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We propose an experimentally feasible nanophotonic platform for exploring many-body physics
in topological quantum optics. Our system is composed of a two-dimensional lattice of non-linear
quantum emitters with optical transitions embedded in a photonic crystal slab. The emitters interact
through the guided modes of the photonic crystal, and a uniform magnetic field gives rise to large
topological band gaps, robust edge states and a nearly-flat band with a non-zero Chern number. The
presence of a topologically non-trivial nearly-flat band paves the way for the realization of fractional
quantum Hall states and fractional topological insulators in a topological quantum optical setting.

Since the discovery of topological phenomena in pho-
tonic systems [1, 2], analogues of the quantum Hall effect
have been explored in variety of photonic systems, includ-
ing gyromagnetic photonic crystals [3–6], helical waveg-
uides [7], phase- and time-modulated optical resonators
[8–10], polaritons in optical cavities [11], and topological
lasers [12–14]. While at microwave frequencies gyromag-
netic effects can break time-reversal symmetry [3–6], the
same effects become extremely weak at optical frequen-
cies making optical topological systems generally robust
only with respect to certain types of disorder [15]. Lin-
ear photonic systems also generally lack the interactions
between constituent particles required to obtain exotic
states of matter such as the fractional quantum Hall ef-
fect [16].

Recently, non-linear quantum emitter arrays in free
space were shown to support robust topological states
protected by broken time-reversal symmetry at optical
frequencies[17–19]. Such an approach requires deeply
subwavelength interatomic spacing, which is challenging
to implement experimentally [20]. Furthermore, realiz-
ing strongly correlated topological many-body physics
requires topological bands with negligible dispersion rel-
ative to the energy scale of the interactions [21–27]. This
is difficult to attain in atomic lattices in free space due
to the lack of tunability of the dispersion of the topo-
logical bands [18]. Combining non-linear quantum emit-
ters with nanophotonic systems has recently emerged as
a viable route for making system parameters tunable in
a wide range [28–33], potentially opening up strongly-
correlated states of light and matter for experimental
realization [34–39]. Pioneering work has demonstrated
the coupling of a single quantum emitter to a topolog-
ical photonic interface [40, 41], but the development of
a truly robust, large-scale many-body platform for topo-

logical quantum optics remains an outstanding challenge.
Realization of robust topological systems in the optical
domain is especially interesting in light of potential ap-
plications to quantum networking [42].

FIG. 1. (a) Schematic depiction of the photonic crystal
slab with air holes and the embedded triangular emitter ar-
ray. Emitter spacing is a = 240nm, transition wavelength
is λ = 738nm. Out-of-plane B-field splits the |σ+〉 and |σ−〉
atomic transitions. (b) Unit cell of the photonic crystal (black
lines). The emitter is embedded at the center. The diameters
of small and large holes are ds = 40nm and dl = 56nm, re-
spectively. The large holes are centered R = 96nm away from
the emitter. (c) Cross section of the photonic structure along
the dotted line indicated in (a). The SiVs are embedded in
a diamond (nd = 2.4) layer of thickness h = 120nm, which
is surrounded on both sides by GaP (nGaP = 3.25) layers of
thickness w = 75nm.

In this Letter, we propose an interface between a two-
dimensional photonic crystal and an atomic emitter ar-
ray, which addresses all of the above issues to realize a ro-
bust topological system with all necessary ingredients for
the realization of strongly correlated topological many-



2

body states at optical frequencies. Specifically, we con-
sider a two-dimensional atomic emitter array integrated
with a two dimensional photonic crystal slab. We show
that in the presence of an out-of-plane magnetic field, the
hybridization of the atomic levels and the photonic modes
of the slab lead to energy bands with non-trivial Chern
numbers. In contrast to free-space realizations, we find
very large topological band gaps and the existence of an
almost completely flat topological band. This makes the
system a strong candidate for the realization of fractional
phases, such as fractional Chern insulators [21–26]. We
also demonstrate the formation of topological edge states
that are robust to imperfections in the lattice and inho-
mogeneous broadening of the emitters. Notably, the re-
quired lattice spacing of the emitters is comparable to the
optical wavelength, which is an order of magnitude larger
than for free-space systems [17–19]. The hybrid approach
considered here thus opens up an experimentally acces-
sible platform for exploring topological quantum optics
and many-body physics.

The physical system is depicted in Fig. 1(a). A trian-
gular lattice of quantum emitters (spacing a = λ/3) is
embedded in a two-dimensional photonic crystal (PhC)
slab of air holes. Each atomic emitter has optical tran-
sitions with wavelength λ between the ground state |g〉
and the two excited states |σ+〉 and |σ−〉. The emitters
are surrounded by a cavity-like hole structure and inter-
act via the guided modes of the slab. A uniform out-
of-plane magnetic field Zeeman-splits the excited states
of each emitter. The resulting polaritonic bands feature
non-trivial Chern numbers and one band is almost com-
pletely flat (Fig. 2(b)). A large energy gap is formed
between the bands, which is two orders of magnitude
larger than the gap in free space for comparable emitter
spacings [17, 18]. Inside the gap, topological edge states
appear, which are protected by the large gap from scat-
tering into extended bulk states or guided modes of the
slab.

For concreteness, we focus on the hybrid PhC struc-
ture illustrated in Fig. 1. The unit cell of the PhC slab
made of gallium phosphate (GaP) with air holes is shown
in Fig. 1(b). Each atomic emitter is placed at the geomet-
ric center of the unit cell, forming a periodic triangular
lattice. The emitters are placed in the middle of the slab
(z = 0 mirror plane) to ensure that they only couple
to TE-like guided modes [43]. This can be achieved for
different kinds of quantum emitters by introducing slight
modifications to the PhC structure. One option is to em-
bed quantum dots directly into the dielectric slab [41, 44–
48]. Another option is to create an additional hole at the
center of the cell and trap there a neutral atom using far-
off resonance optical trapping, vacuum forces, and side
illumination [35]. Alternatively, atom-like color defects
in diamond such as Silicon Vacancy (SiV) centers can
be integrated with the photonic structure [49–51] using
a thin diamond layer sandwiched between two layers of

GaP as shown in Fig. 1(c). For the calculations below,
we focus on an implementation with SiV centers.

The TE-like guided bands of the slab near the emitter
frequency are shown in Fig. 2(a) [52]. The colors of the

bands indicate the normalized field strength |Ek(rA)|2a3
at the location of the emitter inside the unit cell where
Ek(r) denotes the classical field solutions of Maxwell’s
equations for Bloch quasi-momentum k [43, 52–54]. This
photonic structure was designed to ensure that there are
no other guided modes within a few THz energy range
just below the tip of the Dirac cone. Such a spectrum
is a general feature of PhC slabs with the cavity-like
hole structure shown in Fig. 1(b) and can be achieved
for a wide range of parameters [55]. The thickness of
the layers, and the size and spacing of the holes of the
diamond-GaP structure, are chosen such that the tip
of the Dirac cone ωDirac is tuned within a few hun-
dred GHz of ωA = 2πc/λ, the SiV transition frequency
(λ = 738nm). Thus, the emitters interact primarily
through the guided modes of the Dirac cone.

FIG. 2. (a) TE-like photonic band structure of the slab in
the vicinity of the SiV transition frequency ωA. The light
cone region is shaded green. The tip of the Dirac cone ωDirac

is detuned by δA = ωDirac − ωA = 3.74 THz from ωA. Band
colors reflect the normalized field strength |Ek(rA)|2a3 at the
emitter location. (b) Hybrid atomic-photonic bands in the
presence of an out-of-plane B-field (µB = 25γ) in the im-
mediate vicinity of the K point (see black box in (a)) for
a detuning of δA = 0.321THz. Yellow dashed lines indicate
the bare photonic bands for reference. Chern numbers of the
bands are indicated by black numbers.

In what follows, we assume that there is a single exci-
tation in the system. The dynamics in the presence of a
magnetic field is captured by the non-Hermitian Hamil-
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tonian [17, 18, 56–59]

H = ~
N∑
i=1

∑
α=σ+,σ−

(
ωA + sgn(αi)µB − i

Γ

2

)
|αi〉〈αi|

+
3πγ~c
ωAnd

∑
i6=j

∑
α,β=σ+,σ−

Gαβ(ri − rj)|αi〉〈βj |, (1)

where N is the number of emitters, sgn(σ±) = ±, µB is
the Zeeman-shift of the emitters with magnetic moment
µ due to the magnetic field B = Bẑ, γ is the emission
rate of SiVs in bulk diamond, c is the speed of light and
nd is the refractive index of diamond.

Since we only consider a single excitation in the sys-
tem, the effect of any quantum jump operators would be
to prepare all spins in the ground state from which no
further evolution is possible. The rate of such quantum
jumps is equal to the rate of population loss of the wave
function evolving under H [60]. Thus, this Hamiltonian
effectively captures the effect of any quantum jumps. For
further details on the physical motivation of the Hamil-
tonian, we refer to Refs. [61–66].

The dipolar spin-spin interaction of the emitters is de-
scribed by the dyadic Green’s function Gαβ(r) where
ri denotes the position of the ith atom. The irre-
versible decay rate of individual emitters inside the slab
is Γ = ΓPC + Γ0, where ΓPC (Γ0) accounts for scattering
into guided slab (free-space) modes. In general, Γ0 � γ
due to total internal reflection [47] and we therefore ne-
glect coupling to free-space modes for now (see Ref. [52]
for further discussion).

The single excitation eigenmodes of Eq. (1) are Bloch
modes of the form

|ψk〉 =
∑
n

eik·Rn

[
c+,k|σ+,n〉+ c−,k|σ−,n〉

]
, (2)

where the summation runs over all lattice vectors {Rn}
and k is the Bloch quasi-momentum. For each k, there
are two eigenvalues ωk that can be numerically calculated
from the photonic band structure shown in Fig. 2(a) [52].
Fig. 2(b) shows the hybridized bands in the vicinity of
the K symmetry point in the presence of an out-of-plane
magnetic field. One atomic band does not interact with
the guided slab modes due to polarization mismatch,
forming a flat band in the middle. The other atomic
band hybridizes with the guided modes, forming avoided
crossings that split the band into two disjoint parts. Two
equal band gaps form above and below the middle band
and the three bands have Chern numbers -1, +2 and -1,
respectively.

The topological protection of the system increases with
gap size, ∆. Due to the Zeeman-splitting of the atomic
levels, the gap size increases linearly with the applied
magnetic field [17], until the middle band completely flat-
tens and the maximum gap size ∆max is achieved [52].
The maximum gap size is plotted in Fig. 3 as a function

FIG. 3. Maximum gap size ∆max as a function of the detun-
ing δA (blue line). The dashed red line is a ∼ 1/δA fit.

of the detuning δA = ωDirac − ωA between the tip of the
Dirac cone and the atomic transition frequency. As the
tip of the Dirac cone is tuned closer to the emitter fre-
quency, the energy gap increases as ∼ 1/δA. This stands
in contrast with the free-space results, where increas-
ing the gap size required reducing the interatomic dis-
tance [17]. Ultimately, the gap size is limited by the fact
that our quantum optical model relies on the Markov ap-
proximation [67] and is only valid as long as the emitter-
field correlation time τc is much shorter than the typi-
cal timescale on which the emitter system evolves (see
Ref. [52] for details).

FIG. 4. (a) Infinite stripe of emitters embedded in an ex-
tended photonic crystal slab. (b) Edge states inside the band
gap near the K point. Unidirectional edge states on the left
(right) boundary are indicated by diamonds (squares). Bulk
modes are marked by dots, which form a nearly flat band in-
side the gap. Yellow shading and yellow dashed lines mark
the region where bands can decay into resonant slab modes.
Color coding shows the decay rate ΓPC. Relevant parame-
ters are δA=18.73THz, vs = 0.25c, |E0|2 = 0.1855/a3, ∆ = γ
and µB = 0.5γ. Results were obtained for a stripe with 81
atoms in the transverse direction. States with 5 times more
amplitude on the five leftmost emitter columns than on the
five rightmost columns, are classified as edge states.

We next explore the topological edge states of the sys-
tem considering a small gap size (i.e. large δA) to ensure
sufficient density of states near the tip of the Dirac cone
even for limited lattice sizes. For edge state calculations
corresponding to the parameters of Fig. 2 and analysis
of the system evolution when the density of states is low,
please refer to Ref. [52].
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First, we consider a stripe of emitters, embedded in an
extended PhC, that is infinite along the y-axis, but finite
along the x-axis as shown in Fig. 4(a). Fig. 4(b) shows
the unidirectional edge states inside the gap near the K
point. These states are confined to the system bound-
aries and carry energy only in one direction due to the
broken time-reversal symmetry and the topological pro-
tection of the system [1–3, 17, 18, 68, 69]. Edge states
that fall within the quasi-momentum region where the
guided modes of the Dirac cone are resonant with the
emitters (yellow region in Fig. 4(b)) have a decay rate of
ΓPC = Im(ωk) from coupling to guided slab modes. This
decay significantly broadens the energy levels of these
states, making their frequency and slope ill-defined. Near
the center of this region, the width of the edge modes
far exceeds the size of the gap (ΓPC � γ), effectively
connecting the edge states to the upper band, making
the spectrum gapless. Modes outside the yellow region
cannot couple to slab modes due to the momentum mis-
match, making these modes long-lived (ΓPC ≈ 0).

Next, we study the time evolution of edge states in real
space. Fig. 5(a) shows a defect-free triangular lattice of
emitters embedded in an extended PhC. One emitter on
the edge is driven by a weak laser with frequency ωL res-
onant with the edge states in the lower half of the gap.
The laser drives the σ+ and σ− transitions with equal
strength Ω, such that Ω � ∆. We calculate the time
evolution of the wavefunction of the initial state by nu-
merically exponentiating Eq. (1) [18] and observing that
the only relevant time scale for the system evolution is
γ−1. The state of the system at one particular time is
shown in Fig. 5(a). The edge states carry energy only in
the clock-wise direction due to broken time-reversal sym-
metry by the out-of-plane B-field and coupling to bulk
modes are strongly suppressed. The excitation routes
around the lattice corners without reflection or signifi-
cant loss into the guided modes of the slab.

The hallmark of topological edge states is their robust-
ness to imperfections. Fig. 5(b) shows a lattice, where a
random 10% of the emitters is missing and we account for
inhomogeneous broadening of emitters (e.g. due to fab-
rication imperfections) by sampling the emitter frequen-
cies from a Gaussian distribution, whose width is 10% of
the gap. Fig. 5(b) shows a snapshot of the time-evolved
system. Despite the lattice defects and inhomogeneous
broadening, the edge state propagates along the system
edges, routing around all defects. These results demon-
strate the topological robustness of the edge states.

The flat middle band in Fig. 2(b) is a key feature of
our topological system. The flatness of the band and
the non-trivial Chern number are the two key ingredi-
ents for fractionalized topological phases in lattice mod-
els [21–26, 70–72]. Usually, such flat bands require careful
tuning of the long-range hopping parameters. Here, the
band remains flat away from the K point as the guided
photonic bands are far-detuned and coupling to them is

FIG. 5. (a) Time-evolved state (t = 161.5γ−1) of a
hexagonal-shaped triangular lattice of emitters (N = 1519)
embedded in an extended photonic crystal slab. An emit-
ter at the edge is addressed by a laser (black star). The
edge state propagates on the boundaries without reflection
or significant decay into slab modes. The color code shows
the excitation probability at each emitter. (b) Time-evolved
state (t = 297.5γ−1) of the system (N = 1380) in the pres-
ence of imperfect lattice filling (90%) and inhomogeneous
broadening, where the emitter frequencies are sampled from
P (ω) = 1/

√
2πσ2 exp(−(ω − ωA)2/(2σ2), where σ = 0.1∆.

Other relevant parameters are δA/2π = 18.73THz, vs = 0.25c,
|E0|2 = 0.1855/a3, ∆ = γ, µB = 0.5γ, Ω = 0.0059γ and
ωL = ωA − 0.37γ. The laser drive is switched on adiabat-
ically with the profile Ω(t) = Ω exp(−[t− t0]2/[2Σ2]), where
t0 = 127.5γ−1 and Σ = 23.3γ−1.

weak (Fig. 2(a)). Near the K point, flatness arises from
the combined effects of the uniform magnetic field and
the fact that the middle band does not couple to the
PhC bands due to polarization mismatch. The inher-
ent non-linearity of the constituent emitters gives rise to
a hard-core constraint for the bosonic excitations of the
system, which provides a point-like interaction for the ex-
citations. Such short-range interactions are ideal for the
realization of interacting many-body topological phases
[73]. Within such a system, we expect non-trivial compe-
tition between states with strongly correlated topological
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phases and those that behave analogously to electronic
charge density waves. This competition arises from the
fact that the atoms interact primarily through the Dirac
cone and, therefore, the Berry curvature is concentrated
in the vicinity of the K points. Thus only states near the
K points are expected to yield exotic topological many-
body phases, whereas the rest of the band will likely con-
tribute to states that resemble an ordered quantum fluid.
Controlling the distribution of the Berry curvature in the
flat band (e.g. using established techniques from cold
atom experiments [74]) can be explored for engineering
experimentally observable fractional topological phases.

While practical realization of the proposed systems
constitutes a non-trivial challenge, most of the key in-
gredients have already been demonstrated. For exam-
ple, a hybrid system based on SiV color defects in dia-
mond can be created by first fabricating a thin diamond
slab [49, 75], SiVs can be implanted using focused ion
beam implantation [76], while GaP can be positioned on
both sides of the slab [77] with the air-hole structure cre-
ated by etching through the GaP and diamond layers.
Alternatively, a PhC hole structure made entirely of di-
amond can potentially be used (see Ref. [52] for more
details).

We have demonstrated that, under realistic experimen-
tal parameters, two-dimensional quantum emitter arrays
embedded in photonic crystals constitute a topological
quantum optical system with long-lived topologically ro-
bust edge states and a flat band with a non-trivial Chern
number. We believe that the experimental accessibility
of this platform and its suitability for engineering many-
body interactions will open up exciting opportunities for
exploring novel topological states of light and matter, in-
cluding quantum optical analogues of fractional Chern
insulators.
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