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The canonical beam splitter—a fundamental building block of quantum optical systems—is a
reciprocal element. It operates on forward- and backward-propagating modes in the same way,
regardless of direction. The concept of nonreciprocal quantum photonic operations, by contrast,
could be used to transform quantum states in a momentum- and direction-selective fashion. Here
we demonstrate the basis for such a nonreciprocal transformation in the frequency domain through
inter-modal Bragg scattering four-wave mixing (BSFWM). Since the total number of idler and signal
photons is conserved, the process can preserve coherence of quantum optical states, functioning as a
nonreciprocal frequency beam splitter. We explore the origin of this nonreciprocity and find that the
phase-matching requirements of inter-modal BSFWM produce an enormous asymmetry (76×) in the
conversion bandwidths for forward and backward configurations, yielding ∼ 25 dB of nonreciprocal
contrast over several hundred GHz. We also outline how the demonstrated efficiencies (∼ 10−4)
may be scaled to near unity values with readily accessible powers and pumping configurations for
applications in integrated quantum photonics.

INTRODUCTION

Noiseless unitary operations may be used to transform
quantum states while preserving their coherence. In this
context, photonic-based quantum information processing
relies on the ability to control and manipulate the quan-
tum degrees of freedom of light—its path, polarization,
frequency, momentum, etc—without degrading its quan-
tum coherence [1–3]. As many quantum-optics appli-
cations move to the chip scale, mature techniques for
phase delay, polarization rotation, and switching have en-
abled complex quantum information processing systems
and protocols in integrated photonic circuits [4–7]. So
far, however, the manipulations used in these demonstra-
tions have primarily been reciprocal; a switch, for in-
stance, routes counter-propagating light along the exact
same path traced out by forward propagating light. The
advent of new on-chip nonreciprocal technologies [8–17]
raises important considerations and opportunities at the
particular intersection we call nonreciprocal quantum pho-
tonics [18–24]. Nonreciprocal operations may find an im-
portant role in mitigating some forms of intersymbol inter-
ference, a phenomenon that can potentially degrade the fi-
delity of both classical [25] and quantum networks [26, 27].
Moreover, the ability to achieve dynamically controlled
nonreciprocal operations that can operate at the few and
single-photon levels may be used to protect delicate quan-
tum systems from unwanted noise and interference [28, 29]
and enable direction-dependent logic for quantum archi-
tectures [19, 29–31].

The frequency of light is one of the most useful degrees
of freedom for quantum applications [32]. Manipulating a
photon’s frequency has historically been achieved through
traditional nonlinear optical operations such as second
harmonic generation [33] or parametric down conversion
[34], which in general require a χ(2) medium [35]. In
the leading silicon-based integrated photonics platforms,
however, χ(2) nonlinearities are not naturally present, re-

quiring artificial χ(2) effects [36–38] or recourse to χ(3)

nonlinearities [35]. In particular, a powerful χ(3) nonlin-
ear frequency conversion technique called Bragg scatter-
ing four-wave mixing (BSFWM)—amenable to an array
of integrated photonic and fiber-based systems [39–44]—
exhibits dynamics that intrinsically add no quantum noise
[45]. In contrast to other four wave mixing (FWM) pro-
cesses, such as non-degenerate FWM, that amplify vac-
uum fluctuations, this frequency translation process pre-
serves quantum coherence because the total signal and
idler photon number is conserved [45]. In this way, BS-
FWM can be viewed as a beam splitter in the frequency
domain for quantum states [41, 45]. In this nonlinear opti-
cal process, it has been suggested that the phase-matching
conditions and the directionality of the pump fields may
give rise to a form of optical nonreciprocity [46]. How-
ever, the actual nonreciprocal response associated with
the BSFWM frequency conversion process has not been
demonstrated or explored. Understanding and leveraging
these conditions is a first step towards low-loss nonrecip-
rocal frequency translation of photonic states for quantum
information processing.

In this Letter, we use inter-modal BSFWM to demon-
strate nonreciprocal frequency conversion—the frequency
analogue of a nonreciprocal beam splitter—for the first
time. We leverage modal degrees of freedom within
low-loss silicon ridge waveguides to precisely control and
clearly demonstrate the phase-matching properties of this
form of frequency conversion. This allows us to perform
mode and direction-specific frequency conversion. We find
a 76× asymmetry in the phase-matching bandwidths for
forward and backward-oriented frequency conversion pro-
cesses, enabling ∼ 25 dB of nonreciprocal contrast over
∼ 3 nm. The results indicate that high-efficiency and
broad-bandwidth nonreciprocal frequency conversion is
within reach in standard silicon photonic circuits, opening
the door to nonreciprocal frequency beam splitter opera-
tions for new functionalities in quantum photonics.
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FIG. 1. (a) Basic operation of a nonreciprocal frequency beam splitter. (ai) In the forward direction, a signal wave is split
into both signal and idler modes. (aii) In the backward direction, by contrast, the signal is transmitted without splitting into
the idler mode. (b) Energy conservation for BSFWM. (c) Implementation of nonreciprocal frequency conversion (i.e., frequency
beam splitting) through inter-modal BSFWM. The schematic diagrams the operation scheme for frequency conversion in the

forward direction. Pump fields (of frequencies ω
(1)
p and ω

(2)
p , respectively) are coupled into the symmetric mode of the multimode

waveguide (inset) using an integrated mode multiplexer. A signal wave, of frequency ωs, is injected into the antisymmetric mode.
As the fields traverse the nonlinear active region of the device, signal light (ωs) is converted to the idler frequency (ωi) through
inter-modal BSFWM. Inset depicts the waveguide cross-sectional geometry. (di) Phase-matching for inter-modal BSFWM in the
forward direction. The sum of wavevectors from the signal and pump 2 fields must equal the corresponding sum for the idler and
pump 1 fields within the phase-matching uncertainty ∆kf . (dii) Backward inter-modal BSFWM precluded by phase-matching.

If ω
(2)
p is outside the narrow phase-matching bandwidth, there is a nonreciprocal phase-mismatch given by ∆kb, and light in the

counter-propagating signal wave does not experience frequency conversion to the idler frequency (ωi).

RESULTS

We use a form of BSFWM-based frequency conversion
to produce nonreciprocal beam splitting in the frequency
domain. The essential device physics can be understood
diagrammatically as depicted in Fig. 1a. Through this
process, a forward-propagating input signal wave is split
into output signal and idler modes, with a splitting ratio
given by the efficiency of the BSFWM frequency conver-
sion process. In the backward direction, by contrast, the
signal wave remains in the signal frequency mode.

We demonstrate BSFWM-based frequency conversion
within a multimode silicon ridge waveguide that sup-
ports symmetric and antisymmetric TE-like optical spa-
tial modes, with wavevectors described by the dispersion
relations k1(ω) and k2(ω), respectively. With these two
modal degrees of freedom, we can precisely shape the
phase-matching constraints imposed by Bragg-scattering
four wave mixing to (1) avoid deleterious noise-inducing
χ(3) effects and (2) achieve nonreciprocal frequency con-
version over a desired, well-defined bandwidth.

Bragg scattering four wave mixing can be leveraged to
translate classical and quantum states of light between dis-
tinct frequencies without intrinsically adding noise. Fig.
1c depicts the particular implementation of BSFWM for
frequency conversion that we use here. In this case, BS-
FWM requires two strong optical fields, which we label

pump 1 (ω
(1)
p ) and pump 2 (ω

(2)
p ), as well a signal field

with frequency ωs. Generally, the pumps are strong clas-
sical fields, in contrast to the signal field, which can be
represented by either a quasi-classical or quantum state.

Through this nonlinear process, a pump 2 photon (ω
(2)
p )

and signal photon (ωs) are annihilated to create a pump 1

photon (ω
(1)
p ) and an idler photon (ωi), as diagrammed in

Fig. 1b-c. In contrast to other FWM phenomena, such as
phase conjugation and modulation interactions, BSFWM
does not produce amplification and its accompanying ex-

cess noise [45]. Rather, as diagrammed in Fig. 1a, it can
be viewed as an active beam splitter where the two output
modes are defined by the the signal and idler frequencies
[41].

The beam splitter analogue becomes evident in the
traveling-wave interaction Hamiltonian for this BSFWM
process [45], which in simplified form is given by

HBSFWM = ~
∫
dz
(
κa†i ase

i∆kz + κ∗aia
†
se
−i∆kz

)
, (1)

where ai and as represent annihilation operators of the
idler and signal fields, respectively, κ quantifies the de-
gree of coupling from BSFWM, ∆k is the phase-mismatch

given by ∆k = ks + k
(2)
p − ki − k

(1)
p . Taking into ac-

count these interactions as well as the interaction Hamil-
tonian for self- and cross-phase modulation effects (see
detailed derivation in Supplementary Section I, which in-
cludes Refs. [45, 47, 48]), we find the spatial equations of
motion for the signal and idler fields given by

∂zas = iδβas − iκai,

∂zai = −iδβai − iκ∗as,
(2)

where κ = 2γ12

√
P

(1)
p P

(2)
p and δβ = 1

2∆k + 1
2γ11(P

(2)
p −

P
(1)
p ), and γ11 and γ12 are the intra- and inter-modal Kerr

coefficients, and we have assumed strong coherent pump

fields of powers P
(1,2)
p . We note that for simplicity we have

moved to the spatial rotating frame and treated the pump
fields as undepleted.

These equations have spatial solutions given by [45]

as(z) = µ̄(z)as(0) + v̄(z)ai(0)

ai(z) = −v̄∗(z)as(0) + µ̄∗(z)ai(0),
(3)

where µ̄(z) and v̄(z) are given by µ̄(z) = cos(qz) +
(iδβ/2q) sin(qz) and v̄(z) = (iκ/q) sin(qz), and q is defined
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by q = (|κ|2 + δβ2)1/2. The crucial role of phase-matching
appears in the scattering efficiency given by

|v̄(z)|2 = |κ|2 sin2([δβ2 + |κ|2]1/2z)

[δβ2 + |κ|2]

≈ |κ|2z2sinc2(∆kz/2)

(4)

for small Kerr couplings.
These conditions produce an intriguing form of phase-

matching induced nonreciprocity. For the form of inter-
modal BSFWM demonstrated here, energy conservation
and phase matching conditions require that for a finite in-
teraction length L and for a signal wave frequency detuned

by Ω from pump 1 (ωs = ω
(1)
p − Ω),

∆kL = |(k̄1(ω(2)
p ) + k̄2(ω(1)

p − Ω)

− k̄1(ω(1)
p )− k̄2(ω(2)

p − Ω)|L
< 2.78,

(5)

where the bars denote the vector nature of the wavevec-
tors, and 2.78 gives the full width at half maximum
(FWHM) of a sinc2. Neglecting higher order dispersion,
this relation yields a phase-matching bandwidth (∆ω =

ω
(2)
p − ω(1)

p ) that is given by

∆ω =
2.78

L| 1
v̄g,1
− 1

v̄g,2
|
. (6)

We note here that the vector nature of the group veloc-
ities v̄g,1 and v̄g,1 plays a critical role in determining the
phase-matching bandwidth. For typical multimode waveg-
uides the group velocity difference between two modes
is relatively small, yielding a very broad phase matching
bandwidth for frequency conversion in the co-propagating
configuration given by

∆ωf =
2.78c

L
| 1

ng,1 − ng,2
|. (7)

By contrast, however, this same bandwidth shrinks dra-
matically (∼ 100×) when considering the case in which
signal and idler fields counter-propagate with respect to
the pump waves. In this case, the backward inter-modal
BSFWM phase matching is given by

∆ωb =
2.78c

L
| 1

ng,1 + ng,2
|, (8)

revealing that the phase-matching bandwidth is inherently
nonreciprocal. Thus for a wide range of wavelengths, sig-
nal photons can experience the frequency conversion only
in the forward direction. For instance, an incoming single
signal photon and vacuum idler field (defined by |1, 0〉in)
spatially evolves in the Heisenberg picture as [45]

|1, 0〉in = µ̄(z)|1, 0〉out − v̄∗(z)|0, 1〉out. (9)

When operating at conditions where the process is phase-
matched in the forward direction, but not in the backward
direction (i.e., ∆ωb < ∆ω < ∆ωf), we will have v̄(z) 6= 0
in the forward direction and v̄(z) = 0 in the backwards
direction, resulting in a nonreciprocal quantum frequency
beamsplitter.

EXPERIMENTAL RESULTS

We demonstrate and explore the nonreciprocal proper-
ties of inter-modal BSFWM in a multimode silicon waveg-
uide through heterodyne-based nonlinear spectroscopy.
The waveguides measure 1.5 µm in width and support
two, low-loss (< 0.5 dB/cm) TE-like optical modes with
wavevectors k1(ω) and k2(ω), respectively. Devices are
fabricated using a standard CMOS photolithography pro-
cess at Sandia’s MESA facilities. Nonlinear optical spec-
troscopy on a waveguide of length L = 7 mm is performed
using the experimental apparatus diagrammed in Fig. 2a.
Light for pumps 1 and 2 are derived from distinct tunable

lasers of frequencies ω
(1)
p and ω

(2)
p , respectively. The power

of these fields is controlled by an erbium-doped fiber am-
plifier (EDFA) and variable optical attenuator (VOA), and
these fields are subsequently injected into the symmetric
mode of a multimode silicon waveguide through a grat-
ing coupler and mode multiplexer. We use an intensity
modulator to synthesize a signal wave with a frequency

detuning of Ω/2π = 10 GHz (ωs = ω
(1)
p − Ω), which we

route to the antisymmetric mode of the waveguide. As the
signal wave traverses the interaction region, it experiences
(with some efficiency) frequency conversion to the idler
frequency through inter-modal BSFWM. Idler light is de-
tected with high SNR using a form of frequency-selective
heterodyne detection. This scheme uses an optical local
oscillator that is blue-shifted by ∆/2π = 44 MHz from

ω
(2)
p , such that the converted idler light produces a dis-

tinct heterodyne beat tone at Ω + ∆, independent of the
frequency detuning between the two pump waves.

We first measure the frequency conversion efficiency
over a range of pump powers and relative detuning, with
the signal (and idler) wave oriented in the forward direc-
tion. Fig. 2b plots the data obtained from the measure-
ments as a function of the max total power and pump
2 wavelength. The data reveal a clear sinc2 response, as
predicted from theory (see Eq. 4). We also plot the peak
efficiency, which demonstrates excellent agreement with
theory. The theoretical trend assumes a Kerr coefficient
of γ = 45 W−1m−1, matching prior simulation work [50].

This heterodyne measurement also allows us to examine
the phase coherence of the BSFWM process and possible
forms of deleterious noise. For instance, through ther-
morefractive and thermoelastic effects, thermal flucations
may be imprinted on the converted idler field in the form
of phase noise (similar to frequency noise in the case of
a resonator [51]). From our measurements (see inset of
Fig. 2c), however, we find that this phase coherence is ex-
ceptionally well preserved in our linear waveguide system,
with a near resolution-bandwidth limited idler heterodyne
spectrum of 1 kHz. This minute level of noise (< 1 kHz) is
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FIG. 2. Experimental apparatus for nonlinear laser spectroscopy. Laser light from the pumps (ω
(1)
p and ω

(2)
p ) are coupled together

and amplified using an erbium-doped fiber amplifier (EDFA). The total power is controlled with a variable optical attenuator
(VOA). Light at the signal frequency is created from pump 1 using an intensity modulator (IM) driven at Ω = 10 GHz (such

that ωs = ω
(1)
p − Ω). The signal wave is then routed into the antisymmetric mode of the multimode waveguide in either the

forward or backward directions. A strong optical local oscillator for heterodyne spectroscopy is created from the pump 2 wave
using an acousto-optic modulator, which blue-shifts light by ∆/2π = 44 MHz. Combining this reference with the light exiting the
antisymmetric mode yields a microwave signal at Ω + ∆ that corresponds to the generated idler wave. (b) Frequency conversion

efficiency as a function of pump 2 wavelength (λ
(2)
p = 2πc/ω

(2)
p ) and combined max pump powers (normalized). (c) Peak efficiency

vs total pump power, demonstrating good agreement with the theoretical trend. Inset shows the normalized idler heterodyne
spectrum (averaged, near RBW-limited), demonstrating that the BSFWM process preserves the signal/idler phase coherence. The
estimated on-chip signal power in these measurements is of order 5 µW. (d) Nonreciprocal frequency conversion measurements.

(di) signal to idler conversion efficiency as a function of pump 2 wavelength (λ
(2)
p = 2πc/ω

(2)
p ) in the forward (red) and backward

directions (dark blue), demonstrating > 25 dB of nonreciprocal contrast. (dii) Backwards frequency conversion over a 76×
smaller range, revealing the much tighter phase-matching constraints for backward inter-modal BSFWM. Over this range, by
contrast, the forward conversion efficiency (red) is flat due to its much larger phase matching bandwidth. As such, there exist
nm-wide+ spectral regions over which ∼ 25 dB of nonreciprocal contrast is possible. The semi-transparent data points are due
to carrier-enhanced BSFWM effects (see Supplementary information of Ref. [49]) that occur only at small frequency separations

of |ω(1)
p − ω(2)

p | < 2π/τc (∼ 1 GHz), where the free carrier lifetime τc ≈ 1 ns.

orders of magnitude smaller than the intrinsic frequency
uncertainty of typical single photon wavepackets (band-
widths 1-100 GHz).

We next explore the nonreciprocal properties of the fre-
quency conversion process. With a manual switch, this
apparatus can be readily reconfigured to inject and detect
signal and idler waves in the forward and backward direc-
tions. In the forward direction (see blue data points of
Fig. 2di), we observe a broad sinc2 phase-matching win-
dow with a bandwidth of 2.8 nm (∼ 350 GHz), in good
agreement with our theoretical predictions. By contrast,
in the backward direction, the phase-matching bandwidth
is radically reduced. Fig. 2dii presents data taken over a
much narrower range, revealing a phase-matching band-
width of 0.037 nm (∼ 5 GHz), representing a 76× re-
duction resulting from the nonreciprocal phase-matching
conditions (see Eq. 7 and Eq. 8). Outside the backward
phase-matching bandwidth (but within the forward), we
observe more than 25 dB of noise-floor-limited nonrecip-
rocal contrast (see 2di).

DISCUSSION

We have used inter-modal BSFWM to demonstrate and
explore coherent nonreciprocal frequency conversion in
an integrated silicon waveguide, achieving the frequency
analogue of a unidirectional beam splitter. We explic-
itly demonstrate this nonreciprocal behavior for the first
time and show that nonreciprocity arises due to the dis-
tinct phase-matching bandwidths of the forward and back-
ward frequency conversion processes. This physics dif-
fers from prior acousto-optic nonreciprocal demonstra-
tions wherein the optimal phase-matching for forward
and backward processes is centered at distinct frequen-
cies [9–11]. Moreover, unlike optomechanical based non-
reciprocity [9–11, 13, 52], our approach—based on an all-
optical nonlinearity—is not susceptible to large degrees of
thermal-mechanical noise at room temperature. Further-
more, because inter-modal spontaneous four wave mixing
(SFWM) is not phase-matched at these small detunings
(see Supplementary Section II for more details, which
includes Refs. [48, 53–56]), our particular inter-modal
scheme prevents noise from parametric SFWM fluores-
cence that naturally occurs in conventional intra-modal
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schemes [56].

An important step towards useful quantum operations
is the realization of near-unity frequency conversion ef-
ficiencies. Our initial low-power continuous wave (CW)
results suggest that, with accessible pump powers and de-
vice lengths, near-unity conversion efficiencies may be pos-
sible within these waveguide systems. Since the efficiency

scales with optical power as P
(1)
p P

(2)
p , enhancing the pump

powers by approximately 20 dB (to ∼ 1 W) would en-
hance the theoretical efficiency to near its optimal value.
Such a power enhancement should be accessible using pi-
cosecond sources, which have been used to pump nonlin-
ear processes in silicon with more than 10 W peak powers
with minimal nonlinear loss or device degradation [57]. As
such, moderate pulse durations (∼ 100 ps) and repetition
rates (∼ 100 MHz) could enable Watt-level peak powers
without increasing the average powers (∼ 10 mW) used in
this demonstration, putting unity nonreciprocal frequency
conversion of single photons within reach [58].

This material is based upon work supported by the Lab-
oratory Directed Research and Development program at
Sandia National Laboratories. Sandia National Labora-
tories is a multi-program laboratory managed and oper-
ated by National Technology and Engineering Solutions
of Sandia, LLC., a wholly owned subsidiary of Honeywell
International, Inc., for the U.S. Department of Energy’s
National Nuclear Security Administration under contract
DE-NA-0003525. This paper describes objective techni-
cal results and analysis. Any subjective views or opinions
that might be expressed in the paper do not necessarily
represent the views of the U.S. Department of Energy or
the United States Government.

We wish to thank Ashok Kodigala for helpful discussions
relating to the experimental apparatus.

∗ ntotter@sandia.gov
[1] M. O. Scully and M. S. Zubairy, “Quantum optics,”

(1999).
[2] D. F. Walls and G. J. Milburn, Quantum optics (Springer

Science & Business Media, 2007).
[3] G. Grynberg, A. Aspect, and C. Fabre, Introduction to

quantum optics: from the semi-classical approach to quan-
tized light (Cambridge university press, 2010).

[4] A. Politi, J. C. Matthews, M. G. Thompson, and J. L.
O’Brien, IEEE J. Sel. Top. Quant. 15, 1673 (2009).

[5] J. W. Silverstone, J. Wang, D. Bonneau, P. Sibson, R. San-
tagati, C. Erven, J. O’Brien, and M. Thompson, in 2016
International Conference on Optical MEMS and Nanopho-
tonics (OMN) (IEEE, 2016) pp. 1–2.

[6] X. Qiang, X. Zhou, J. Wang, C. M. Wilkes, T. Loke,
S. O’Gara, L. Kling, G. D. Marshall, R. Santagati, T. C.
Ralph, et al., Nat. Photonics 12, 534 (2018).

[7] D. Bunandar, A. Lentine, C. Lee, H. Cai, C. M. Long,
N. Boynton, N. Martinez, C. DeRose, C. Chen, M. Grein,
et al., Physical Review X 8, 021009 (2018).

[8] Z. Yu and S. Fan, Appl. Phys. Lett. 94, 171116 (2009).
[9] D. B. Sohn, S. Kim, and G. Bahl, Nat. Photonics 12, 91

(2018).
[10] E. A. Kittlaus, W. M. Jones, P. T. Rakich, N. T. Otter-

strom, R. E. Muller, and M. Rais-Zadeh, Nat. Photonics

15, 43 (2021).
[11] E. A. Kittlaus, N. T. Otterstrom, P. Kharel, S. Gertler,

and P. T. Rakich, Nat. Photonics 12, 613 (2018).
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