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Enabling Lasing Action in Hybrid Atomic—Nanophotonic

Integrated Structures

Hadiseh Alaeian,* Brian C. Odom, and Jorge Bravo-Abad*

The incorporation of neutral atoms in nanophotonic structures offers
significant potential to realize novel quantum optical devices. Here, the
possibility of creating low-threshold integrated lasers in hybrid systems is
investigated based on coupling room-temperature atomic gases with both
dielectric and metallic nanophotonic systems. The particular focus on
studying two different classes of devices resulting from incorporating an
optically pumped Rb—ethane mixture in a dielectric ring resonator and a
plasmonic lattice. It is shown that the combination of the optical gain provided
by the atomic vapor, along with the unique field-confinement properties of
nanophotonic structures, enables the generation of coherent radiation, that is,
laser light, at moderate power levels. In addition, general design guidelines for
these hybrid nanophotonic lasers are provided. These results pave the way
toward a novel class of active nanophotonic and metamaterial systems.

Meanwhile, in parallel, substantial
developments in other disciplines of
physics have been made toward realiz-
ing different quantum information pro-
cessing schemes. In particular, in the
realm of atomic, molecular, and opti-
cal physics (AMO), trapped ions and
neutral atoms have been employed as
high-fidelity nodes and qubits in scal-
able quantum computers.2! To date,
AMO systems are one of the most ideal
known candidates regarding their coher-
ence features, with very well-established
and precise quantum state manipulation
schemes. On the other hand, thanks to
the advances in nanotechnology and fab-

1. Introduction

The field of quantum optics has greatly benefited from theo-
retical and technological advances in nanophotonics. With the
first demonstration of single photon sources in a nanodevice
at the beginning of this century,I> these systems became one
of the prominent platforms for realizing various quantum op-
tical phenomena and devices. Low-threshold photonic crystal
lasers,/*® plasmonic nanolasers,® ¥ strong coupling,* % pho-
ton blockade,”"'! chiral quantum optics, and entanglement2%-23l
are some of the intriguing quantum optical phenomena studied
and realized in solid-state photonic platforms. In spite of their ap-
pealing features for integration as a monolithic module, the large
crystal-field broadening and the heterogeneity of quantum dots
have been two major bottlenecks of solid-state systems in achiev-
ing long coherence length and large-scale quantum networks.[?l
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rication techniques, nanophotonic struc-

tures provide optimal platforms for inte-

gration and scalability. Therefore, a new

promising approach could benefit from
the best of two worlds, in a hybrid scheme on the interface
between AMO and nanophotonics.B

Among different candidates in AMO, neutral atoms are eas-
ier to work with, since the presence of a device in the vicin-
ity of ions would substantially perturb the ion traps due to the
induced surface charges. Moreover, in spite of some success-
ful demonstrations of cold atom—photonic device couplings, the
miniaturization of the typical cold atom setups compatible with
nanodevices is still a challenge.?'-33l Unlike cold atoms, ther-
mal vapors lend themselves for proper integration and cou-
pling to photonic modes, as has been demonstrated in hollow-
core fibers and waveguides.**¢ Very recently, thermal vapors
of alkali atoms have been successfully combined with on-chip,
integrated plasmonic and photonic devices where the atomic
transitions have been modified with photonic modes, showing
noticeable effects, such as Fano resonances and sub-Doppler line
modifications.l?’-%)

In this work, we investigate the possibility of laser light gener-
ation in hybrid systems that combine room-temperature atomic
clouds and nanophotonic structures. The optical gain we con-
sider in our study consists of an optically pumped mixture of
Rb and ethane, as has been successfully employed in the past
in diode pumped alkali lasers (DPAL) for achieving large opti-
cal gain within the infrared.***? This Rb-ethane mixture is in-
corporated into two different classes of integrated nanophotonic
platforms, an all-dielectric ring resonator supporting whispering
gallery modes (WGMs) with a large quality factor,**) and a plas-
monic lattice, featuring lattice resonances with moderate quality
factor and large field enhancement at the subwavelength scale.*]
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Figure 1. a,b) Schematics of the ring resonator (a) and plasmonic hybrid laser (b) systems studied in this work. The geometrical parameters defining
each structure are also included in the figure. Top green arrows in (a) and (b) represent the external pumping, while the red arrows represent the laser
emission. The central inset shows the energy-level diagram of the Rb atoms forming the gain medium.

To tackle this problem, we apply an efficient density matrix-based
formalism that properly captures the dynamics and decoherence
of light-matter interaction in the studied systems. Using this ap-
proach, we show how the temporal and spatial field-confinement
properties of the considered nanophotonic systems can be tai-
lored to enable laser light emission at low pumping power levels.
Furthermore, we derive a simplified model that provides general
design guidelines for this novel class of hybrid active systems.

2. Theoretical Framework

In spite of their very different wavelengths, all DPALs share the
same working principle. The outer shell of alkalis have three
main electronic levels of n2S;, n%Py 5, n2P; ;. In a mixture with
alkali atoms excited at D,-line (i.e., n?P;),), the collision of the
excited atoms with the molecules of a buffer gas (typically a hy-
drocarbon) efficiently transfers part of the population from the
excited state to n2P;/,. With a properly chosen buffer gas at an
optimized pressure, population inversion between levels n2P;
and n2S;/, builds up and, hence, optical gain at this transition
(known as D;-line) is established.*?

To model the interaction of this atomic cloud with photonic
modes we apply a semi-classical approach, where the electromag-
netic fields are treated classically and the atoms are considered
quantum mechanically.*! In particular, for the considered class
of systems, the density matrix is the most suitable approach to
account for all of the atomic transitions and decoherence phe-
nomena, such as Doppler and transient broadening.*?! Moreover,
if the additional decoherence mechanisms such as collision of
Rb atoms with buffer gas molecules are considered in Lindblad
form, the Liouville equation properly describes the time evolu-
tion of the atomic states when coupled to an arbitrary photon
field. In what follows we describe the theoretical method used
to simulate our hybrid lasing systems, where the gain medium
(formed by a mixture of Rb vapor and buffer gas) is treated as a
three-level system as shown in Figure 1 (Rb electronic levels
5S1/2, 5P1)2, and 5P;3,, will be denoted by |1), |2) and |3), respec-
tively). Note that, due to collisional broadening with the buffer
gas molecules, the considered atomic vapor can be properly de-
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scribed as a three-level gain medium.**4 Moreover, although
the final equations and results have been derived for a three-
level gain medium and single mode cavities, the procedure can
be generalized for more atomic levels and multi-mode photonic
systems. /-0

The time evolution of the Rb atom density matrix (p) is
described via the following Liouville equation.

. i A A
ﬂa:_ﬁ[HA'f‘ Hi, p]+ L[p] (1)

where H, is the free-atom Hamiltonian and F is the interaction
Hamiltonian describing the coupling between the atoms and the
cavity field.

The cavity field E (7, t) is determined via Maxwell’s equation as

3’ P(F. 1)
312

(v @)

E(f,t) =

Cz atz ) ( ) Ho
In the above equation, €, (F) is the linear permittivity, which in

a nanophotonic structure is, in general, a function of position.

P(7,t) is the polarizability of the atomic cloud. For a uniform

atomic density of N, P(7, t) is related to the induced atom dipole

moment, p(7, t), by
P(F,t) = N(B(.1)) = Tr(pp(F, )N = N(pu(F, ) M +c.c.) (3)

where M is the transition electric dipole moment between states
|1) and |2) (we implicitly assume that the coherent atom-field in-
teraction only occurs between those states). The interaction be-
tween levels |1) and |3) is assumed to be incoherent and can be
described through an effective pumping rate R,.

On the other hand, E (F,t) can be expanded in terms of
cold-cavity modes at w, with decay rate y,
E(F.t)y= E*(F.t)+c.c. = Ef (F)e e " 4 c.c. (4)

After properly incorporating the finite lifetime of each state,
and within the validity realm of the rotating wave approximation
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(RWA), one can obtain the following sets of equations of motion
for the density matrix elements

P33(F, t) = —(v31 + ¥32) 033 (T, £) + Ryp(on (7, £) — p33(7, 1)) (5a)

P(7, t) = v32p33(7, t) — Vaa (. t)

1 = - .
+ %(M- E~(F,t)e" ™ py(F, t) — c.c.) (5b)
11T t) = v31033(75 £) + var022(7. £) — Rp(o11 (7, t) — p33(7, £))
1 -z iw, 2
— %(M- E~(F,t)e" ™ py(F, t) — c.c.) (5¢)

- . - 1 - =, ; -
0(7,t) = —(iws + y1)pul(r, t) + EM* - EF(F, t)e " w (7, t)
(5d)

where y, = y3, + &L is the transverse decoherence rate taking
into account all the decoherence effects, including the collision
with the buffer gas. w, is the atomic frequency, and w(7, t) =
p2(F,t) — pu(F, t) is the population difference between energy
levels |2) and |1).

In contrast to macroscopic photonic cavities, where the uni-
form field approximation can be used, in nanophotonic and plas-
monic structures one cannot ignore the spatial variation of the
electromagnetic fields inside the system, as the field features vary
below or on the order of the wavelength. That makes the density
matrix elements functions of both time and position. In other
words, the above sets of equations have to be solved simultane-
ously at each point of the space to properly capture all the atomic
and photonic features. To overcome this, we project the fields of
the hybrid system on the basis of the cold-cavity modes.*") There-
fore, the modified cavity field can be rewritten as

E(F.t) = Eo (f; (F) a* (t) e +c.c.) (6)

where we have defined E, = max| E()* (¥)|] and the dimensionless
vectors f;(F) = E (F)/ Eo.

For the observables appearing as diagonal elements of the den-
sity matrix, the spatially averaged parameters can be calculated as

oom @V pi(F. 1) 1y (F)1?
Jutom 4V 1 £ (F)

The subscript “atom” in the above integral indicates an inte-
gration over the active region where the polarizable atoms are
present. For the off-diagonal elements related to coherence, we
apply the following assumption within the active region

(0ii (t)) = (7)

M pu(r,t) = |M| J?o+(?) e it P (t) (8)

The above definitions, combined with Equations (5a-5d) and
(2), allow us to rewrite the equations of motion for the problem
as

d (p33)
dt

= —(y31 + v32) (p33) + Rp({p11) — (p33)) (9a)
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d "

<dpt22> = Y32 (033) — Y21 {pP22) + %(/321“_(”3”” —c.c) (9b)
dpn ~ 1 = TR
5 = Vibn + %|M| Eo (w)a™(t)e (99)
d L Wq d ~ Wa
E(ﬁ(t) = —y.a’(t)+ [17,021 - 5021] Hochéwf@ " (9d)

where § = w, — w, is the detuning between the cavity resonance
and the atomic frequency. The parameters ¢ and & describe the
effective interaction of the field with the active region of the sys-
tem and are defined as & = (|I\7[|/E0) Hand¢ = |I\_;I| Ey &y, with

fatom dl) |.ﬁ)+(F)|2
Jopsce @V €)1 fo ()2

Som AV 1" ()2

The above equations are general and can be used to describe
the interaction of the atom cloud with arbitrary fields of a nanode-
vice in any configuration. To solve for the lasing features, Equa-
tion (9a—d) must be solved with the following initial conditions
when a proper pumping existsP!

t= (10a)

6= (10Db)

P11(0) = 1. p22(0) = p33(0) = a*(0) = 0, R, # 0 (11)
All of the unknown variables in Equation (9a—d) are time-
dependent only, making the atom-—cavity interaction problem
more tractable numerically, while providing more physical in-
sight. Finally, note that a standard rate equation analysis can be
derived from Equation (9a—d) by adiabatically eliminating the co-
herence term from Equation (9c¢).

3. Results and Discussion

3.1. Description of the Analyzed Systems and Their Passive
Responses

Figure 1 shows schematic views of the two hybrid laser systems
under study. The first configuration (Figure 1a) consists of a di-
electric Si3Ny ring of inner radius r, height h, and width w, ly-
ing on top of a SiO, substrate. The dielectric ring is embedded
in a thermal cloud formed by a mixture of Rb atoms (of density
N) and ethane molecules. The Rb atoms are modeled as three-
level systems, excited with an incoherent pump at A p, = 780 nm.
The fast and non-radiative transition between 5P;;; and 5P,
states (mainly achieved via collision with the ethane buffer gas
molecules) enables population inversion between this level and
the ground state to be built up at the D;-transition, with Ap, =
795 nm (see the corresponding energy-level diagram in inset of
Figure 1). The second considered structure is a periodic lattice of
gold cylindrical nanoparticles (Figure 1b). The lattice constant is
given by A, and the radius and height of each of the nanoparti-
cles are a and ¢, respectively. The rest of the details are the same
as those described for the ring-resonator case.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

=z nhysik

www.advancedsciencenews.com

(a) (b)
"y, ax max 1
(/

%, o
7 0
ZzZ W
1 z
um -
00— - 0
0 4

r

Figure 2. a) Magnetic field amplitude (H,) at 2 = 795 nm (Rb Ds-line) in
the xy-plane at the center of the dielectric microring shown in Figure 1a.
For illustration, only one quadrant of the microring is displayed. The ge-
ometrical parameters of the structure are r = 5 um, w = 500 nm and
h = 250 nm. b) Radial variation of the normalized E-field intensity of the
mode shown in (a). Left inset displays a yz cross-section of the E-field in-
tensity, while the right inset shows the variation of the same quantity along
the z-axis. c) Band diagram of the plasmonic lattice shown in Figure 1b,
calculated along the I' X direction in the first Brillouin zone (see inset) as-
suming A = 450 nm, t = 60 nm, and a = 45 nm. Two plasmonic bands
(labeled as By and By), located within the visible and infrared range, are
shown. d) yz (top) and xy (bottom) cross-sections of the E -field intensity
of the plasmonic mode near » = 795 nm (indicated by the white arrow in

(©))-

To get physical insight into the lasing features of the studied
systems, we focus first on analyzing the cold-cavity features in the
absence of Rb atoms. Figure 2a,b summarize the results for the
ring resonator. In these calculations we have assumed refractive
indexes of n = 2.00 and n = 1.45 for the Si; N, and SiO, regions
of the structure, respectively, and the following geometrical pa-
rameters: r =5 um, w = 500 nm, and h = 250 nm. These values
have been obtained by optimizing simultaneously the ring radius
and the azimuthal order m of the WGMs, until tuning a high-
order WGM to the D;-line of Rb (i.e., until § =0 is obtained).
The effect of a non-zero detuning of the WGM resonance with
respect to the atomic transition will be discussed later in the text.
Further details on the optimization process are included in the
Supporting Information, where the influence of r and m on the
modal resonance is described.

Figure 2a shows a cross-section along a xy-plane (at the center
of the microring) of the magnetic field amplitude (H,) of the
TE-polarized WGM with m = 68 supported by the optimal struc-
ture at A = 795 nm. The corresponding electric field intensity
distribution is shown in Figure 2b. As can be seen, most of the
E-field is concentrated inside the dielectric ring, but still there
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are fractions of the field extending beyond the ring and inter-
acting with the atomic cloud. Similarly, Figure 2¢,d depicts the
results for the plasmonic lattice shown in Figure 1b, calculated
for A =450 nm, t =60 nm, and ¢ = 45 nm. The substrate
is assumed to be SiO, and the metallic gold nanoparticles are
described with available empirical data.’? Figure 2c displays the
band diagram of the periodic lattice along the I' — X direction of
the first Brillouin Zone (see the inset of Figure 2c). This band di-
agram was obtained through a Fourier transform analysis of the
slowly decaying eigenmodes of the system after being excited by
a set of point dipoles located at random positions (we carried out
this analysis using the finite-difference-time-domain implemen-
tation provided by Lumerical, see Supporting Information for
details).

Two plasmonic bands exist in the spectrum. The mode of our
interest is the one at A =795.18 nm for k, = 0 (indicated with a
white arrow in main panel of Figure 2¢). As in the case of the ring
resonator, the geometrical parameters of the plasmonic lattice
have been optimized so that the lattice plasmon resonance (formed
Dby the hybridization of the diffracted lattice modes with the local-
ized surface plasmon resonances of each metallic nanoparticle)
appears as close as possible to the D;-transition of Rb. Due to
their larger Q-factor in comparison with other plasmonic reso-
nances, lattice plasmons have been successfully used in the past
for realizing plasmon-assisted lasers.>>~% Figure 2d shows the
cross-sections of the E-field distribution of the plasmonic lattice
mode, which illustrates the large field enhancements associated
to this class of resonances. Finally, we highlight that, in contrast
to the ring resonator, and due to the intrinsic characteristics of
the lattice plasmons, it is not possible to fully tune these modes to
the desirable atomic resonance while keeping the geometrical pa-
rameters in a realistic range. The implications of this on the laser
performance and dynamics are discussed in Section 3.3. Finally,
we point out that the highly non-uniform field distributions char-
acterizing the considered structures lead to fundamental differ-
ences of their effective response with respect to what is expected
in bulk configurations.!*”!

3.2. Laser Dynamics and Steady-State Characteristics

In this section, we consider the behavior of the resonators de-
signed in the previous section in the vicinity of the atomic
vapor and buffer gas mixture. The buffer gas leads to a rapid de-
phasing of both Rb isotopes, producing a homogeneous broaden-
ing on the order of several tens of gigahertz, which strongly de-
pends on the buffer gas pressure. Here we considered a 12 GHz
line width due to this phenomenon. We further assume that
these buffer gas-induced dephasing rates are the same for all
transitions.’” In the following calculations, we assume a transi-
tion dipole moment of Rb of | M| = 25 x 1073° C m®® and a gas
density of N = 10?2 m~3. This value for the density is chosen just
for illustration purposes. As we show below, the considered struc-
tures can display lasing action at lower vapor densities. Further
reduction in the density of the gain medium could be achieved by
designing nanophotonic devices where the atoms are interacting
with high-intensity electric fields, rather than with the evanescent
tail of the field (for instance, an inverted ring-resonator structure

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Variation of the electric field energy density and b) population difference between energy levels |2) and |1) as a function of time, computed
for the ring-resonator structure shown in Figure 1a at various pumping rates. c,d) Same as (a) and (b), respectively, but for the plasmonic lattice shown
in Figure 1b. Insets in (b) and (d) show the dynamical behavior of the population difference at early times, illustrating the fast increase of the excited
state population. The normalizing factor I'; = 36 x 10° s~ is the natural decay rate of level |2).

optimized to make the atoms interact with the intense electric
field within the slot could be a potential promising candidate.).
Figure 3 summarizes the dynamical characteristics of the cou-
pled atom-cavity system. Figure 3a,c show the time evolution of
the spatially averaged electric energy density of the studied ring
resonator and plasmonic lattice, respectively. Results for four dif-
ferent pumping rates, ranging from R, =1.0 x 10®s™" (light blue
line) to R, =5.0 x 10% s~ (green line), are shown. In both sys-
tems, we obtain the canonical features of lasing dynamics, con-
sisting of a series of sudden spikes in the field energy signal that
settle down to a non-zero value in steady state, indicating that
both systems can indeed lase at large enough pumping rates. In
addition, as seen in Figure 3a,c, our results show that the micror-
ing cavity displays shorter lasing onset times and faster oscilla-
tions than the plasmonic lattice. At R, =5 x 10® s7!, the ring res-
onator takes 3.3 ns to reach to the steady state, while this time in-
creases to 65 ns (about 20 times longer) for the plasmonic lattice.
To investigate the link between the field oscillations and the
population of the electronic levels in Rb atoms, Figure 3b,d show
the corresponding time evolution of the spatially averaged popu-
lation inversion (p2; — p11). In both cases, before the first lasing
spike occurs, the averaged population inversion rapidly grows
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with time (see insets of Figure 3b,d). This corresponds to the
regime where the population of |2) is increasing (the system is
accumulating population inversion). When the population differ-
ence between |2) and |1) becomes large enough, so its associ-
ated optical gain can overcome all the decoherence phenomena,
the first burst of laser radiation takes place, as can be observed
in Figure 3b,d for the larger values of R,. This burst leads to
a significant depletion of the population inversion (a significant
amount of the upper-level population decays via stimulated emis-
sion), leading in turn to a dramatic drop of the cavity field inten-
sity. After that, a subsequent recovery of the population inversion
begins, until enough population inversion is accumulated again
and a second spike of the signal occurs. This is accompanied by
a corresponding drop in the population inversion. This series of
bursts and subsequent drops of the populations inversion takes
place sequentially (smoother spikes and drops of the lasing sig-
nal and population inversion are obtained for larger times) until
a steady state is reached. The steady-state value of the population
inversion required for lasing depends on the decoherence phe-
nomena in the gas as well as the optical cavity.

In this context, it is also useful to consider the small-signal gain
regime. In particular, by assuming a* = 0 in Equation (9a—d),

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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we obtain the following analytical expression for the population
inversion.

Ry(ys2 — ya1) — yaul's
Ry(2y21 + ¥32) + vaul'3

P2 — P11 = (12)

where I's = y3, + y3 is the total decay from level |3). From the
above equation it is clear that, in this regime, w = py; — p11 is
the small-signal rate of amplification of a photon entering the
atomic vapor region. Therefore, when y, /w < 1, the cavity mode
experiences a net gain, which is responsible for the initial am-
plification of the cavity photon. When the number of photons in
the cavity increases, the small-signal gain is not valid anymore
and one needs to use the physical arguments provided above to
account for the laser dynamics of the system.

After reaching the threshold, the optical gain is clamped and
the population inversion remains fixed. The better the cavity, the
smaller the decoherence, hence smaller gain and population in-
version are required. For the ring resonator (with quality factor
Q = 3 x 10%) the required fractional population inversion of las-
ing is approximately 0.04. While due to the lower quality factor
of the lattice plasmon resonance (Q = 211), this value increases
to 0.66. Figure 4a,b show the steady-state behavior of the electric-
field energy density and the population difference as a function of
R, for the microring and the plasmonic lattice, respectively. The
observed linear dependence above threshold confirms that the
two considered configurations are indeed lasing. In addition, as
seen in Figure 4, the plasmonic lattice starts to lase at the pump-
ing threshold of R = 1.9 x 10° s~', while the same parameter
reduces to R;h = 4.1 x 10’5~ for the microring, which is about
five times smaller. These values correspond to pump powers of
48 and 10 pW power per atom in the case of the plasmonic lattice
and the ring resonator, respectively.

3.3. Simplified Model

To develop further insight into the performance of the studied
hybrid lasers, we use a simplified analytic model that captures the
main lasing characteristics of these systems. From Equation (9a—
d), we can calculate the population difference between levels |1)
and |2) required to overcome all decoherence phenomena in the
atom-—cavity system as

_ 6h[()’c]& + 6182) Re(&1) + (81vL — S2ve) Im(81)]
(@0 + 28,) NI M2 02w, . & 2

(13)

ss

where §; ; represents the frequency pulling effect due to a non-
zero frequency detuning between cavity and atom resonances,
defined by a*(t) — a*(t)e™™'" and 5, (t) — P (t)e . In addi-
tion, one can find that the population inversion given in Equa-
tion (13) can be achieved with an incoherent pumping of rate
RY =y (L+ we) /(1 = wis).

Equation (13) shows that, as expected, w;; depends on the lon-
gitudinal and transverse decay rates (y;, v, ), the frequency detun-
ing (81,,), the atom-field coherent coupling strength set by |M]|,
the atom density (N), and the ratio of the active region volume
to the cavity mode volume (¢1). In a nanophotonic cavity, {; and
81, are strongly dependent on the device features, hence it is the
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Figure 4. Calculated laser steady-state features: energy density (blue line)
and the population difference (red line), as a function of the pumping rate
(Rp) forthe a) ring resonator and b) plasmonic lattice. The yellow region in
both panels highlights the below-threshold region of the hybrid systems,
where lasing does not occur.

same for w;;. However, we found that a good approximation to
the numerical results for different types of structures can be ob-
tained by assuming a fixed value for ¢;. In particular, based on
various studies of the two classes of considered structures, we
found that ¢; = 0.04 is a proper approximate value for both the
microring and the plasmonic lattice considered in this work (see
Tables S1 and S2, Supporting Information).

For a fixed atomic density of N = 10*> m~3, Figure 5a,b show
the behavior of w,, and R;h as a function of cavity quality fac-
tor, respectively. For better understanding, the behavior has been
investigated for different values of the detuning & between the
cavity resonance and the atomic transition, ranging from § = 0.0
(dark blue line) to § = 0.20 nm (light blue line). The two vertical
black dashed lines mark the plasmonic lattice and ring-resonator
cases (with Q = 211 and Q = 3 x 10*, respectively). As seen in
Figure 5a, in a bad cavity regime (Q < 135), the required popu-
lation inversion is > 1, implying that the achievable gain in such
a system is not large enough to overcome all the decoherence,
hence no laser radiation can be observed within this range. The
corresponding pumping rate of this region is also very high as
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Figure 5. a) Required population inversion at threshold (wss) for the studied hybrid systems as a function of the quality factor (Q). The density of the
atoms in the active region is N = 1022 m~ and ¢; = 0.04 (see the definition in the main text). Results for different values of the detuning & between
the cavity resonance and the atomic transition are shown. The gray area in the low-Q part indicates the non-lasing regime, whereas the vertical black
dashed lines mark the Q-factors of the plasmonic lattice and the microring studied in this work (a sketch of each structure is also included). b) Same as
(a) but for the pumping rate at threshold (R;h) as a function of Q. c) Pumping rate at threshold (Rg’) for the ring-resonator laser (with Q = 3 x 10%)
as a function of the atomic density, N. Results for the same values of § as in (a) and (b) are displayed. The dotted black line shows the behavior of the
plasmonic lattice. The vertical dashed line marks the atomic density considered in (a) and (b).

can be seen in Figure 5b. This lasing-forbidden region is high-
lighted in gray in Figure 5a,b.

Structures with larger but moderate Q factors (Q < 500) lie
in an intermediate region, where the inversion and pumping
thresholds are almost insensitive to the atom-cavity detuning.
That is due to the fact that y, is still too large compared to the
transverse decay, so that the detuning mainly leads to a cavity
pulling and not an atom pulling, making w,, independent of
8. As shown in Figure 5a,b, the studied plasmonic lattice falls
within this range. Hence, any further optimization of the geo-
metrical features of the plasmonic system to decrease the de-
tuning does not have any substantial effect in reducing the re-
quired gain or lasing threshold. For the larger quality factors,
the detuning always increases the required inversion and pump-
ing rate at threshold, as can be seen in Figure 5a,b, respectively.
The microring lies within this range, where one can see the sub-
stantial sensitivity of its steady-state features as a function of
detuning.

Figure 5a,b reveal an unexpected non-monotonic dependence
of both population inversion and lasing threshold on Q. This be-
havior is a direct consequence of the frequency pulling effect.
While a low Q-factor cavity tends to only detune the cavity mode
resonance (i.e., 8, = 0), a large Q-factor cavity mainly modifies
the atomic resonance (§; = 0). For cavities with Q-factors in-
between, both the atomic and cavity resonance are modified de-
pending on the relation between y; and y,, leading to the non-
monotonic dependence on Q shown in Figure 5a,b. To the best
of our knowledge, this is the first report of such non-monotonic
behavior of the lasing threshold as a function of Q in the context
of active nanophotonic structures.

Figure 5cillustrates the behavior of the pumping rate at thresh-
old as a function of the atom density. Solid lines corresponds to
the studied microring structure (Q = 3 x 10%). The vertical black
dashed line marks the density used throughout this paper. Differ-
ent lines correspond to the different values of the detuning con-
sidered in Figure 5a,b. According to the above discussion, for a
fixed atom density, the required inversion at the lasing threshold,
and hence the corresponding pumping rate, should be larger for
larger § to overcome the detuning loss effect. This is precisely
what is observed in Figure 5c. On the other hand, if the detun-
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ing is fixed, one can increase the atom density to reduce the re-
quired stimulated emission rate from each individual atom, as
corroborated by the monotonically decreasing trend displayed in
Figure 5c¢ for each value of detuning. The gray shaded area on the
top-left corner indicates the parameter range where lasing cannot
happen, either due to the small atom density, or due to the large
detuning. Finally, the overlaid black dotted line shows the behav-
ior of the plasmonic lattice investigated in this work (Q = 211).
As can be seen, in spite of the very different nature of plasmonic
lattice resonance modes and ring-resonator WGMs, both systems
follow the same trend at large §.

4, Conclusions

We have reported on a novel route for realizing coherent light
sources in hybrid systems of alkali-buffer gas mixture and in-
tegrated nanophotonics. To study this class of systems, we have
developed a theoretical method based on the density-matrix for-
malism, allowing us to characterize the dynamic and steady-state
features of the nonlinear light-matter interaction taking place
in the proposed structures. Using this formalism we have sys-
tematically studied two realistic configurations based on an op-
tically pumped Rb-ethane gas mixture and two types of numer-
ically optimized nanophotonic systems, that is, a dielectric ring
resonator and a plasmonic lattice. In both cases, we have shown
how by tuning a photonic resonance to a suitable transition of the
atomic cloud, it is possible to achieve coherent radiation at low
power levels. In addition, using a simplified model, we have pro-
vided general guidelines for the design of hybrid nanophotonic
lasers.

To the best of our knowledge, this is the first study of las-
ing action in such hybrid systems. Atomic—photonic hybrid sys-
tems are a rather novel and unexplored platform, and we believe
the present study could stimulate further research aimed at ex-
ploiting their unique quantum optical properties. For instance,
the study of the response of these hybrid systems in different
light-matter coupling regimes, including strong coupling, is a
promising future research direction that paves the way for real-
izing novel quantum optical phenomena and devices.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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