 97.4%. A
780-nm-band laser is used to generate SPDC photon pairs. The 780-nm-band laser is locked by a wavelength meter,
and then amplified by a TA before coupled into a PPLN waveguide. A combination of WDM and DWDM filters is
used to eliminate the residual pump and select the degenerate SPDC photon pairs. The DWDM channel has a center
wavelength of 1544.6 nm and a 3 dB bandwidth of 0.95 nm.

The isolation pump is amplified by an EDFA and coupled to the device with an on-chip power of approximately
30 mW. This pump counter-propagates with respect to the SPDC photon pair. After separating the incoming 1550-
nm-band pump via a CWDM, a 4-nm-bandwidth tunable filter is used at the output of the device to suppress the
broadband Raman noise. The photon pair then pass through a glass MZI, whose phase φ is controlled by temperature.
The path delay of the unbalanced MZI is τd = 1 ns. The selected SPDC photons have a spectral bandwidth of
0.95 nm, corresponding to a single-photon coherence time much shorter than τd. In contrast, the coherence time of
the signal–idler photon pair, determined by the continuous-wave pump laser, is much longer than τd. As a result, the
photon pair can travel through either the short (s) or long (l) arm of the unbalanced interferometers, forming the
entangled state |ψ⟩ = 1

2 (|s⟩1 |s⟩2 + ei2φ |l⟩1 |l⟩2), where φ is the relative phase difference between the two paths for
photons at the degenerate frequency. The entangled state is post-selected using time-resolved coincidence detection,
with the central peak corresponding to a coincidence probability of 1

4 |1+ ei2φ|2. Finally, the photons are detected by
SNSPDs and recorded with a TCSPC. By varying the MZI temperature, interference fringes in the coincidence counts
are observed. The measured two-photon interference visibility is 91.7%, limited by the visibility of the MZI of 97.4%.
Considering the MZI imperfections, the entangled-state visibility is expected to reach 90.4% [4], which is close to our
measured value.

For an unbalanced MZI consisting of two beam splitters, the transmission and reflection coefficients are denoted as
T1(2) and R1(2), respectively. These coefficients satisfy the relation T 2

k +R2
k = 1. The visibility of the interferometer,

V1, is limited by the deviation of the beam splitters from the ideal 50:50 ratio and can be measured using a continuous-
wave laser. Similarly, the visibility of the two-photon interference fringe, V2, is also limited by the imperfect values of
T1(2) and R1(2), and is related to V1 by [4],

V2 =
2

4
V 2

1

− 2
. (S6)

We optimize the visibility of the MZI prior to the experiment and obtain V1 = 97.4%. Using Eq. S6, the theoretical
two-photon interference fringe visibility can then be calculated as V2 = 2

4/V 2

1
−2

= 90.4%.
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IX. OPTICAL CIRCULATION

For optical circulation, we use a 3.2-mm-long waveguide. We optimize the phase-matching condition of the forward
SFG process using the nanoheater array. The resulting SFG spectrum is shown in Fig S8a with a self-calibrated
efficiency ratio of R = 0.68. The forward DFG spectrum under the same condition is shown in Fig S8b with a self-
calibrated efficiency ratio of R = 0.73. Using a 1563-nm pump with a power of 31 mW, we obtain a SFG conversion
efficiency of 45.9% and a DFG conversion efficiency of 46.3%. In addition, we measure a 20 dB/cm loss in the 780-nm
band and 1.3 dB/cm loss in the 1550-nm band. The operation bandwidth is 62 GHz.
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FIG. S8. Normalized frequency conversion spectrum. a. Forward SFG spectrum. b. Forward DFG spectrum. c.

Backward SFG spectrum. d. Backward DFG spectrum. The self-calibrated efficiency ratio R is indicated.

To reverse the direction of optical circulation, we flip the direction of pump, without changing the nanoheater setting.
The backward SFG and DFG spectra are shown in Figs. S8c and d, respectively. The self-calibrated efficiency ratio of
backward SFG and DFG is R = 0.76 and R = 0.59, respectively. The measured transmission matrices for the forward
and backward pump are provided below,

Tf =







0 0.902± 0.036 0 0
0.067± 0.003 0 0.463± 0.031 0

0 0 0 0.229± 0.024
0.459± 0.033 0 0.011± 0.001 0






, (S7)

Tb =







0 0.061± 0.002 0 0.431± 0.029
0.902± 0.036 0 0 0

0 0.460± 0.033 0 0.001± 0.0001
0 0 0.229± 0.024 0






. (S8)

The zero-entries of the transmission matrix are because there is no reflection and no frequency conversion opposite to
the pump in the waveguide. The error is due to the fiber coupling efficiency uncertainty.

To quantify the performance of the circulator, we calculate the operational fidelity [5]

F =
Tr[T̃ ·TT

id ]

Tr[Tid ·TT
id ]
, (S9)

where T̃ is the renormalized transmission matrix, T̃ij = Tij/
∑

k Tkj , and Tid is the transmission matrix of an ideal
circulator. The renormalization is necessary to remove the insertion loss, which can be calibrated separately via

η = −10log
(

1
4

∑

ij Tij

)

.

For counterclockwise circulation, the transmission matrix of the ideal circulator is

Tid =







0 1 0 0
0 0 1 0
0 0 0 1
1 0 0 0






. (S10)

Thus, F = 1
4 (T̃12 + T̃23 + T̃34 + T̃41) ≤ 1

4

∑

ij T̃ij = 1, where the upper bound 1 is saturated for ideal circulation.
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Furthermore, for reciprocal transmission (T̃ = T̃T ), F = 1
8 (T̃12+T̃21+T̃23+T̃32+T̃34+T̃43+T̃41+T̃14) ≤

1
8

∑

ij T̃ij =
1
2 .

For the measured circulation with forward and backward pump, the fidelity is F = 0.962(4) and F = 0.970(3),
respectively.
The on-chip noise is measured to be n15 = 7.3×10−5 cps/Hz in the 1550-nm band under the operation condition of

the circulator. The up-converted noise in the 780-nm band can be calculated using the frequency conversion efficiency
including the waveguide loss, and is found to be n78 = 2.5 × 10−5 cps/Hz. The high conversion efficiency and low
added noise allow the optical circulator to be operated in the quantum regime. We verify that the SFG process
preserves the time–energy entanglement of a pair of SPDC photons when the signal photon is up-converted to the
780-nm band (see Section X). We also verify that the DFG process preserves single-photon coherence by performing
quantum state tomography of a down-converted time-bin 780-nm qubit generated from attenuated laser pulses [6].

The average isolation of our circulator is calculated using

1

4

(

10log(Tf,12/Tf,21) + 10log(Tf,34/Tf,43) + 10log(Tf,23/n78) + 10log(Tf,41/n15)
)

. (S11)

Since there is no transmission for 2 → 3 and 4 → 1 for the counterclockwise circulation, we use the added noise in
the 1550-nm and 780-nm bands to replace the transmission for these two directions while the input signal is assumed
to be single photons, i.e., 1 cps/Hz.

X. PHOTON CORRELATIONS VIA FREQUENCY CONVERSION
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FIG. S9. Experimental setup for Photon correlations via QFC. WG: In0.5Ga0.5P waveguide. TA: tapered amplifier.
PPLN-WG: periodically-poled lithium niobate waveguide. CWDM: coarse wavelength-division multiplexer. WM: wavelength
meter. EDFA: erbium-doped fiber amplifier. TF: tunable filter. VOA: variable optical attenuator. SNSPD: superconducting
nanowire single-photon detector. SPAD: single-photon avalanche diode detector. TCSPC: time-correlated single-photon count-
ing module.

The experimental setup for the photon correlation measurement via QFC of the circulator is shown in Fig. S9.
A 780-nm-band laser is amplified by a TA and serves as the pump source for SPDC. At the output of the PPLN
waveguide, three 780/1550-nm WDMs are used to suppress residual 780-nm pump light. The signal-idler photon
pairs are filtered by a fiber FFP filter with a FSR of 1147 GHz and a bandwidth of 2.3 GHz. The wavelengths of the
idler and signal photons are 1567.64 nm and 1521.31 nm, respectively. A 1550-nm-band laser, locked to the WM, is
used to stabilize the FFP. The locking laser is separated from the photon pairs by a CWDM. The idler photons are
further filtered by a 4-nm-bandwidth TF and detected using a SNSPD. The signal photons are sent into the InGaP
waveguide, upconverted to the 780-nm band, and detected by a SPAD. Finally, the correlations between the photons
are recorded using a TCSPC.
The phase-matching condition of the 3.2-mm-long waveguide is tuned prior to the correlation measurement. The

lock laser is used as the signal laser to optimize the SFG spectrum, with port A connected to the CWDM before
the device and port B left unconnected. After tuning the device, the QFC pump wavelength is finely adjusted while
monitoring the SFG signal and reading the wavelength from the WM, ensuring that the SFG efficiency is optimized
at the photon-pair signal wavelength.
To suppress noise during the measurement, a 1-nm-bandwidth TF and a CWDM are used to filter out the ASE
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from the EDFA before combining the pump with the signal path. Additionally, three filters are employed before the
SPAD to remove the SHG component of the pump. We then measure the photon correlations between the idler and
the converted signal photons under different SPDC rates, with port B connected and port A disconnected.

The coincidence counts are processed from the raw coincidences collected by the TCSPC at the end of the setup. A
raw collected coincidence plot is shown in Fig. S10. The collected coincidences can be separated into three sources: 1.
signal coincidences from upconverted SPDC photons (blue), 2. upconverted noise coincidences residing in the same
bandwidth as the signal (orange), and 3. upconverted noise coincidences that have distinctly different frequencies
than the signal (gray). The last part can be effectively removed by proper filters. Figure 4f in the main text only
includes noise that is unfilterable and therefore fundamental to the device.

The signal coincidences should follow the same second order correlation relation as the initial SPDC source with
an accompanying background of accidental coincidence counts. This raw correlation is measured first to analyze the
input coincidences. The noise can be measured independently by disconnecting port B and only allowing the QFC
pump to propagate in the device. With no signal the detected counts are upconverted broadband Raman noise. The
device QFC bandwidth of 49 GHz defines the total noise that is upconverted. Most of this noise in theory can be
filtered and the only fundamental noise added to the signal is the upconverted noise residing in the same 2.3 GHz
bandwidth as the SPDC signal. The coincidences referenced in the main text are specifically taken at zero time
delay. To process the data into the figure in the main text first the noise is measured independently and subtracted
to generate the noise-subtracted data. Then the total coincidence data adds back the ratio of noise inside the signal
bandwidth that is fundamental to the QFC process. All data has losses from the device to the detector factored out
to represent the coincidences just at the end of the QFC device.
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FIG. S10. Collected coincidences for photon correlations via QFC. Directly measured coincidence counts for the highest
SPDC rate in the main text of 144 MHz for 120 s. Coincidence counts can be separated into three distinct sources: signal
coincidence (blue), noise coincidences in the signal bandwidth (orange), and noise coincidences outside the signal bandwidth
(gray).

XI. FIDELITY OF TIME-ENERGY ENTANGLED PHOTONS

The measured fidelity of the time-energy entangled photon pair can be inferred from the visibility of the two-photon
interference using Franson interferometer. Suppose only the signal is subject to QFC, as in our experiment, then the
coincidence between signal and idler is given by

C[φ] ∝
1

4
g(2)(0)RsRi|1 + e2iφ|2 +

1

2
RiRn, (S12)

where Rs and Rn are the rates of signal and noise on chip in the same bandwidth B, g(2)(0) is the zero-delay normalized
correlation function between signal and idler, and φ is the interferometer phase.

The visibility of the two-photon fringe is given by

V =
C[0]− C[π]

C[0] + C[π]
=

g(2)(0)RsRi

g(2)(0)RsRi +RiRn
=

C0

C0 + CU
=
C0

Ct
, (S13)
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where C0 = g(2)(0)RsRi∆tT is the desired coincidence counts, CU = RnRi∆tT is the undesired coincidence counts,
and Ct = C0+CU is the total coincidence counts. ∆t is the coincidence time-bin width and T is the integration time.
The fidelity of the entangled-photon pair is inferred as [7]

F =
1 + V

2
=

1

2

(

1 +
C0

Ct

)

. (S14)

We used this equation to calculate the fidelity of the entangled photons after the circulator, as described in the
previous section.
Using g(2)(0) = B

Re0

= B
Rs/η

, where Re0 is the entangled-pair generation rate in the bandwidth B at the source and

η is the transmission efficiency from the entangled-photon source to the input of the QFC device, Eq. S14 can be
expressed as

F =
2 + Rn

ηB

2(1 + Rn

ηB )
. (S15)

The measured fidelity thus is fundamentally limited by the noise rate per bandwidth Rn

B and is independent of the

entangled photon rate. In our experiment, Rn

B ≈ 10−4 (before QFC) and η ≈ 0.03, so F > 0.99 theoretically. We
also point out the measured fidelity can be increased by improving transmission efficiency η of the experiment setup,
which is not a fundamental limit of the device itself.

[1] Pao-Kang Chen, Ian Briggs, Chaohan Cui, Liang Zhang, Manav Shah, and Linran Fan, “Adapted poling to break the
nonlinear efficiency limit in nanophotonic lithium niobate waveguides,” Nature Nanotechnology 19, 44–50 (2024).

[2] FR Nash, GD Boyd, M Sargent III, and PM Bridenbaugh, “Effect of optical inhomogeneities on phase matching in nonlinear
crystals,” Journal of Applied Physics 41, 2564–2576 (1970).

[3] Sten Helmfrid, Gunnar Arvidsson, and Jonas Webjörn, “Influence of various imperfections on the conversion efficiency of
second-harmonic generation in quasi-phase-matching lithium niobate waveguides,” Journal of the Optical Society of America
B 10, 222–229 (1993).

[4] Joshua Akin, Yunlei Zhao, Yuvraj Misra, AKM Naziul Haque, and Kejie Fang, “InGaP χ(2) integrated photonics platform
for broadband, ultra-efficient nonlinear conversion and entangled photon generation,” Light: Science & Applications 13,
290 (2024).
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