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Photonic Rashba effect from quantum emitters
mediated by a Berry-phase defective photonic
crystal
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, Bar Cohn1, Vladimir Kleiner1,
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Heterostructures combining a thin layer of quantum emitters and planar nanostructures enable custom-tailored photoluminescence in an integrated fashion. Here, we demonstrate a photonic Rashba effect from valley excitons in a WSe2 monolayer,
which is incorporated into a photonic crystal slab with geometric phase defects, that is, into a Berry-phase defective photonic
crystal. This phenomenon of spin-split dispersion in momentum space arises from a coherent geometric phase pickup assisted
by the Berry-phase defect mode. The valley excitons effectively interact with the defects for site-controlled excitation, photoluminescence enhancement and spin-dependent manipulation. Specifically, the spin-dependent branches of photoluminescence
in momentum space originate from valley excitons with opposite helicities and evidence the valley separation at room temperature. To further demonstrate the versatility of the Berry-phase defective photonic crystals, we use this concept to separate
opposite spin states of quantum dot emission. This spin-enabled manipulation of quantum emitters may enable highly efficient
metasurfaces for customized planar sources with spin-polarized directional emission.

D

ipoles are ubiquitous in every branch of nanophotonics.
Many quantum emitters, such as atoms, molecules, quantum dots (QDs) and transition metal dichalcogenide (TMD)
monolayers, behave as dipoles in terms of emission characteristics1,2. Despite the inherently coherent emission from a single quantum emitter, the light from many independent quantum emitters,
such as photoluminescence (PL), is generally incoherent and unpolarized, ascribed to the random locations, orientations and initial
phases of the equivalent dipoles. Incorporation of quantum emitters
and a nanophotonic system makes it possible to tailor the spatial
and temporal profiles of the PL. The use of resonant nanostructures can enhance the emission intensities by the Purcell effect3 and
shape the emission spectra by wavelength selection4. Furthermore,
a single nanoantenna or periodic nanostructures can increase the
emission directionality and degree of polarization5–7.
Recently, there has been a surge of interest in selectively manipulating the quantum emitters, that is, the valley excitons, in TMD
monolayers1,8,9, due to their potential as an alternative information carrier in valleytronics. The TMD monolayer possesses an
inversion-asymmetric hexagonal crystal structure, which leads
to opposite spins for electrons at the ±K valleys; here, ±K denote
corners of the Brillouin zone of the electronic band structure, in
which the energy–momentum extrema are referred to as valleys.
Consequently, valley excitons can be selectively addressed and
detected by the spin angular momentum of light according to the
valley-dependent optical selection rule. Nevertheless, the short valley depolarization time prevents direct information transportation
via valley excitons at room temperature, and an urge for a valley–
photon interface emerges8. In particular, valley-selective directional emission remains a prerequisite for the spatial separation of
the valley degree of freedom. Previous optical strategies for valley

separation were achieved by metallic nanostructures supporting
plasmonic modes8,9. These structures inherit relatively high losses
and incompatibility with the semiconductor technology. Besides,
their limited functionalities hinder the pursuit of further valley processing that is demanded by valleytronics.
Two-dimensional arrays of customized nanoantennas, namely,
metasurfaces, enable arbitrary control over the amplitude, phase
and polarization states of light at the subwavelength scale10–12. The
notable achievements of metasurfaces include spatially and spectrally interleaved multifunctionalities13, spatiotemporal modulations14,15, quantum entanglement16 and others17,18. Particularly,
geometric phase metasurfaces (GPMs), constructed of anisotropic
nanoantennas with space-variant orientations, allow the manipulation of light by the spin degree of freedom19. This is enabled by
the polarization evolution of light on the Poincaré sphere, which
generates the spin-dependent Pancharatnam–Berry phase (geometric phase) for the spin-flipped components10,20. Hence, the GPMs
represent an attractive candidate to perform the desired valley separation for TMD monolayers, inspired by spin-dependent photonic
phenomena such as the spin Hall effect21,22 and Rashba effect23,24.
The photonic Rashba effect is manifested as a spin-split dispersion in momentum space, resembling a condensed-matter Rashba
phenomenon in which the electrons’ spin-degenerate bands split
into dispersive branches with opposite spin-polarized states25,26.
However, conventional GPMs are generally designed to operate
under free-space plane waves. Therefore, they prevent an efficient
interaction between nanoantennas and integrated quantum emitters. The emission then substantially leaks into free space without
geometric phase pickup.
Here, we demonstrate a photonic Rashba effect from valley excitons in a WSe2 monolayer using the Berry-phase defective photonic
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Fig. 1 | Illustration of photonic Rashba effect from quantum emitters mediated by a Berry-phase defective photonic crystal. a, Schematic of the
Berry-phase defective PhC covered with a WSe2 monolayer (only part of the structure is shown). The PhC slab is composed of isotropic nanopillars
arranged in one lattice (highlighted by the cyan square), while the GPM is composed of anisotropic rectangular nanoantennas arranged in another
lattice (highlighted by the orange square), serving as defects to the PhC slab. By virtue of the Berry-phase defect mode, the site-controlled excitation
of valley excitons and space-variant polarization manipulation of the scattered PL are achieved at the defects, which give rise to a spin-split dispersion
in momentum space, that is, a photonic Rashba effect, from valley excitons. b, Schematics of electronic band structures and valley-dependent optical
selection rule for the ±K valley excitons. Due to the angular momentum conservation, the –K (+K) valley exciton can be described as an in-plane
left-handed (right-handed) circularly polarized dipole emitter with dipole moment p ± ¼pð^x ± i^yÞ, which preferentially radiates to the spin-down σ– (spin-up
I
σ+) branches in momentum space. The lower part shows the cartoon of the atomic structure
for the WSe2 monolayer. c, Structural details for one unit cell
of the PhC slab embedding with an anisotropic nanoantenna. The heights for all the polycrystalline silicon nanostructures are H = 300 nm. The diameters
of the nanopillars are Φ = 190 nm, and the lattice constant of the square lattice is a = 440 nm. The rectangular nanoantennas have an in-plane dimension
of L = 170 nm and W = 70 nm, and they are imparted with an orientation angle profile θ(x,y) = πx/Na, where N (N = 6) is the number of lattice periods for π
rotation of the nanoantennas in the x direction.

crystal (PhC), which is constructed by embedding a GPM into a
PhC slab as defects (Fig. 1a). The PhC slab is a planar structure
that combines two-dimensional periodicity and index guiding in
the third dimension27, creating a range of frequencies (band gap)
for which light is forbidden to exist. By virtue of this band gap,
the insertion of the GPM into the PhC slab gives rise to a nearfield Berry-phase defect mode, which couples the defects for
an effective interaction with the integrated quantum emitters.
This leads to coherent geometric phase accumulations for individual quantum emitters as the defect mode recouples to free
space. Consequently, a spin-split dispersion from valley excitons is
observed in momentum space, manifesting as the photonic Rashba
effect. Particularly, the spin-up and spin-down branches correspond
to emission from the +K and –K valley excitons (Fig. 1b), respectively, indicating the valley separation in momentum space at room
temperature.

Principle of Berry-phase defective PhC

The Berry-phase defective PhC is composed of a PhC slab with isotropic nanopillars and a GPM with space-variant anisotropic nanoantennas that serve as defects (Fig. 1a,c). Specifically, the band gap of
the PhC slab (grey area in Fig. 2a) is designed to cover the PL wavelengths of the WSe2 monolayer (Fig. 2c). The GPM, assigned with
a space-variant orientation angle profile θ(x,y) = πx/Na, provides
928

a route to achieve space-variant polarization manipulation of the
scattered light; here, N (N = 6) is the number of lattice periods (a)
for π rotation of the anisotropic nanoantennas in the x direction.
Due to the insertion of the GPM into the PhC slab, a defect band
residing in the band gap emerges (green dots in Fig. 2a). This defect
band can be described by the dispersion relation derived from the
classical wave analogue of the tight-binding model28–30, as shown by
the solid curves in Fig. 2b. This property reveals a hopping mechanism between neighbouring defects, which leads to a coupled defect
mode due to the superposition of individual localized defect modes
(see the section on simulation in the Methods). The calculated
field distribution for the coupled defect mode at the M point of the
defect band is depicted by the two right panels in Fig. 2d, where two
differently oriented nanoantennas are shown (see Supplementary
Fig. 3b for the field distribution in a complete unit cell). For
comparison, the field distributions for the isolated nanoantenna
and PhC slab are also displayed in Fig. 2d. The resonance intensity
of the isolated nanoantenna is enhanced by an order of magnitude
when embedded in the PhC slab (Fig. 2e). This leads to an emission
rate enhancement of quantum emitters by the Purcell effect, which,
in combination with the defect-enhanced excitation efficiency,
results in the site-controlled excitation and PL enhancement of the
quantum emitters around the defects (Supplementary Fig. 5).
Hence, the Berry-phase defective PhC provides a natural way to
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Fig. 2 | Principle of Berry-phase defective PhC. a, Calculated defect band (green dots) for Berry-phase defective PhC. The grey circles denote the band
structure for the square PhC slab without defects, in which the grey area indicates the band gap. Here, ω is the angular frequency and c is the speed of
light in free space. Inset, first Brillouin zone of the square lattice labelled with high symmetry points. b, Zoomed-in defect band fitted by the dispersion
relation derived from the classical wave analogue of the tight-binding model. The fittings are separately implemented along the M–X and M–Γ directions
with appropriate coupling factors and distances between neighbouring defects. More details can be found in the section on simulation in the Methods
and in the Supplementary text section 3. c, Measured PL spectra of the WSe2 monolayer on Berry-phase defective PhC (Fig. 3c) and substrate. The
wavelength range of the cyan area equals that of the defect band shown in a. d, Intensity distributions of in-plane electric field (E∥) for the isolated
nanoantenna (top-left panel), PhC slab (bottom-left panel) and Berry-phase defective PhC (two right panels). Two defects of the Berry-phase defective
PhC along θ = 0 (top-right panel) and π/6 (bottom-right panel) are shown. The simulation wavelength corresponds to the M point of the defect band,
as indicated by a black arrow in b. These distributions are extracted across the plane of z = 60 nm, with the midplane of the nanostructures located at
z = 0. Only one unit cell of the PhC slab is displayed for the last three cases, in which the white quarter circles indicate the contours of nanopillars. Max.,
maximum. e, Extracted intensity profiles along the x direction. These profiles (cyan, orange and magenta curves) are extracted across the upper edge of
the nanoantenna from the intensity distributions (cyan, orange and magenta boundaries) shown in d. The intensity profile of the isolated nanoantenna is
used for normalization.

achieve site-controlled quantum emitters for tailored light–matter
interaction, which circumvents the complex and challenging procedures to selectively place the quantum emitters at the defects.
Moreover, the local field distributions of the coupled defect
mode undergo a space-variant rotation following the orientations
of the defects (Fig. 2d). This enables a space-variant polarization

manipulation of the scattered light from the defects, resulting in the
spin-dependent geometric phase pickup. Accordingly, the coupled
defect mode is referred to as the Berry-phase defect mode, whereby
the quantum emitters can effectively interact with the defects
in a sufficiently long range, in contrast to the case without the PhC
slab (Supplementary Fig. 4). Consequently, we expect to observe a
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Fig. 3 | Observation of photonic Rashba effect from valley excitons in a WSe2 monolayer. a, SEM image of a defective PhC with all the defects possessing
the same orientation, θ(x,y) = 0. The PhC slab and defect lattice are highlighted by cyan and orange squares, respectively. b, Measured x- and y-polarized
PL intensity distributions in momentum space. A bandpass filter is used to filter out the PL at the central wavelength of 790 nm with a half-maximum
bandwidth of 10 nm. The circular boundary corresponds to the numerical aperture (NA = 0.4) of the collection objective. The dotted black curves denote
calculations based on the standard momentum-matching condition. The k0 denotes the free-space wavenumber. c, SEM image of a Berry-phase defective
PhC. Inset, optical microscope images of the Berry-phase defective PhC before (left part) and after (right part) the WSe2 monolayer coverage (scale bar,
50 μm). For comparison, only half of the structure is displayed for each case since the whole structure is covered by the monolayer. d, Measured spin-split
modes in momentum space at two wavelengths: 760 nm and 790 nm. The dotted red (σ+) and blue (σ–) curves denote calculations based on the spin–orbit
momentum-matching condition. e, Extracted spin-split dispersion along ky = 0. The stars denote experimental results extracted from d, while the solid
curves denote the theoretical spin-split dispersion from the spin–orbit momentum-matching condition. f, Calculated valley separation in momentum
space. The left and right panels correspond to calculations using left- and right-handed circularly polarized dipole emitters, respectively. For each case, six
in-plane circular dipole emitters, located at the defect locations in one unit cell, are considered.

directional emission from the incorporated quantum emitters, due
to the large spatial coherence length of the near-field Berry-phase
defect mode.
930

Photonic Rashba effect from valley excitons

To experimentally demonstrate the photonic Rashba effect, the
Berry-phase defective PhC was fabricated on a polycrystalline silicon
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film using electron-beam lithography techniques and covered with
a highly crystalline WSe2 monolayer (see the section on fabrication
in the Methods). The monolayer character was verified by Raman
spectra, shown in Supplementary Fig. 6. The diameter of the fabricated Berry-phase defective PhC is D1 = 200 μm (indicated by a
dashed circle in the inset of Fig. 3c), and a scanning electron microscopy (SEM) image showing details of the nanostructures is depicted
in Fig. 3c. Excited by a continuous-wave laser with linear polarization (wavelength of λ = 532 nm and spot diameter of D2 = 100 μm),
both the +K and –K valley excitons were populated in the WSe2
monolayer at room temperature9 (see the section on measurement
in the Methods). The ±K valley excitons radiated as in-plane circularly polarized dipoles with opposite helicities1, which interacted with the planar nanostructures by coupling to the near-field
Berry-phase defect mode, and subsequently scattered to free space
for measurements. The measured emission spectrum of the WSe2
monolayer on the Berry-phase defective PhC is depicted in Fig. 2c,
where an enhancement (compared to the case on the substrate) is
observed at the long-wavelength tail of the PL, in agreement with
the calculated wavelength range for the defect band (cyan area in
Fig. 2c). In addition, we experimentally verified the strong polarization manipulation enabled by the Berry-phase defective PhC. This
is achieved by fabricating a defective PhC with all the defects possessing the same orientation θ(x,y) = 0 (Fig. 3a). The measured PL
from the covered WSe2 monolayer in momentum space is strongly
polarized along the orientation of the defects, that is, x polarization
(Fig. 3b), validating the polarization manipulation from the defects.
Hence, spin-dependent geometric phases arise from the
Berry-phase defective PhC since the polarization state of the scattered PL rotates with the space-variant defects. Consequently, the
spin-split modes were measured in momentum space around the
wavelength of λ = 790 nm (Fig. 3d and Supplementary Fig. 7), consistent with the measured wavelength range for PL enhancement
(Fig. 2c). These spin-resolved momentum spaces were obtained by
measuring the S3 component
   ofthe Stokes
 vector.
  This component,
 
defined as S3 kjj ¼ Iσþ kjj � Iσ� kjj = Iσþ k jj þ Iσ� kjj ,
describes the portion
of circular polarization for the scattered PL.
I
Here, kjj ¼ kx ^x þ ky ^y (^x and ^y are unit vectors) is the in-plane wave
vector Iin momentum space; Iσ+ and Iσ− are PL intensities for opposite spin states discriminated by a circular polarization analyser.
Theoretically, we find that these spin-split modes obey the spin–orbit
¼ neff k0 þ gG1 þ hG2 þ σk s
momentum-matching condition kg;h
jj
(ref. 24), as indicated by the dotted
I red (σ = 1) and blue (σ = –1)
curves in Fig. 3d. Here, neffk0 is the effective in-plane wave vector
for the Berry-phase defect mode, G1 and G2 are basic reciprocal lattice vectors of the GPM and g and h ðg ; h 2 f0; 1; �1gÞ are indig;h
I
ces of the radiative mode with the in-plane
wave vector kjj . The
spin-dependent term σks, which equals ½�2σ∂θðx; yÞ=∂x^x, arises
I from
I ϕg = −2σθ(x,y) due to the
the gradient of geometric phase pickup
space-variant polarization manipulation. Moreover, the extracted
spin-split dispersion, such as that along ky = 0 (Fig. 3e), supports
the claim of a photonic Rashba effect from valley excitons in the
WSe2 monolayer. The measured spatial coherence length of the PL
is lc = 2π/Δk ≈ 17λ (λ = 790 nm), which indicates a sufficiently long
coherent interaction distance for the valley excitons and defect
nanoantennas; here, Δk denotes the half-maximum width of the
measured mode in momentum space.
The observed photonic Rashba effect can be explained via an
effective interaction between in-plane circularly polarized dipole
emitters (equivalence of valley excitons) and the defect lattice,
that is enabled by the Berry-phase defect mode. Considering the
site-controlled excitation of valley excitons around the defects, we
assume a two-dimensional array of dipoles pn located above defects
with locations and orientations (rn,θn), where n is an integer labelling the dipoles and defects. The defects are treated as space-variant
^ n ¼ cos θn ^x þ sin θn ^y, as
polarizers with transmission axes along P
I

validated by the measured polarization locking along the defects
(Fig. 3b). For a single dipole emitter pm, its radiated electric field at
the n-th defect is Em(rn), which is calculated by the Green function
(see the section on theory in the
 Methods). The resultant electric
field in momentum space Um kjj is determined by the coherent
addition of the scattered lightI from all the defects; that is,
(
)
X
� 

m
m
^n ;
^n P
ð1Þ
U k jj ¼ F
E ðrn Þ  P
n

where F fg refers to the Fourier transform. Consequently, geometric
I
phases emerge
for a single dipole emitter ascribed to the space-variant
^ n in equation (1).
polarization manipulation embedded within P
Specifically, for the circular dipole of either left
(+)
ﬃﬃﬃﬃﬃﬃright
� Ipor
 (–) handedness with dipole moment pm± ¼pð^x ± i^y Þ i ¼ �1 , the emerging geometric phase
I 
 for its spin-flipped
 component of radiation
^n  σ
^n P
^ � ϕd ðrn Þ. Here, Em± ðrn Þ
is ϕg ðrn Þ ¼ arg Em± ðrn Þ  P
I
I radiated electricpfield
is the
ﬃﬃﬃ for the left- or right-handed circular
^ ¼ ð^x  i^
y Þ= 2 is a unit operator that projects the radiadipole; σ
I spin-flipped state; and ϕd(rn) denotes a dynamic phase
tion to the
due to the phase accumulation from the source pm to the n-th defect,
and it equals the phase for 
the
of radia spin-maintained
  component

^n  σ
^n P
^ ± . Based on this
tion, that is, ϕd ðrn Þ ¼ arg Em± ðrn Þ  P
I
principle, we revealed
that ϕ ðr Þ ¼ �2σθ (see the Supplementary
g

n

n

text section 6), in agreement
I with the spin-dependent term σks
in the spin–orbit momentum-matching condition. Equation (1)
leads to a well-defined spin distribution in momentum space

m m
m 2
m 2
that can be calculated by Sm
3 ¼ �2ImðUx Uy Þ=ðjUx j þ jUy j Þ;
here, Im () refers to the calculation
of the imaginary part and the
I
asterisk denotes the complex conjugate. For multiple independent dipole emitters, the spin-resolved momentum space equals
the incoherent addition of individual spin distributions31, that is,
P
P
S3 ¼ �2 ImðU m U m* Þ= ðjU m j2 þ jU m j2 Þ. For the Berry-phase
y
x
x
y
m
m
 
defective
PhC shown in Fig. 3c, the calculated S3 kjj for multiple
I
left-handed circularly polarized dipole emitters
I (equivalence of
the –K valley excitons) is depicted by the left panel of Fig. 3f,
where the spin modes match the measured spin-down branches
(blue curves in the right panel of Fig. 3d). Similarly, good agreement is also observed between the measured spin-up branches and
those calculated from multiple right-handed circularly polarized
dipole emitters (equivalence of the +K valley excitons). Hence, the
emissions from valley excitons with opposite helicities are separated
in momentum space, manifesting as the photonic Rashba effect.
*

Photonic Rashba effect from QDs

The Berry-phase defective PhCs are underpinned by a basic interaction between circular dipole emitters with opposite helicities
and nanostructures, which is applicable to other quantum emitters
beyond valley excitons. Due to the strong spatial confinement, excitons can also be excited in QDs at room temperature32. By incorporating QDs into the Berry-phase defective PhC, these site-controlled
excitons radiate as linearly polarized dipoles oriented along the
defects, and each of these dipoles is equal to the superposition of
two opposite-handed circularly polarized ones. For demonstration,
we fabricated the Berry-phase defective PhC that was covered by a
thin hydrogen silsesquioxane (HSQ) layer (t = 70 nm) doped with
randomly placed QDs (Fig. 4a). Similar spin separations as those for
the WSe2 monolayer are also observed (Fig. 4b and Supplementary
Figs. 10 and 11), with the difference that the emission from each
exciton splits to spin-up and spin-down branches simultaneously.
The concept of Berry-phase defective PhCs can be implemented in
different PhC structures that support photonic band gaps, such as
the Kagome one. The Kagome lattice is a depleted version of the
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Fig. 4 | Observation of photonic Rashba effect from QDs. a, Schematic of the Berry-phase defective PhC incorporated with QDs. These site-controlled
QDs, doped in a thin HSQ layer (t = 70 nm), radiate as linearly polarized dipoles oriented along the defects, and each of these dipoles equals the
superposition of two opposite-handed circularly polarized ones. b, Measured spin-split modes in momentum space. The dotted red (σ+) and blue (σ–)
curves denote calculations based on the spin–orbit momentum-matching condition. c, SEM image of a Kagome–hexagonal Berry-phase defective PhC. The
PhC slab and defect lattice are highlighted by a cyan hexagram and orange hexagon, respectively. The lattice constants for Kagome and hexagonal lattices
are a = 320 nm and 640 nm, respectively. d, Measured PL enhancement for the Kagome–hexagonal Berry-phase defective PhC (blue curve), as compared
to the case of a bare QD-doped HSQ film (orange curve). e, Measured spin-split modes in momentum space for the Kagome–hexagonal Berry-phase
defective PhC. The measured spatial coherence length for the PL is lc ≈ 22λ (λ = 790 nm). f, Extracted spin-split dispersion along ky = 0 for the Kagome–
hexagonal Berry-phase defective PhC. g, Calculated spin-resolved momentum space for the Kagome–hexagonal Berry-phase defective PhC. Twelve linearly
polarized dipole emitters, sharing the same positions and orientations as the defects in one unit cell, are considered.

triangular lattice that favours the formation of a band gap33, and its
sparsely arranged photonic atoms also enable the insertion of defect
nanoantennas as a hexagonal lattice (see Fig. 4c for the SEM image of
the Kagome–hexagonal Berry-phase defective PhC). Simulations of
the defect band in this case can be found in the Supplementary text
section 9, and the measured PL enhancement is depicted in Fig. 4d.
Moreover, the observed spin-split modes inherit the symmetry
932

of the hexagonal lattice (Fig. 4e and Supplementary Fig. 15), and
the extracted spin-split dispersion also shows the photonic Rashba
effect (Rashba split of 2π/3a). Theoretically, these spin-split modes
can be interpreted by assuming linearly polarized dipole emitters in
equation (1), and the calculated spin-resolved momentum space is
depicted in Fig. 4g, in agreement with the measurement (left panel
of Fig. 4e). As a comparison, we also fabricated the GPM without
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the PhC slab, where a chiral mode rather than the photonic Rashba
effect is observed from the incorporated QDs, due to the negligible
geometric phase pickup from the nanoantennas (Supplementary
text section 11).

Conclusions

We have demonstrated the photonic Rashba effect from valley exci
tons in a WSe2 monolayer, which is incorporated in the Berry-phase
defective PhC. This geometric-phase-induced valley separation
establishes a multifunctional interface between valleytronics and
photonics via all-silicon nanostructures, which may facilitate viable
applications of valleytronics in semiconductor platforms. Moreover,
the revealed phase and polarization locking from Berry-phase
defects can also be implemented to observe the spin-split emission from linear dipole sources, such as excitons in QDs. These
polarization-locked linear dipoles in the near field can be considered as a superposition of two orthogonal circular ones. Based on
this mechanism, we have also demonstrated a separation of emission with opposite spin states for QDs. Incorporating the approach
of Berry-phase defects with a high-quality-factor PhC cavity can
achieve the coherent addition of multiple dipole sources; this will
result in a collapse of the continuous spin-split branches into discrete points (see Supplementary Fig. 9). Although we demonstrate
the photonic Rashba effect only from PL of the described quantum
emitters, the same effect should hold equally well for electroluminescence or chemiluminescence to observe spin-polarized directional
emission. We envision our Berry-phase defective PhCs as a versatile
platform for integrated spin manipulation, which may inspire further investigations in heterostructures containing a quantum emitter and metasurface. The foreseen applications include wavefront
manipulation of single quantum emitters and spin engineering in
nanostructured light-emitting diodes.
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Methods

Sample fabrication. The 300-nm-thick polycrystalline silicon (poly-Si) film was
grown on a fused silica (SiO2) substrate at a temperature of 590 °C. Subsequently,
a 100-nm-thick HSQ film serving as the negative-tone electron-beam resist was
spin-coated above the poly-Si film. After baking at 120 °C for 4 min, the HSQ
film was patterned by electron-beam lithography (Raith EBPG system, 100 kV)
and developed in the developer solution (MiF 726) for 70 s, resulting in the
fabrication of the desired mask on the HSQ film. To transfer the mask pattern
to the underlying poly-Si film, deep reactive-ion etching (F-ICP Plasma Therm
system) was employed to etch the uncovered poly-Si film for 30 s. The HSQ
mask was removed by reactive-ion etching (CHF3 and O2) for 6 min. Finally, a
highly crystalline WSe2 monolayer (1 cm × 1 cm; 2D Semiconductors) grown
by chemical vapour deposition was transferred above the nanostructures.
Alternatively, commercially available QDs (CdTe/CdSe/ZnS; Creative Diagnostics)
were uniformly dispersed in the HSQ solution and spin-coated above the
nanostructures, with a thickness of approximately 70 nm. The diameters of the
near-infrared-emitting CdTe/CdSe/ZnS core/shell/shell QDs were approximately
6 nm. The measured quantum efficiencies for the as-grown WSe2 monolayer
and QDs were approximately 10% and 60%, respectively, which could be greatly
boosted by the Purcell effect in Berry-phase defective PhCs. The schematic for the
fabrication processes can be found in Supplementary Fig. 1.
Optical measurement and data analysis. All the optical measurements were
conducted in ambient environment at room temperature. The linearly polarized
pump beam (λ = 532 nm) from a continuous-wave laser first passed through a
short-pass filter to eliminate any spectrum remaining at the PL wavelengths of the
quantum emitters. The filtered pump beam was subsequently focused by a lens
(focal length f = 10 cm) to excite the quantum emitters incorporated in the samples.
The PL scattered from the nanostructures was collected by an objective (Mitutoyo
M Plan NIR 20; NA, 0.4) and spectrally selected by different bandpass filters (see
Supplementary Fig. 7a for transmission spectra), which simultaneously blocked
the pump beam. To enable the spin projection of the collected PL in momentum
space, the magnified PL image after the objective was Fourier transformed by a
second lens (f = 10 cm). Here, a circular polarization analyser (a quarter-wave plate
followed by a linear polarizer) was utilized to discriminate opposite spin states,
which were imaged by an electron-multiplying charge-coupled device (Andor
iXon). Alternatively, the collected PL was refocused by a lens (f = 10 cm) to a
multimode fibre, which was connected to a spectrometer (Horiba iHR320) for
spectrum analysis. It was experimentally verified that the polarization states (linear
or circular polarization) of the pump beam and the orientations (nanostructures
or substrate facing the objective) of the sample had negligible influence on the
measured results. The schematic for the experimental set-up can be found in
Supplementary Fig. 2.
The experimental signal-to-noise ratio could be enhanced by eliminating the
homogenous background. There were two kinds of homogenous background
that contributed to the captured images. One was from the dark counts of the
charge-coupled device, and the other was from the PL without interaction with
the planar nanostructures. We subtracted the homogenous background, leaving a
background-free pattern that originated from the interaction between the PL and
nanostructures.
    To avoid being
  divided
  by
 numbers
 near
 zero in the calculation of
S3 kjj ¼ Iσþ kjj � Iσ� kjj = Iσþ kjj þ Iσ� kjj , a small offset was added to
9
the
I denominator for areas with only background . In the fitting of the measured
modes in momentum space, we chose a suitable effective refractive index neff
(1.3–1.5) for the coupled defect mode in the momentum-matching condition. To
obtain the spin-split dispersion, we first extracted
 the
 PL intensity profile along
ky = 0 from the spin-projected measurement Iσ ± k jj under a specific wavelength,
which was determined by the central wavelength
I of the bandpass filter. Following
that extraction, each spin-dependent peak on the intensity profile was fitted
by a Gaussian function, the centre of which was assigned as the wave vector
of the corresponding spin mode. The same procedure was repeated for other
wavelengths, and these discrete wavelength and wave vector values composed the
spin-split dispersion.
Theoretical method for dipole emission. To characterize the emission from a
single quantum emitter, a monochromatic (linear or circular) electric dipole p is
assumed at the origin of the Cartesian coordinate system. The emitted electric field
E(r) from the dipole can be written as34,35
$

EðrÞ / GðrÞp:

ð2Þ
$

Here, r = (x,y,z) is an arbitrary observation point, and GðrÞ is the free-space dyadic
I the field components
Green function, which contains all the information about
created by the dipole. The dyadic Green function is expressed as


$
$
1
GðrÞ ¼ U þ 2 ∇∇ Gðr Þ;
ð3Þ
k
$

where U is the unit dyadic and k is the wavenumber of the emitted light. The
function GðrÞ ¼ expðikr Þ=r is the outgoing scalar free-space Green function,
I

which satisfies the inhomogeneous Helmholtz equation,
$ with a δ-function source
term at the origin. Upon performing the derivations, GðrÞ can also be written in
I
the form



 
$
$
1
i
1
1 3i
3
ð4Þ
GðrÞ ¼
þ 2 � 2 3 U þ � � 2 þ 2 3 ^r^r expðikrÞ;
r kr
k r
r kr
k r
where ^r is the unit vector in the r direction. Consequently, the electric field
emitted from the dipole at any observation point can be obtained. To calculate
the interaction between the dipole emitter and defect lattice, the dipole emitter
is placed at the plane of z = 0, and the nanostructures are located at the plane of
z = 0.1λ/neff.
Numerical simulation. The simulations were implemented using a commercial
finite-difference time-domain (FDTD) solver (Lumerical FDTD Solutions).
To calculate the defect band for the Berry-phase defective PhC (green dots in
Fig. 2a), the Bloch boundaries were employed in the x and y directions, and
the antisymmetric boundaries were employed in the z direction. The unit cell
of the simulation structure contained six space-variant nanoantennas, which
were embedded in the square PhC slab composed of isotropic nanopillars. The
structural parameters of the silicon nanostructures (refractive index of 3.4) were
set according to the description in Fig. 1c, and the surrounding environment was
assumed to be air. Here, due to the negligible material loss and dispersion within
the near-infrared PL wavelengths (700–800 nm)36,37, the refractive index of silicon
was assumed to be a single real value. The defects were removed when calculating
the band structure for the square PhC slab, and only the primitive cell was
simulated. These bands were calculated by employing multiple broadband
linear dipole emitters with random locations, orientations and phases, which
enabled the excitation of all the resonant modes supported by the structures.
To obtain the field distributions for the isolated nanoantenna, PhC slab and
Berry-phase defective PhC (Fig. 2d), a monochromatic linear dipole emitter was
employed to excite these structures, at the wavelength corresponding to the M
point of the defect band.
The dispersion relation employed to fit the defect band (Fig. 2b) is derived
in the context of a one-dimensional coupled-resonator optical waveguide, which
consists of defect resonators embedded in a two-dimensional photonic crystal28.
These defect resonators are weakly coupled by the evanescent Bloch waves, so that
the eigenmode of the system equals the linear combination of resonant modes
of individual resonators, analogous to the spirit of the tight-binding method in
condensed-matter physics. Provided that only the nearest-neighbour coupling is
considered, the derived dispersion relation satisfies ω ∝ 1 + κcos(KR), which
reveals a hopping mechanism behind the defect band. Here, ω denotes the
frequency, κ denotes the coupling factor, K denotes the wavenumber of the defect
band in the first Brillouin zone and R denotes the distance between neighbouring
resonators. Because of the two-dimensional arrangement of the defects in our
Berry-phase defective PhC, the defect band is divided into two parts according
to the modal propagation directions: the M–X and M–Γ directions (see first
Brillouin zone in Fig. 2a). Each part is considered as a one-dimensional case,
which is well fitted by the dispersion relation with an appropriate coupling factor
and distance between neighbouring defects. These two parameters (coupling
factor and distance) individually determine the amplitude and period of the
cosine-shaped defect band, respectively. Note that a stronger hopping effect,
evaluated by the coupling factor, is observed along the M–X direction, due to
its shorter distance between neighbouring defects. Furthermore, the hopping
strength can be controlled by changing the lattice constant of the square lattice
(Supplementary Fig. 3c).
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