GARDY ORCA - Online Research @
CARDY® Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/156505/

This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:

Olthaus, Jan, Sohr, Maximilian, Wong, Stephan, Oh, Sang Soon and Reiter, Doris E. 2023. Modelling
spatio-temporal dynamics of chiral coupling of quantum emitters to light fields in nanophotonic structures.
Physical Review A 107 , 023502. 10.1103/PhysRevA.107.023502
Publishers page: https://doi.org/10.1103/PhysRevA.107.023502
Please note:

Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may

not be reflected in this version. For the definitive version of this publication, please refer to the published
source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made
available in ORCA are retained by the copyright holders.




Modelling spatio-temporal dynamics of chiral coupling of quantum emitters to light
fields in nanophotonic structures

Jan Olthaus,! Maximilian Sohr,! Stephan Wong,? Sang Soon Oh,? and Doris E. Reiter!>3*

Institut fir Festkorpertheorie, Universitit Minster, 48149 Miinster, Germany
2School of Physics and Astronomy, Cardiff University, Cardiff CF24 SAA, United Kingdom
3 Condensed Matter Theory, Department of Physics, TU Dortmund, 44221 Dortmund, Germany
(Dated: February 6, 2023)

A quantum emitter placed in a nanophotonic structure can result in non-reciprocal phenomena like
chiral light excitation. Here, we present a theoretical model to couple circularly polarized emitters
described by the density matrix formalism to the electromagnetic fields within a finite-difference
time-domain (FDTD) simulation. In particular, we discuss how to implement complex electric
fields in the simulation to make use of the rotating wave approximation. By applying our model to
a quantum emitter in a dielectric waveguide and an optical circulator, we show how the excitation of
the quantum system depends on its position and polarization. In turn, the backcoupling can result
in strongly asymmetric light excitation. Our framework and results will help better understand
spatio-temporal dynamics of light field in nanophotonic structures containing quantum emitters.

I. INTRODUCTION

Chiral quantum optics presently is one of the main
contributors to advancements in the fields of nanopho-
tonics, quantum optics and quantum information pro-
cessing [1]. Chirality in these systems generally refers to
the possibility to link the local light polarization of elec-
tromagnetic sources to the direction of light propagation
in a nanophotonic structure. The underlying nanopho-
tonic structure can vary depending on the specific appli-
cations, ranging from simple dielectric waveguides [2] to
nanopatterned structures [3], line defects in 2D photonic
crystals [4, 5], 2D photonic crystal slabs [6], or topological
structures [7-10]. Whereas light propagation in passive
and linear nanophotonic devices is fully reciprocal, chiral
coupling with quantum emitters is a non-reciprocal pro-
cess as it involves temporal dynamics showing nonlinear
optical responses [1, 11]. The realization of such non-
reciprocal devices is based on integrated single photon
emitters [12-15] and can be used to develop technologies
like spin-quantum entanglement/spin transfer [16, 17],
isolators [18] and quantum optical circulators [19]. All
of these systems require strong light-matter interactions
via light confinement and can be used as building blocks
for quantum information processes.

There are different available approaches to model the
interaction between emitters and nanophotonic systems
like the Green’s function approach [20], or the input-
output formalism [2]. However, these models have limita-
tions in studying spatio-temporal dynamics of the light
matter interaction because both approaches depend on
the harmonic solutions obtained by solving frequency-
domain Maxwell’s equations. On the other hand, the
density matrix formalism is a well-understood tool and
has been commonly used to model multi-level systems
[21, 22]. Indeed, the density matrix formalism can be
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used to describe the emitters with transitions sensitive
to circularly polarized light [23].

In this paper, we develop a model to analyze the
dynamics of the chiral coupling of a single emitter to
nanophotonic structures. To study the coupling of the
emitter to the light fields in nanophotonic structures,
we incorporate the density matrix formalism into the
simulation of the classical electromagnetic fields using a
2D finite-difference time-domain (FDTD) solver. This
method enables us to analyze all temporal dynamics
within the device. Another advantage of our model is
that we account for circularly polarized coupling in 2D
FDTD, surpassing state-of-the-art implementations [23—
25]. Further, we run the FDTD simulations using com-
plex fields, such that we can apply the rotating-wave ap-
proximation (RWA) to increase the stability of interac-
tions between the emitter and classical fields.

Our numerical approach with 2D FDTD also allows
us to consider more complex structures. To demonstrate
chiral coupling with the developed model, we apply it
to two examples. First, we consider a quantum system
composed of a dielectric waveguide and a single quantum
emitter. Here, we show that we can selectively excite uni-
directional waveguide modes with the backcoupling fields
induced by the emitter depending on its position. Then,
we consider an optical circulator coupled to an emitter
[19, 26-31], which is a promising structure for quantum
information technology. We show that our model can
capture the temporal dynamics of both the emitter’s pop-
ulation and the optical fields within the system.

II. THEORETICAL MODEL

The main focus of our approach is to develop a model
to account for chiral coupling between the propagating
electromagnetic field and a quantum few-level system.
In this section, we introduce the Stokes parameters to
describe the polarization of the local field of the mode
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and the density matrix formalism for the light-matter
interaction.

A. Chirality

The polarization of the local light field E = (E,, E,)
in a 2D system can be encoded in the Stokes parameters
[32, 33]
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While Sj is a measure of the intensity of the light, the
polarization is encoded in S7,S3 and S3. The chirality
of light can be deduced from S3, where S3 = +1 corre-
sponds to left /right circularly polarized light and S5 =0
indicates linearly polarized light. When analyzing chiral-
ity in nanophotonic structures, it is of high importance
to identify locations where the light has a pure circular
polarization. Those locations are called C-points [34].

B. Coupling to quantum emitter

Next, we want to couple the light to a quantum emit-
ter, whose dipole transitions are sensitive to circularly
polarized light. As an example we look at a circularly
polarized 2-level system. An extrapolation to more com-
plex systems is straightforward. The Hamiltonian H of
the 2-level system coupling to a complex electric field E
and dipole moment g using RWA reads

0 — FE
H=Ho—p E= el NG
W B hws

Here H, is the system Hamiltonian of the two energy
levels |1) and |2) separated by hws. The coupling is
mediated by the complex transition dipole moment p1s.
We choose p1o = pf® + ip'™. The optical Maxwell-
Bloch equations for the density matrix (p) elements are
obtained by solving the Liouville’s equation

L0
ihop=p H=Hp (3)

Including a dephasing rate ~, this results in:
m&ﬂu = —piy E" p12 + p12- Epys, (4a)

)
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To analyze chiral coupling, we exclusively look at the
coupling between the quantum emitter and transverse-
electric (TE) modes of the nanophotonic systems. We
set up our structures in a way that the TE-mode E-field
profiles are polarized in the (ey,ey)-plane. To achieve
optimal conditions for non-reciprocal coupling, the quan-
tum emitter has to be polarized in this plane. Accord-
ingly, for all simulations we choose puR°|| e, and p'™|| ey.
We take the transition matrix element to have a circu-
lar polarization with p12 = p - ey £ ip - ex, as well as
|ufe| = |pl3| = p, yielding either a left-handed (0O, “+7)
or a right-handed (O, “-”) circularly polarized system.
Using E = ER° 4+ {E™ we can rewrite the dynamical
equations to the optical Bloch equations
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So far, we did not make any assumption about the local
field polarization of the TE-mode profiles at the position
of the quantum emitter. If the local field polarization
is perfectly circular, we are in a C(©/O)-point. In a C-
point with right-handed circular polarization, we then
have E;m = ERe and E;‘e = —E™ showing that both
terms in Eq. (ba) either enhance or cancel each other
depending on the polarization of the quantum emitter.
If we switch to a C-point with left-handed circular po-
larization, we have EZI/m = —ERe and Eie = E™  As
can be seen the canceled and enhanced cases interchange
compared to the first case, demonstrating the sensitivity
to the chirality of coupling between field and emitter.

The optical Bloch equations in Eq. (5) describe the
effect of the classical fields on the dynamics of the emitter
population. In this paragraph, we describe the coupling
of the emitter back into the field. For this, we make use of
the macroscopic polarization induced by the interaction
[23]

P(t) = 2[piap12] = 2u[(ey F iex) pr2]
=20 (05 +ip3) ey F (iphs — pi%) ex] - (6)
This polarization is then coupled back into the classical
Maxwell equations at the position of the emitter.

The extension of this model to a multi-level emitter
is straightforward. In the results section we will con-
sider a V-type 3-level system as schematically shown in
Fig. 2(a) consisting of the ground state |1) and two ex-
cited states |2) = |R) and |3) = |L). We assume that
the dipole moment for the transition 1 <— R is given
by pir = pRe —ip™ (O, “”) and for the transition
1 <— Lis iy = pR +ip™ (O, “47). To accurately
describe the V-type character, we prevent transitions be-
tween the excited states prr = prr = 0. Furthermore,
both excited states have the same energy wy = wr = wo.



C. Coupling to electromagnetic fields

To describe the time evolution of the electric and mag-
netic fields, we solve the Maxwell’s equations using the
FDTD method and our solver is based on Ref. [35]. This
method is based on the discretization of time and space
into a grid. The spatial resolution of our simulations is
determined by the quality of the gridpoints closest to the
C-points of our nanophotonic structures. We find that for
resolutions higher than Ax = A\5/240, the polarization in
the gridpoints is close enough to circular, so that the ef-
fects of the deviation on the emitter populations can be
neglected. All results presented in this paper are based
on simulations with resolution Az = 3nm and timestep
At = 7.25ns. As the absorbing boundary condition, we
implemented a split-field perfectly matched layer. Note
that different to most FDTD implementations, we work
with complex fields to make use of the RWA in the Bloch
equations. This increases the stability of the numerical
integration of the few-level system significantly. At the
gridpoint of the emitter position, the update equations
for the electric field components include the effects of the
macroscopic polarization induced by the emitter, which
has been defined in the previous section. Here we restrict
our simulations to the 2D TE-case. As such the emitter
placed in a grid point corresponds to a line of emitters in
the perpendicular direction due to the periodic bound-
ary conditions. If one would extent the model to 3D,
the emitter-field coupling would be significantly smaller.
Furthermore losses would be introduced due do out-of-
plane field scattering of the waveguide mode as well as
the backcoupling fields. However, despite these quanti-
tative changes the qualitative results are not affected by
the restriction to 2D. We set up the simulation cell so
that the electric field lies within the (e, ey)-plane and
the magnetic field is aligned with the e,-direction. The
update equations at the point of the emitter are:

OB, 10H, o_ 10

o oy <ol (72)
O0E, 10H, o, 10
Bt T cor B iahy (7b)
OH, 1 (9B, OB,\  on
ot _,u<8y a 8x)+ Ha. (7c)

Here o and o, are the electric and magnetic conductiv-
ities, respectively (here: o = o, = 0).

III. QUANTUM EMITTER IN A DIELECTRIC
WAVEGUIDE

Using the theoretical description of the quantum
emitter, we now embed it into a nanophotonic struc-
ture, which we model within a FDTD simulation. In-
spired by the solid-state quantum emitters, we set the
transition energy of our quantum emitter to Ao =
738 nm (wy = 406 THz) [6]. As a first system, we consider

0
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FIG. 1. (a) Left: Schematic of dielectric structure. Right:
Line plot of the stokes parameters Sy and S3 through the cross
section of the waveguide. Color plot of the Stokes parameters

(b) So and (c) Ss.

a dielectric waveguide to characterize the chiral coupling
within our model.

A. System Characterization

We start by characterizing the waveguide without the
emitter to identify possible C-points. Based on the tran-
sition energy ws of the single emitter, we choose a waveg-
uide width of b = 157nm and permittivity ¢ = 6. The
waveguide is designed based on simulations using the it-
erative eigen-frequency solver MPB [36] to ensure it only
supports the fundamental TE;y mode at the resonant
frequency. Because we restrict ourselves to 2D simula-
tions, this results in a relatively small waveguide width.
Figure 1 shows the relevant Stokes parameters of the fun-
damental TE-mode after resonant excitation with Sy in
Fig. 1(b) and S3 in Fig. 1(c). We remind that the first
Stokes parameter (Sp) gives the intensity, which in turn
determines the strength of the light-matter interaction,
while S35 = £1 (also: S; = S3 = 0) denotes C-points.
Note that the sign of S3 also depends on the propaga-
tion direction of the excited mode. In Fig. 1, we study
a mode propagating from the left (x < 0) to the right
(x > 0). If we were to look at the opposite case (from
right (z > 0) to left (z < 0)), the sign of all S3 values
would switch. Because of the small waveguide width, the
E, field component of the mode profile is large compared
to the Ey, field. This results in a local minimum of the
total electric field strength Sy in the center of the waveg-
uide. The field strength increases with distance from the
center. Additionally, there are large spikes of the evanes-
cent electric fields at the waveguide-air interfaces. In



FIG. 2. (a) Sketch of the waveguide with a quantum emit-
ter with a V-type three-level structure as inset excited by an
external source. (b) Left: effective pulse area for two emitter
polarizations as a function of the distance from the waveguide
center. Included are results for the model without dephasing
(v = 0THz) and with dephasing (y = 4.5 THz). Right: pop-
ulation dynamics of the density matrix for the two states |L)
and |R) in the C-points without dephasing.

the center of the waveguide, the mode is linearly polar-
ized (S3 = 0, E || ey). When increasing the distance
from the center, the mode becomes elliptically polarized
and shows C-points close to the waveguide boundaries (at
y = £43nm). The evanescent fields close to the waveg-
uide are almost circularly polarized. The best positions
to achieve chiral coupling are those that combine high Sy
values with S3 values close to +1. The best option in this
case is emitter placement along the line of C-points in the
waveguide material. A good secondary option would be
placement of the emitter in the evanescent fields.

B. Excitation of the quantum emitter

Now, we couple the density matrix approach model to
the classical 2D-FDTD simulations. We add the quan-
tum emitter to our simulations as sketched in Fig. 2(a)
and consider the change of population induced by the
field. For now, we exclusively want to focus on the exci-
tation of the emitter. In other words, we neglect the
backcoupling induced by the macroscopic polarization
[Eq. (6)].

Using the FDTD simulation, we calculate the fields in
the waveguide, which are induced by an external electric
field (Eg. (t)) placed on the left side of the cell in the
center of the waveguide. For the source we assume a
Gaussian point-dipole source given by

—(t—tg)?

Egc (t) =e 2w’

e~ iw2(t—to) ey . (8)

The quantum emitter is placed in the middle of the cell
with a variation along the y-axis as indicated by the yel-
low line in Fig. 2 (a). The initial emitter populations are
p11 = land prr L, = 0. Depending on the distance from
the waveguide center, the local electric field polarization
will vary between linearly and circularly polarized.

We then calculate the population of the quantum emit-
ter as a function of time, for different emitter positions
along the y-axis. Fig. 2(b) shows the total change of
population of the 3-level system for both emitter polar-
izations. As a measure we use the effective pulse area,
where 7 corresponds to a full excitation of the system
after the pulse. We show results based on the model
without dephasing (y = 0THz) and with dephasing
(v = 4.5THz). First the emitter is placed in the cen-
ter of the waveguide. The local electric field polarization
at this position is linear (E | ey). Because the transi-
tion dipole moment in this orientation is equal for both

polarizations (pir - €y = pir, - €y = ), the excitation is
equal for both transitions and depends solely on the rel-
ative field strength Sp. As soon as the emitter is posi-
tioned off-center, the field polarization becomes elliptical
and we see chiral coupling, i.e., the effective pulse area
for both transitions is distinct. The non-reciprocity is a
result from the coupling to the FE, field component (see
Eq. (5)). Depending on the polarization, this coupling re-
sults in either enhancement or reduction of the effective
pulse area. The preferred and suppressed polarization
switches for placement above/below the center. At the
C-point of the waveguide mode, the enhanced case has
an effective pulse area of Aenn =~ 7 and the suppressed
case Aqup =~ 0 in the case without dephasing. The cor-
responding population dynamics are shown in Fig. 2(b),
where we see that the population of the excited state
rises up to one. If we compare this to the results with a
dephasing rate of v = 4.5 THz, we see a overall smaller
coupling strength. This is most noticeable for large pulse
areas, where the reduction compared to the case with-
out dephasing becomes particularly large. Due to the
limited spatial resolution of the FDTD simulations, we
are not able to simulate gridpoints with perfect circular
polarization. The deviation results in a small remaining
excitation strength (< 1%) of the suppressed transition.

C. Emission behaviour

We now include backcoupling of the emitter into the
nanophotonic system. Generally, the backcoupling for
single emitters creates significantly smaller fields com-
pared to the external sources used for the excitation pro-
cess of the emitter. To isolate the effect of the fields
induced by the macroscopic polarization at the emitter
position, we consider the emitter to have an initial occu-
pation. This way, the emitter can emit into the nanopho-
tonic structure without requiring external source fields.

We consider two different initial occupations for our 3-
level system. In the O-case we assume that prr = p11 =

%7 pu, = 0 with the only non-vanishing polarization

plfﬁ = % and in the O-case exchange R with L. Because

of the coupling nature, we chose a finite polarization to
start the emission process according to Eq. (6). For small
backcoupling strengths (no self-interaction/change of the
initial population [37]) this results in the emitter creating
oscillating fields with constant amplitudes.

The setup of our simulations is shown in Fig. 3(a). The
occupied emitter is placed either in the waveguide center
[Fig. 3(b)] or in the upper C-point [Figs. 3(c)-(f)]. We
show snapshots of the electric field in Figs. 3(b),(d),(f)
and monitor the fields propagating through two planes
on the left (TL) and right (TR) side of the simulation
cell in Figs. 3(c) and (e).

In the symmetric case, i.e., when an emitter is placed
in the center of the waveguide, the coupling is reciprocal.
Accordingly, the field is emitted in all direction, which in
the waveguide geometry means it propagates right and



FIG. 3.

(a) Sketch of the waveguide with an excited quantum emitter. The electric field introduced by the emitter backcoupling

propagating through two planes on the left (TL) and right (TR) side of the grid is monitored. (b),(d),(f) Snapshots of the

electric field for the emitter placed in the center (b) for either occupation, the upper C-point for pr.r, = 1 (d) and for prr = %

2 2

(f). Monitored fields in TL/TR plane for the emitter in the upper C-point for prr, = % in TL/TR plane for v = 0 THz (c) and
in TR plane for different dephasing rates v = 0 THz, 4.5 THz and 23 THz (e).

left as indicated in the snapshot in Fig. 3(b). This can
be traced back to the local polarization at the waveguide
center, which is linear with S5 = 0. The emitted fields
are independent of the initial occupation of the emitter.
This is equivalent to the behaviour of a uniform or uni-
directional emitter (reciprocal for all positions).

Next we put the emitter at a C-point in the upper half
of the system, where we expect chiral coupling. Taking
the initial condition of ()-case, i.e., only ppr is occupied,
we observe a clear unidirectional emission towards the
R-plane as shown in the snapshot of the electric field
snapshot displayed in Fig. 3(d). The directionality is
validated by the monitored fields through the TL- and
TR planes in Fig. 3(c), which show significantly higher
amplitudes in the TR-plane. If we now choose the other
state of the 3-level system, namely the R-state to be occu-
pied, we observe unidirectional emission towards the TL-
plane [Fig. 3(f)] and see higher amplitudes of the moni-
tored fields in the TL-plane. Finally, we show monitored
fields through the TR-plane if the L-state is initially oc-
cupied for different dephasing rates v = 0 THz, 4.5 THz
and 23 THz. We can clearly observe a decay of the elec-
tric field, whose speed increases with . Note that when
we place the emitter in the C-point below the waveg-
uide center, the results of both cases interchange. This
shows that our model is clearly capable of describing the
non-reciprocal coupling in both excitation and emission
behaviour of a quantum system.

IV. QUANTUM EMITTER IN AN OPTICAL
CIRCULATOR

So far, we just considered a 1D waveguide, while our
method is also capable to describe 2D patterned struc-
tures. Therefore, we apply our model to a more complex
integrated non-reciprocal nanophotonic system inspired
by optical circulators with a quantum emitter [19, 26—
31]. Analyzing these structures is very important and
beneficial, as they can be used as scalable components
for signal processing in photonic circuits and can there-
fore contribute to the realisation of quantum information
technologies.

A. System characterization

A schematic of the structure and the setup of our sim-
ulation is illustrated in Fig. 4(a),(d). The structure con-
sists of two dielectric waveguides in the top and bottom
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of the simulation cell, aligned along the x axis. These
are coupled to a ring resonator in the center of the cell.
The ring resonator and the waveguides have the same
width and permittivity as the waveguide studied previ-
ously. Furthermore the resonators optical path length
difference (OPD) is designed to support a mode resonant
with the emitter transition energy (OPD = 27X2). In our
simulations, we introduce electromagnetic fields using a
resonant Gaussian dipole source [Eq. (8)].

In Fig. 4(a)-(c) we schematically show the propagation
path of the external source field Ej,., where Fig. 4(b)
displays a snapshot of the electric field strength Sy and
Fig. 4(c) gives the Stokes parameter S3 in a small section
of the ring resonator mode. An external source (Eq. (8))
excites the system at the top left arm. The field then
propagates through the top waveguide from left (z < 0)
to right (z > 0). At the waveguide-resonator interface,
the clockwise-propagating mode of the ring resonator be-
comes excited. This mode can out-couple at the interface
with the bottom waveguide, resulting in an excitation of
the waveguide mode propagating from right (z > 0) to
left (x < 0).

Figure 4(c) shows |Ss| over a small section of the res-
onator. We see that similar to the waveguide, in the mid-
dle of resonator ring the fields do not show any chirality
|S3] = 0, while away from the middle, we find two lines
close to the air-interface where the chirality is maximal
with |S3] = 1, i.e., a line of C-points. The coupling be-
tween the waveguides and the resonator occurs from the
overlapping evanescent fields of both the waveguide mode
and the ring resonator mode, which both have circular
polarization (]|S3| & 1). This results in a high degree of
chirality.

B. Coupling to quantum system

We now place an emitter into the resonator at one of
the C-points of the ring resonator mode on the right side
of the resonator, as indicated by the dashed white lines in
Fig. 4(e). If we place the emitter in the C-point further
to the outer edge, only the state |R) gets excited (red),
while if we place it in the C-point further to the inner
edge only |L) becomes occupied (green).

This is shown in Fig. 4(e), where we show the occupa-
tion dynamics of the two states for the two placements
after excitation with the source field Ey,., as before start-
ing without backcoupling. While the effective pulse area
in the green case is 2w, the pulse area at the outer C-
point (red) is slightly smaller (=~ 5%). The occupation of
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(a) Schematic of the structure and light propagation of the external source field E.. introduced at the left side of

the top waveguide of the circulator. (b) Sp snapshot of the source field. (c¢) Close-up of the S5 parameter of the excited ring
resonator mode. The emitter is placed within the outer C-point of the ring resonator (border highlighted by white lines). (d)
Schematic of the structure including emitter and propagation of the backcoupled fields induced by the emitter polarization
FEycpi. (e) Close-up of the ring resonator region, where the emitter is placed in one of two positions. Depending on the emitter

polarization, only one state of the system will be excited (indicated by color: red — |R), green — |L)).

Right: population

dynamics for both relevant cases. (f) Snapshot of Eycp1 of the emitter in the red case.

the other states stay small. The difference in occupation
can be traced back to the different field strength, which is
slightly larger towards the inner edge of the waveguide.
If we reverse the propagation direction of the external
fields, the excited states (red/green) at both emitter po-
sitions interchange. This is consistent with our previous
analysis of the waveguide emitter system.

To demonstrate the ability of our model to capture
complex time-resolved population dynamics, we show the
emitter populations (emitter position: green in Fig. 4(e)),
as well as the electric fields for multiple cycles in the
ring resonator, and hence multiple interactions with the
quantum emitter. As can be seen in Fig. 5, the initial
field pulse arriving at the emitter results in a full excita-
tion and de-excitation of the resonant L level. The small
population of the non-resonant R level is a result of the
slightly imperfect positioning of the emitter in the sim-
ulation grid. The pulse amplitudes decay for every sub-
sequent pulse due to coupling to the waveguides at the
top and bottom of the resonator and scattering losses.
Accordingly, every subsequent pulse has a smaller pulse
area. Also, some parts of the field are out-coupled each
time the field passes the waveguides, which modifies the

1 .o |E /EX lTIaXl
0.8 R uom
0.6 pRR 4.g$:§ -
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FIG. 5. Population dynamics in the ring resonator structure
after excitation with a external source field (emitter position:
green). Included are results for the model without dephasing
(v = 0THz) and with dephasing (y = 4.5 THz). Additionally
shown is the relative electric field strength at the emitter posi-
tion |Ex /Ex max|- Sketch of the V-type three-level structure
as inset included on the bottom right.

spectrum. Therefore the dynamics of the population prr,
is less modified by the subsequent pulses.

When additionally a dephasing rate of v = 4.5 THz is



included, the polarization of the emitter decays within
about 200fs. As we have seen in our previous analysis,
this results in overall smaller coupling strengths (effective
pulse areas) of the emitter compared to the case without
dephasing. This is already visible when looking at the
population dynamics of p1; and pr 1, during the first pulse
cycle. This observation extends through all subsequent
pulse cycles. After the second cycle following pulses in-
duce almost no more change in the population. Thus,
the dynamics are quite different from the non-dephased
case.

We also analyzed the emitted (or back-coupling)
fields, by excluding any external source fields. Placing
the emitter in the red position (Fig. 4(e)), we take
the initial condition pgrr = p11 = %, o, = 0 with
Pl = 0 and pi = 1. This results in an emitted field,
which couples to the clockwise-propagating mode of the
resonator. In Fig. 4(f) we show a snapshot of Sy of the
fields induced by the emitter backcoupling Eycp1. After
propagating along the resonator, the emitted field Epqp
couples to the bottom waveguide mode, propagating
from left (x < 0) to right (z > 0), again confirming that
our model can describe the directionality of the emission.

V. CONCLUSION

In summary, we have developed a tool to analyze the
dynamics of chiral coupling and non-reciprocal excitation
occurring when coupling single emitters with nanopho-
tonic structures.

Specifically, we have developed a 2D-FDTD solver in-
cluding the coupling to a V-type 3-level system with tran-
sitions sensitive to circularly polarised light (with oppo-
site polarizations of the excited states). We then applied
our model to a quantum emitter placed either in a dielec-
tric waveguide or an optical circulator. We have shown
that we are able to describe the polarization-dependent
excitation of the emitter as well as the directionality of
the emitted fields.

For future research, our model can be readily extended
to explore interactions with more complex structures like
photonic crystals [4] or to include multiple emitters [38].
Generally, in 2D simulations the induced backcoupling
fields are small compared to the field strengths necessary
to achieve a non-neglible excitation of additional emit-
ters. Therefore, to couple many emitters and find stable
solutions, a self-interaction free coupling approach like
[37] would be advantageous. Having access to the time-
resolved dynamics of nanophotonic systems coupled to
quantum few-level systems will help developing novel de-
vices in the field of quantum technology.
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Appendix A: Optical Bloch equations for a 3-level
V-type system

The resulting Hamiltonian Hy reads

0 —prE —p1L E

—wipE* hwg 0
—pi tE* 0 hwr,

Hy = (A1)

Applying Eq.(3) and including a dephasing rate v (same
rate for p1p and pig) results in:

Zﬁapn = —pirMip - B —piopyy - E

+pirtr - E+pippr - B, (A2a)
ihzzorr = —pipmn- B+ piepin- B, (A2D)
ihopre = —pippr - E+pippiy - EY, - (A20)
)
Zﬁapm = (prr — p11)1r - E + pirlwr
+prrpiL - E —ihypir, (A2d)
.0
lﬁapu = (prr — pr1)pr - E+ piohwr
+pripir - E —ihvypip, (A2e)

0 .
'Lh&pRL = —pipt1L - E+ proi(wy, — wg)

T o (A2f)



Using the same assumptions as in the 2-level emitter
model, we can rewrite the dynamical equations to

it i [PYR(ERS — E3™) + piR(Ey© + EXY)]
2/’[/ m m m
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0
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H _ EIm o ERe
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While the emitter in most FDTD implementations is
coupled only to a single field component, this will hinder
the description of chiral effects. Instead the quantum
emitter should have a unified population for the interac-
tion with all field components in the update equations as
it is done in the implementation presented here.
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