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Nonreciprocal optical devices (NRODs) working in the quantum regime are the key building blocks for nonrecip-
rocal quantum information processing. Conventional NRODs require a bias field, such as a strong control field
or an external magnetic field, increasing the complexity in fabrication and operation. Here, we propose a bias-free
nonmagnetic scheme for single-photon isolators and circulators on a solid-state platform. Our single-photon
isolator is made of a chiral optical waveguide embedded with a negatively charged carbon nanotube quantum dot
(CNQD), while the circulator with four ports consists of two optical waveguides and a whispering-gallery-mode
optical microresonator coupling to a CNQD in a chiral way. The time-reversal symmetry in these two systems
breaks because the inherent spin—orbit coupling of electrons and holes in the CNQD strongly lifts the energy
degeneracies of two circularly polarized transitions. Under realistic experimental parameters, we obtain a low-loss
and high-isolation-contrast single-photon isolator over a 10 gigahertz bandwidth and a circulator over a one giga-
hertz bandwidth, respectively, without requiring any bias (control) fields. Our bias-free design can greatly simplify
the implementation and operation of NRODs and provide a compact solid-state platform for nonreciprocal quan-
tum information processing. © 2025 Optica Publishing Group. All rights, including for text and data mining (TDM), Artificial
Intelligence (Al) training, and similar technologies, are reserved.
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1. INTRODUCTION

integrated on a chip, they become very lossy. Optical nonline-
arity and photonic crystal heterojunctions can be used to realize
optical isolators and circulators [34—41]. Furthermore, the
breakdown of TRS has also been demonstrated in parity-time
symmetry-broken systems [42—44] and spatio-temporal mod-
ulated waveguides [7,45,46], whereas these kinds of devices
fail to isolate single photon. When applying these nonre-
ciprocal devices to quantum applications, such as quantum
simulation and quantum information processing [4], strong

Nonreciprocal optical devices (NRODs) break the time-reversal
symmetry (TRS) in optics and allow unidirectional propaga-
tion of light. Because of this nonreciprocity, NRODs, such as
optical isolators and optical circulators, promise interesting
applications in optical information processing [1-3]. NRODs
working in the quantum regime can enhance photon-based
quantum information processes [4—6] and are crucial elements

for quantum networks [4]. The study in this direction has led to
an emerging field of “chiral quantum optics” [6-34].

Faraday isolators and gyrators can break the TRS but are
typically bulky [1]. When such magneto-optical devices are
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nonreciprocal (i.e., isolation contrast n — 1 [8]), low loss, and
compatibility with low light even to the single-photon level
are crucial. Alternative strategies for breaking TRS have been
pursued by exploiting chiral light—matter interaction [8-10],
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a moving photonic crystal [13], moving cold atomic Bragg
lattices [47], optomechanical systems [12,48,49], the Fizeau
light-dragging effect in spinning optical resonator [23,24]
and spinning yttrium iron garnet sphere [50,51], asymmetric
cavity [52], directional quantum squeezing [53,54], and so on
[33,55,56]. Recent theoretical [15] and experimental [18-21]
progresses demonstrated that the TRS can also be broken by the
random thermal motion of atoms, consequently resulting in a
nonmagnetic optical isolator and circulator.

Nanophotonic waveguide with embedded quantum dot
(QD) [57-66] is a promising solid-state platform for demon-
strating spin-based quantum-optical components, such as
optical isolators and circulators, due to their inherent scalability
and mature semiconductor technology. In particular, photons
in photonic crystal waveguides can be interfaced with QDs
with near-unity efficiency [65]. In such a complex quantum
architecture, the TRS can be broken by introducing a magnetic
field [16,58,59] and controlling the spin of an electron or hole
[59-61]. In QDs, the two-fold degeneracy can be lifted owing
to the Zeeman shift, consequently resulting in the propagation-
direction-dependent transmission. While the introduction of
the external magnetic field could hamper the performance of
nearby devices, one question is whether there exists a nonrecip-
rocal structure that is made of a nanophotonic waveguide and
QDs and can break TRS without the presence of a magnetic
field for nonreciprocal integrated photonics.

In this manuscript, we suggest a bias-free nanophotonic
waveguide—carbon nanotube quantum dot (CNQD) scheme
for a bias-free single-photon isolator and circulator. In carbon
nanotubes, due to the strong spin—orbit coupling (SOC),
the zero-magnetic-field four-fold degenerate states split into
two pairs of doublet states [67-72]. We show that the SOC-
induced breakdown of electron—hole symmetry breaks the
TRS, therefore supporting the bias-free broadband and low-
loss single-photon isolators and circulators. The new physical
approach for single-photon nonreciprocity naturally supports
the achievement of optical isolators and circulators for bias-
free spin-based solid-state quantum information processing
on-chip.

2. SINGLE-PHOTON ISOLATOR

The schematic for realizing a bias-free single-photon isolator
via a chiral scattering process is depicted in Fig. 1(a). A single
negatively charged CNQD is embedded in a chiral photonic
waveguide. In this nonreciprocal device, the light propagating
along the photonic crystal waveguide is circularly polarized
near holes and is subject to the spin-momentum locking
[73-75]. The chiral waveguide can also be realized with an
optical nanofiber or the interface of two photonic crystal struc-
tures supporting a chiral band edge mode. We assume that the
single-polarized single-mode waveguide supports the circular
polarization of photons at the position of CNQD. The circular
polarization (chirality) of light depends upon the propagation
direction. When the photon is right-moving with the wave
vector £ (left-moving with the opposite wave vector —F), the
polarization of the light at the location of CNQD is o7} ~circular
(0_-circular) polarized. Owing to the TRS, the right- and
left-moving modes are related to each other via E 7= E f;.
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Fig. 1.  Schematics of the single-photon isolator. (a) Chiral scat-
tering of a single photon by a CNQD coupling to a photonic crystal
waveguide. The right-moving and left-moving photons at the location
of CNQD are denoted by o and o_, respectively. (b) Energy levels
of a singly negatively charged CNQD in the trion picture only with
positive orbital magnetic momentum (denoted by U). 4 and | (1} and
U) denote the electron (heavy hole) with spin up and down. | 1) and
[1) (| ) and | ) denote the electron (heavy hole) spin states with
s¢=h/2ands¢ = —h/2 (s} =3h/2and sh = —3R/2). A%, and Al
are the energy shifts of electron and heavy hole owing to the SOC.

According to the angular momentum conservation and
Pauli’s exclusion principle, when an electron is spin up | 1)
(spin down | |}), a spin-down | ) (spin up | 1)) electron can
be excited by the right-moving o -polarized (left-moving o_-
polarized) photon from the valance band to conductive band,
and therefore yielding a three-particle state | 11 1) (| | 14)).
In carbon nanotubes, the electron possesses an orbital (valley)
degree of freedom at Dirac points in the first Brillouin zone,
leading to doubly degenerate electronic orbits. One electronic
orbit circulates around the nanotube’s circumference in a
clockwise (CW) fashion, and the other circulates in the counter-
clockwise (CCW) direction. These two counter-propagating
electron motions effectively generate microelectronic currents
and give rise to “positively” (denoted by U) and “negatively”
(denoted by D) oriented orbital magnetic moments. The cou-
pling between the spin and orbital motion of electrons and
holes leads to the splitting of the zero-field four-fold degeneracy
into two pairs of doublet states with parallel and antiparal-
lel spin and orbital magnetic moments [67,69], leading to
the breakdown of the electron-hole transition degeneracy.
Because of the momentum conservation, optical transitions
are allowed only for U— U or D — D. In the trion pic-
ture, the energy level diagram of singly negatively charged
CNQD associated with positive orbital magnetic momentum
is depicted in Fig. 1(b). A, and A}S‘O represent the zero-field
splitting of the electron and heavy hole between states with
parallel and antiparallel spin and orbit magnetic moments.
The subscript SO and superscripts e/h denote the SOC and
electron/heavy hole, respectively. We prepare the electron in
| 1 Yu state, and control the energy of the photons to be res-
onant with the | 1)y <> | 1 )u transition. The transition
| 4)u< |41 )u is detuned by Aso= A%, + Aly from
the left-moving photons, and therefore, the CNQD is decou-
pled from the system. The transmission of the right-moving
o4-polarized photon is different from that of the left-moving
o_-polarized photon. More importantly, the two circularly
polarized photon-driven transitions inherently have nondegen-
erate energies without requiring any external bias fields. We will
combine these bias-free chiral transitions of the CNQD and the
spin—momentum locking to achieve a single-photon isolator
and circulator. This is the basic idea of the present paper.
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For the sake of simplicity, we denote |1 )y (| | )u) and

| Mo (1)) as [g4) (Ig-)) and Jey) (le—)), respec-
tively. The subscript £ corresponds to the spin of CNQD. By

linearizing the dispersion of the waveguide and applying the
dipole and rotating-wave approximations, the Hamiltonian
describing the interaction of the CNQD and the traveling single
photon includes two contributions A = Hy + H;, where the
free Hamiltonian Hj and the interaction Hamiltonian H; in
real space are, respectively, given as (h = 1) [76-78]:

. AN A AP
]_]0: dx CR (L)p—lvga CR+CL a)p+lvga CL

+ (e — 1Y) e )er] + wglg i) g+

+ (@ = Ao —iy)le ) e | + (@ + Ago)lg ) (g,

1

Hy = V/ dx8(x) (|e+><g+|6R+ |e7><g7|éL+h.c.) :
2

where C ; and CA’IT are Bosonic operators creating a right-moving
and left-moving photon at x. The transition [gy) <> |e4) is
coupled by o -polarized photons with V' being the coupling
strength. v, denotes the group velocity of the photon in the
waveguide. y is the decay rate of the excited state |e). In
Eq. (1), the first and second terms describe the free evolutions
of the right- and left-moving modes, and the last four terms
are the free Hamiltonian of the CNQD. The Hamiltonian H;
describes the interaction between the CNQD and the traveling
modes.

The arbitrary general state |W(#)) of the system can be
expanded as

w@) =1 f dx (drCl+cY)

+eiler) (g +e—le-)(g-1110), @)

where |0) is the vacuum state with zero photons in the wave-
guide and with the CNQD in single-electron spin states.
¢~5R((I~5L) is the wave function of the right-moving (left-moving)
photonsand ¢4 being the excitation of the CNQD. The tempo-
ral evolution of | W (¢)) is described by the Schrédinger equation
i0,|W(2)) = H|W(2)).

When the photon is input from the left-hand side, the

Schrédinger equation gives
0 < .0 2 -
zaqﬁR: w, —zvga PR+ Vi(x)ey, (4)

a ~
l’E?Jr = Vi(x)¢r + (e — iy )e . (6)

For the left-moving photon, the Schrédinger equation reads

D= v, ) G+ VB(x)E 6
l&‘PL— <wp+lvga> dL+ Vi(x)e—, (6)
.0 . ~ o~

i—e_=V8(x)L+ (we — Aso —iy)e_. (7)
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Fig. 2.  Nonreciprocal transmissions 7} (solid red curve), 7_
(dashed blue curve), and isolation contrast i (long-dashed green curve)
versus the detuning A. T is takenas ' = y = 1, and Agp = 60y.

Following the standard processes of the photon transport
method [77,78], the transmission amplitudes read

2:T
Ar —i(y+T)’

whereA+:a)—a)[,:A,A,:w—a)p —Aso:A—Aso,
and I =| V|2/2vg is the dissipation rate of CNQD due to the
coupling to the waveguide. The first and second terms of z1
describe the incoming photons emitting into the forward
direction of the waveguide of the right-moving/left-moving
photon due to the coherent scatter of the CNQD. For the
right-moving photon, a Lorentz line shape absorption dip with
width 2(y +T') emerges due to the destructive interference.
At A =0, T} =0 could be achieved. Owing to SOC, the elec-
tron can be prepared in a spin-up state | 1 )y by cooling. As a
result, for the left-moving photons, the CNQD is decoupled.
One immediately has 7_ = 1. Transmissions are defined as
T. = |#+|%. The transmissions of 7. (solid red curve) and 7_
(dashed blue curve) with I' = y = 1 are shown in Fig. 2.

Throughout the following investigation, our discussion
will be based on the experimentally measured values for the
SOC in the CNQD [67,68]. We consider a CNT with diam-
eter d~1.2nm and near-infrared lowest optical transition
(~1.5 pm). We take y =10.0 GHz for the intrinsic decay
rate of the CNQD [71], the corresponding exciton recombi-
nation time is about 100 ps. The energy differences induced
by the SOC of the electron and heavy hole are, respectively,
A§o ~374.06 GHz (~1.55meV) and Al ~226.85 GHz
(~0.94 meV) [67], yielding Aso= A, + Ay ~60y.
Owing to the strong SOC, the | | )u <> | |1 )u transition
is far detuned from the left-moving photons, and the elec-
tron could be prepared in a spin-up state | 1 )y by cooling the
CNQD below 17.4 K.

The isolation power of the isolator can be characterized
by the absolute value of the isolation contrast, defined as
n=|7T_— T.|/|T- + T;| [79], and the insertion loss, which is
given by —10 log(Max{ 7}, 7_}). In Fig. 3, we show the isola-
tion contrast 7 as a function of A and @ = I' /. Wee can see that
the SOC results in a nonreciprocal-transmission window where
the single photon is on resonance with the corresponding transi-
tion of the CNQD. In the critical coupling regime, i.c., x =1,
the single right-moving photon transition ideally equals zero at
the CNQD transition frequency due to the destructive inter-
ference between the input and the coherent scattered parts of

8

ty =1+
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Fig.3. [Isolation contrast 1 as a function of A and .. y and Agg are
takenasy = 10.0 GHzand Aso = 60y.

the photon. The right-moving single photon is o -polarized
atx =0. At A =0, it critically couples to the CNQD and thus
is blocked due to the destructive interference. In contrast, the
left-moving photon is o_ -polarized at x = 0 and is off resonance
with the corresponding transition of the CNQD. Furthermore,
the electron spin-down state | | )y is empty. As a result, the
backward transmission is nearly unitary. Our single-photon
isolator is broadband and robust against the variation of . From
Fig. 3, we can see the isolation contrast can be larger than 0.90
when (A/y)? + (¢ — 1.11)? < 0.49%, yielding a bandwidth
of Yyidth & 10 GHz. In this region, the corresponding insertion
loss is less than 0.6 dB.

3. SINGLE-PHOTON CIRCULATOR

We consider a chiral quantum optical system shown in Fig. 4,
which consists of two waveguides (bottom bus waveguide
and top drop waveguide), a microresonator supporting chi-
ral WGMs, and a singly negatively charged CNQD. The
two waveguides have four ports P; (i =1 —4). The WGM
microresonator is modeled as a single-mode resonator with
frequency w, and two chiral modes, corresponding to a counter-
clockwise (CCW)-propagating o -polarized mode and a
clockwise (CW)-propagating o_-polarized one. The P;- and
Ps-input linearly polarized light excites the o4 -polarized CCW
mode, whereas the P, and Py inputs drive the o_-polarized CW
mode. ki, (kq) is the coupling from the bottom bus (top drop)
waveguide into the microresonator and vise versa. As shown in
Fig. 1(b), the 0~ and o_-polarized modes drive the transitions
|1)u< |14 )uand] 4 )u < | 114 u, respectively. Due to
the SOC, the frequencies of two chiral transitions of the CNQD
differ by Ago. At the same time, the electron is prepared in a
spin-up state. Thus, only the transition | 1)y < | M )u
resonantly couples to the corresponding WGM, while the
other is completely decoupled from the resonator. This chiral
interaction enables us to achieve a four-port circulator for single
photons.

The transmissions into the bus and drop waveguides can be
derived by the single-photon scattering method [8,78]. The
transmission amplitudes #; indicate the scattering of single

. 42, No. 4 / April 2025 / Journal of the Optical Society of America B 875
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Fig. 4. Schematic proposed for a four-port bias-free single-photon
circulator, consisting of two waveguides evanescently coupled to a
WGM microresonator interacting with a CNQD. Two waveguides
support four ports P; ( =1 — 4). The microresonator supports two
internal modes, i.e., a o -polarized counter-clockwise mode and a
o_-polarized clockwise one. A negatively charged CNQD interacts
with the o and o_ modes. The interacting configuration is shown
in Fig. 1(b). x and x’ indicate the location in the bus and drop wave-
guides. 7;; (7, j =1 — 4and i # ;) denotes the transmission of a single
photon from P; to P;.

photons from port P; to port P; (i, j =1 — 4and i # j). They

are evaluated as

2iKp/d
1 =1 s Oa
R N T = 2/ — i) )
27 /Kpkd
b3 =t4 = ) (9b)

A, —ik — g2 /(A —iy)

2iKp/d
A, —ik —g?/(A_ —iy)

y
SV (9d)
Ac—ik —g2/(Dy — iy)

bz =1+ , (9c)

4 =12 =

where ky,/4 = Vbz/ 4/2v, is the decay rates of the resonator due
to the external coupling 4, (Vy) to the bus (drop) waveguide.
Photons in both of the bus and drop waveguides are assumed
to have the same group velocity v,. k = k1, + kq + ki denotes
the total decay rate of the resonator with «; being the intrinsic
decay rate. The two transitions of the CNQD have the same
dipole moments. Thus, the coupling strength between the
oy-polarized WGM and the transition | 1)y < [P )u
equals to that between the o_-polarized mode and the transition
| {)Yu< |11 )u,denoted as g. The detuning A is defined as
A = w. — w, with w,, being the frequency of the single-photon
input. The transmissions are given by 7;; = [#;|%.

Here is the basic idea for the single-photon circulator. To
focus on the idea, we consider «y, = k4 > k; and w. = w,. We
take A4 — 0 and |Ago| > ¢ for instance. A single-photon
input to port 1 or 3 drives the o -polarized WGM mode,
which is resonant with the | 1 )y <> | 211} )u transition of the
CNQD. This strong resonator—-CNQD coupling suppresses
the resonator excitation and subsequently leads to the maximal
transmission in the waveguide:

(v + g2 + A2k +y)?

To=14x .
(ky +g2)7 + A2k + p)?

(10)
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Fig.5. 7; (i, j=1—4andi # j) as functions of detuning A with
g2=2y, ky=kqg=10""y, and x; =107%y. Other parameters are
taken as those in Fig. 3.

A single photon entering the system through port 2 or 4 excites
the o_-polarized WGM mode and excites the transition
[{)Yu< |1ty )u. B3 and Tj; exhibit Lorentz shaped [see
Eq. (9b)] around A =—[g?/(A%, + ¥?)]As0, and the full
width at half~-maxima (FWHM) read

Vaidih = 2K [1 + (é) (”—j)] . (11)
Ky Ao

At A=Apx= —[gz/(Aéo +¥H]Aso, the cross trans-
missions 73 and 7;; reach their maximum values, about
(4ipka/k )1 + (g2 /ky)(y*/ A35)]7 . In the strong coupling
regime (ky < g?), owing to the strong SOC (Ago =~ 60y
in the present CNQD), we have A — 0 and thus
Ty =T34 = T3 = Tj1 ~ 1 with £ > k; at A = A, At the
same time, under these conditions, the crossing transmissions
Ti4/32 and 51 /43 are minimal, equal to 774 = T3, = 4kpkay?/
(ky +g%)*— 0 and T3, = Tj3 = (k;/x)* — 0, respectively.
Thus, we obtain a good circulator with photons flowing along
the CCW direction (P; — P, — P3 — P4 — P)).

The transmissions of 7;; (7, j =1 — 4and i # j)asfunctions
of detuning A are shown in Fig. 5. The coupling strength ¢
and decay rates are taken as ¢ =2y, k, =kg=10""y, and
«; =102y All other parameters are same as those in Fig. 3.
Under this set of parameter conditions, one has 7j; = T34 [see
Eq. (92) and the solid red curve] and 73; = 743 [see Eq. (9¢) and
the long-dashed green curve]. The transmissions 733 and 7j;
exhibit Lorentz shape with Y4 = 0.422y (see the dashed blue
curve) and reach their maximum values 0.898 at A >~ —0.066y .
731 and 743 are the inverted Lorentz line shape (see the green
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long-dashed curve). At the same parameter conditions,
Ti2 = 734 ~0.907, while 731 = 723 ~0.003 and 732 = E4 ~
0.002. These numerical calculations show that the present
WGM  microresonator-CNQD quantum system supports
CCW direction single-photon circulator with four ports.

The behavior of the circulator can be fully characterized
by the fidelity F and the insertion loss Z of the single-photon
circulator with the transmission matrix 7. The fidelity F gives
the probability of a correct circulator operation averaged over all
input cases, and it is defined as F = T [ TT Vst iVAYATS!
[9,15] with 7= {T;j/n;} being the renormalized transmission
matrix and 7' the ideal one of a four-port circulator [9,15].
ni =Y 4 Ty describes the survival probability of the probe
photons entering waveguides rather than loss [9,15,21]. The
average photon survival probability is given by n = Z?:l n;/4.
The insertion loss is given by Z = —10 log, , (1).

The fidelity F and insertion loss Z are depicted as func-
tions of A and g, respectively, in Fig. 6. The decay rates /4
for calculations are k, = kg = 107"y and k;=10"2y. y and
Aso are same as those in Fig. 3. Around A ~ 0, large fidelity
(F > 0.8) associated with low insertion loss (Z < 1.5 dB) can be
achieved when g > 0.5. When g = 2y, the fidelity approaches
unity, ~0.99 at A = A« & —0.66 GHz. Meanwhile, the
insertion loss is small, about 0.4 dB [see Fig. 6(b)]. The iso-
lations, which are defined as 7; =10log(7;/7;) [9], of
the four-port circulator formed between adjacent ports are
{I;} ={25.14,25.97,25.14,25.97} dB, implying the nonrecip-
rocal photon circulating along the CCW direction. Due to the
giant dipole moment of CNQDs [80-82], the photon—-CNQD
coupling is large. This strong coupling creates a broadband
nonreciprocal window of |A — A.| < 0.65 GHz, where the
fidelity is no less than 0.95 and the insertion loss is small, about
0.4 dB. Thus, using a CNQD coupling to a WGM microres-
onator, we can achieve a single-photon circulator with broad
bandwidth (~1.3 GHz), low insertion loss (=~ 0.4 dB), and
high fidelity (>0.95).

4. CONCLUSION

In a solid-state picture, we propose a nanophotonic waveguide
embedded with CNQD and a WGM microresonator coupled
with CNQD for a bias-free nonmagnetic single-photon isolator
and circulator with broad bandwidth, low insertion loss, and
high fidelity simultaneously. Our study demonstrates, in these

06 -04 -02 0 0.2 0.4
Aly

Fig.6. (a) Fidelity F and (b) insertion loss Z of the single-photon circulator as functions of the detuning A and the resonator-CNQD coupling ¢.

Other parameters for calculation are same as those in Fig. 5.
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two hybrid quantum schemes, that the zero-magnetic-field spin
splits of electron and heavy hole break the TRS, resulting in
the nonreciprocal behaviors of single photons. Simultaneously,
the nonreciprocal behaviors make the broadband (exceeding
1.3 GHz), low insertion loss (less than 0.6 dB), and high-fidelity
(larger than 0.95) single-photon isolator and four-port single-
photon circulator achievable. Remarkably, the nonreciprocal
solid-state optical device without external bias and magnetic
field is promising for miniaturization and integration on a chip.
We believe our study paves the way for high-performance, bias-
free, nonmagnetic, nonreciprocal optical devices for spin-based,
solid-state, on-chip quantum information processing.
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