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Non-Hermitian Anharmonicity Induces Single-Photon Emission
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Single-photon sources are in high demand for quantum information applications. A paradigmatic way to
achieve single-photon emission is through anharmonicity in the energy levels, such that the absorption of a
single photon from a coherent drive shifts the system out of resonance and prevents absorption of a second
one. We identify a novel mechanism for single-photon emission through non-Hermitian anharmonicity, i.e.,
anharmonicity in the losses instead of in the energy levels. We demonstrate the mechanism in two types of
systems, including a feasible setup consisting of a hybrid metallodielectric cavity weakly coupled to a two-
level emitter, and show that it induces high-purity single-photon emission at high repetition rates.
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The generation and manipulation of nonclassical light
are essential for light-based quantum information technol-
ogies [1]. Nonclassical light is characterized by photons
that are correlated with each other, and therefore, their
arrival times are dependent. The likelihood to detect
coincident photons is usually quantified by the normalized
high-order correlation functions at zero delay, g£1%2) [2].

While g&”) = 1 characterizes a coherent source of classical

light with a Poissonian distribution of the photon arrival

(n=2)

times, g,_, < 1 characterizes a sub-Poissonian distribu-

tion associated with quantum light. When gi"z)o < 1, the

source can essentially only emit a single photon at a time.
Such single-photon devices play a vital role in secure
communications [3.,4], quantum computing [5-8], quantum
metrology [9-11], and quantum sensing [12].

Single-photon emission can be generated by emitters that
behave like two-level systems to a good approximation, such
as atoms [13], nitrogen-vacancy centers in diamonds [14],
and quantum dots [15]. While these inherently nonlinear
systems offer a straightforward approach for single-photon
emission, they have limitations in efficiency, emission rates,
coherence time, and scalability [14,16,17]. As an alternative,
cavity modes, which couple efficiently to light and are highly
tunable, can potentially be used to achieve bright photon
emission at high rates. However, they are inherently linear
due to their bosonic nature, such that single-photon emission
can only be achieved through physical mechanisms inducing
an effective nonlinearity [18]. In this Letter, we describe a
novel mechanism for generating efficient single-photon
emission at high rates using cavity modes.

A prominent mechanism for the generation of single
photons using cavity modes is the so-called photon block-
ade (PB, also known as conventional antibunching)
[19-21] phenomenon observed across various platforms,
e.g., in cavity quantum electrodynamical (QED) [19,20]
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and optomechanical [22,23] systems. This mechanism is
traditionally interpreted in terms of the eigenstates of the
undriven Hermitian Hamiltonian, which describes the
effect of the coherent coupling of the system components
but does not describe the modification of these dynamics
due to losses. The anharmonicity of these eigenstates, i.e.,
the fact that the energy required to absorb one photon is
different from the energy required to absorb a subsequent
photon, induces the photon blockade effect. In contrast, the
novel mechanism introduced in this Letter is based on the
anharmonicity of the eigenstates of the effective undriven
non-Hermitian (NH) Hamiltonian arising from the
Lindblad master equation for open quantum systems
[24,25]. Tt becomes efficient when there is a significant
difference in the losses (encoded in the imaginary parts of
the NH eigenenergies) of the singly and doubly excited
states of the system. Thus, we show that the effective NH
Hamiltonian not only provides a mathematically conven-
ient description including the effect of losses, but naturally
points the way toward a non-Hermitian photon blockade
(NHPB) mechanism. In this aspect, it is similar to phenom-
ena such as exceptional points and parity-time symmetry
that have attracted much attention in the last decade
[26-35], and also arise naturally from a NH description.
Hermitian PB is difficult to realize in lossy systems, as
the anharmonicity has to be larger than the linewidths (that
are determined by the loss rates) of the system eigenstates
[21], which is only achieved in the strong-coupling regime
of cavity QED systems. In contrast, NHPB is not limited
by the linewidths but instead exploits their possibly large
values and operates in the weak-coupling regime of cavity
QED systems, as we show below. The NHPB mechanism is
thus expected to have less stringent experimental require-
ments than the Hermitian PB for the realization of an
efficient single-photon source. Note that another antibunch-
ing mechanism, the destructive interference mechanism
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(also known as unconventional antibunching) [36-38]
also usually operates in the weak-coupling regime; how-
ever, it suffers from severe limitations for single-photon
generation [39].

We obtain a unified description of the PB phenomenon,
which includes both the Hermitian and the NH mecha-
nisms, using a perturbative approach to obtain a simple
expression for the correlation functions under weak pump-
ing by a continuous-wave source at frequency w;. The
derivation details and the full expressions are given in the
Supplemental Material [40]. In the common situation that
only one eigenstate in each excitation manifold contributes
significantly to the emission, the normalized zero-delay

second-order correlation function gg

o 1s given by
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where Vp is the pumping operator that the external driving
laser couples to, transformed into its rotating frame; E, is
the scattered far-field operator at the detector; |0) is the
ground state; and |p;), |p,) are the relevant eigenstates of
the NH laser-free Hamiltonian in its first- and second-
excitation manifolds. Their complex eigenenergies E =
E; — (i/2)T';, where j can be either p; or p,, encode both
the energy position E; and loss rate I';. Note that for
eigenstates of a NH Hamlltonlan the notatlon [...), (']
rather than |...), (...| is used to describe the right and left
eigenstates [41].

The emergence of both Hermitian and non-Hermitian PB
manifests itself in the first row of Eq. (1), which presents
the ratio between the populations of |p,) and |p;). In
particular, the first term of Eq. (1) can be strongly sup-
pressed when there is nonlinearity in the complex plane,
ie.,when E, # (E, /2).Figure | shows a sketch of these
two mechanisms: while the Hermitian PB in Fig. 1(a) stems
from anharmonicity in the real axis E, # (E,,/2), the
NHPB in Fig. 1(b) occurs even when E, = (E, /2) =
ho; and stems from the anharmonicity in the imaginary
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FIG. 1. Sketch of the two mechanisms for PB: (a) the Hermitian
mechanism and (b) the NHPB mechanism introduced in this
Letter.

part of the eigenenergies. When the decay rate of |p,) is
much larger than that of |p,), i.e., when r,>T,, as
illustrated in Fig. 1(b), the state |p,) is effectively elim-
inated from the dynamics such that the absorption of a
second photon is prevented and ggo(a)L) is strongly
suppressed. Note that the first term of Eq. (1) is the ratio
between two Lorentzian functions centered at E, and
E, /2 and whose widths are I', and I',, /2, respectively.
These Lorentzian functions are also depicted in Fig. 1(b).
They represent the energy-dependent densities of states that
correspond to |p;) and | p,) in the real energy spectrum and
originate from their NH character [41]. This observation
provides a physical explanation for the NHPB, revealing
that the absorption of subsequent photons is suppressed due
to a smaller density of states at twice the laser frequency
than at the laser frequency itself.

As described above, realizing the NHPB mechanism
requires a setup with a nonlinear behavior in losses.
Specifically, the narrowest accessible eigenstates, i.e., those
with the lowest losses, in each excitation manifold of the
laser-free system are the relevant |p;) and |p,) that should
obey I'), < T',, to induce it. This points toward a way to
design single-photon sources by engineering the loss of the
levels in the system, instead of designing a specific
energetic structure and trying to minimize losses as the
Hermitian PB suggests. In the following, we theoretically
demonstrate this concept and present the implementation of
the NHPB mechanism through the engineering of losses by
tailoring the coherent coupling between different modes
with a given loss within the effective NH laser-free
Hamiltonian framework. Note that this loss-engineering
approach differs from actively designing the operators in
the Lindblad master equation to modify the system’s
interaction with the environment states [42-45]. We present
two examples where the necessary nonlinearity is induced
by different effects. The first example is a proof-of-
principle model with nonlinear coupling between linear
elements that facilitates analytical analysis, while the
second example presents a realistic system of a hybrid
metallodielectric cavity interacting with a two-level emitter
(TLE) in which the nonlinearity is due to linear coupling to
a nonlinear system: a TLE.

The first example is a prototypical NH Hamiltonian
describing second-harmonic generation [46],

fly = @uata + ab'h + gla'b® + (b)2a).  (2)

where a (a”) and b (b") are the annihilation (creation)
operators of two bosonic modes, @, = 2w, — (i/2)y, and
@, = w, — (i/2)y, are their complex energies, and g is the
quadratic coupling strength between them. Note that we
have assumed that the real parts of the energies are exactly
on two-photon resonance. This simple Hamiltonian can be
analyzed analytically without any restriction to just a few
eigenstates. In particular, when weakly pumping the b
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mode (Vp =b" +b) on resonance (w; = wp), and
detecting its emission (E}, « b'), the intensity / and the
normalized zero-delay second-order correlation function

952:)0 are given by

4 2) 1
. Golop =wy) = . 3
s dhe=e) = O

lw; = o) x

where 7 = (4¢%/7.475) is the cooperativity parameter for the
two modes [47]. ggo(mL = w),) vanishes when 7> 1.
While large cooperativity can be obtained either through a
large g, through a small y,, or through a small y,, the latter
limit leads to the highest intensity and thus the most efficient
single-photon emission. This limit corresponds exactly to the
NHPB mechanism, while the limits of large g and small y,,
correspond to the Hermitian PB and the destructive inter-
ference mechanism, respectively. In the NHPB limit, the
accessible first-excitation eigenstate |p,), that is the pure b
mode with I", =y;, is narrow. The second-excitation
eigenstates, however, which arise from the interaction
between the singly excited mode a and the doubly excited
mode b, are much broader when y;, < 7,. In particular, when

the coupling is weak (g < (7,/2v/2)), the decay rate of the
narrowest state | p,) is given by I',,, = 2y, (1 + #). Thus, we

obtain ggzz)o(a)L =wy) ~ (2I', /T,,)%, demonstrating the
manifestation of the NHPB mechanism. In addition, to

emphasize that the low two-photon emission given by

ggo(a)L = w,,) indicates the low two-photon absorption

characterizing the NHPB, we note that the upconversion
efficiency of two absorbed photons with frequency w,, to one
emitted photon with frequency 2wy, given by @, = [1/(n +
Ya/7s)] (see Ref. [40] for details), is very small in the
NHPB limit.

The Hamiltonian in Eq. (2) can, e.g., describe a mechani-
cal oscillator (mode b) located exactly in the middle of a
Fabry-Pérot cavity (mode a), when the optical mode is
strongly driven by a laser (see Refs. [48-50]). Since
commonly the mechanical decay rate is much smaller than
the optical one [48-50], the NHPB induces single-phonon
emission in such a system. For example, for (y,/y,) = 1073
and g = (y,/10), the cooperativity is 7 = 40. Consequently,

952:)0 (w;, = w,) ~ 6 x 1073 [Eq. (3)], showing strong anti-
bunching. Note that adiabatic elimination of the mode a in
Eq. (2) leads to a single oscillator with a nonlinear loss.
Single-phonon emission in such a system has been demon-
strated in Ref. [51].

The second example we discuss is a feasible cavity-
QED-like setup involving the linear coupling of a TLE to
bosonic (cavity) modes. In order to generate the anharmo-
nicity in the complex plane that induces the NHPB, two
bosonic modes with different losses are required. Hybrid
metallodielectric cavities, incorporating a narrow photonic
mode and a broad plasmonic mode, provide an excellent

platform that fits this requirement. These cavities have
attracted much attention lately, both theoretically [52-55]
and experimentally [56-58], since they combine the merits
of low-loss microcavities with highly localized plasmons,
thus yielding new functionalities. Very recent works [59—
62] have studied the photon statistics of a hybrid cavity
coupled to a TLE and showed that it can present strong
antibunching. These works related the antibunching to the
destructive interference mechanism [59-61], and/or used
large coupling strengths or energy detuning to induce the
Hermitian PB mechanism [60-62]. In contrast, we here
demonstrate that NHPB in such a system can lead to
efficient single-photon emission without requiring large
coupling strengths or energy detunings.

The NH Hamiltonian that describes the coupling
between a TLE and two optical modes (e.g., a Fabry-
Pérot mode and a plasmonic mode) can be written as

I:IO = (a)e - i7_2e>0_+0__ + Z [(a}n —i%")a:gan

n=1,2

Faloa, +aa )| +dalatda). @

Here, o_ (o) and a, (aj;) are the annihilation (creation)
operators of the TLE and the two optical modes, respec-
tively; w,, w, and y,, y, are respectively their energies and
decay rates; g;, g, are the coupling strengths between the
TLE and each optical mode; and d is the coupling strength
between the two optical modes originating from the
interaction between the Fabry-Pérot electric field and the
plasmonic dipole moment. Note that due to the non-
Hermicity of the system and the fact that the Hermitian
and anti-Hermitian parts of the effective Hamiltonian do
not commute, diagonalizing the Hermitian part to decouple
the two optical modes would yield dissipative interactions.
Consequently, there is no equivalent system of uncoupled
bosonic modes that provides the same dynamics [63,64].
In the following, we show the importance of the coupling d
in inducing the NHPB mechanism. Without loss of general-
ity, we assign index 1 to the narrow (Fabry-Pérot) mode and
index 2 to the broad (plasmonic) mode, such that y, > y;.
In addition, we consider y, << 71 5, which describes a good
emitter at low temperatures (e.g., see Ref. [65]). Figure 2
depicts an illustration of the system.

The NHPB mechanism is induced in the system above
by the decoupling of the Fabry-Pérot mode and emitter
from the plasmonic mode occurring when g,, d > ¢1,7.,71
[40]. This decoupling is only present in the first-excitation
manifold, forming a very narrow |p;). The state |p;)
resembles the dark state formed when several emitters
interact with a cavity [66]. However, |p;) is optically
accessible by pumping the Fabry-Pérot mode and detecting
its emission, such that Vp =da} +a, and Ej; « a]. These
operators describe a system configuration in which its
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FIG. 2. Scheme of a hybrid metallodielectric cavity interacting
with a TLE. The parameters characterizing the system are
sketched. Vp and Ep describe the pumping of the Fabry-Pérot
mode and the detection of its emission, respectively.

driving from and leakage into free space is mediated by the
mirrors of the Fabry-Pérot cavity, as is presented in Fig. 2.
Reference [62] has discussed the formation of a very
narrow |p;) in a hybrid cavity interacting with a TLE
and presented its role in enhancing the efficiency of the
single-photon emission occurring due to the Hermitian PB
mechanism. We here show that by engineering the decay
rate of the narrowest state in the second-excitation mani-
fold, |p,), the very narrow |p;) can be used to induce the
NHPB mechanism.

The decay rate of |p,) is engineered by controlling its
plasmonic component. The plasmonic mode participates in
|p,) through its coupling d to the Fabry-Pérot mode.
Figure 3 studies the single-photon emission due to the
NHPB mechanism with respect to d when y; = 1073y,,
Ve =10772, g1 =0, 95 = (72/15), and , = 0| = @,. In
Fig. 3(a), 952:)0 is shown as a function of the laser detuning
Aw; = w, — oy and the coupling d, when pumping the
Fabry-Pérot mode and detecting its emission. Note that,
although not shown, the intensity reaches its maximum for
Aw; = 0 because the coupling strengths are sufficiently
small not to induce Rabi splitting. The observed antibunch-
ing stems from the NHPB mechanism, i.e., from the
anharmonicity in the imaginary part of the eigenenergies.
This anharmonicity is presented in Fig. 3(b), which depicts
the decay rates I'; of the first (red) and second (black)
excitation eigenstates, normalized by the excitation number
g =1, 2, as a function of d. The decay rates of |p;) and
|p,) are in thicker lines. Figure 3(c) plots the plasmonic
components of |p;) (dark red line) and of |p,) (gray line),
given by |(p,|aja,|p)| and |(p,|abas| p,)|, respectively, as
a function of d. While the component of the plasmon in
|p1) is kept very small, consistent with its decoupling from
|p1), its component in | p,) increases with larger d. When it
reaches the ratio y, /y, [dashed horizontal line in Fig. 3(c)],
the decay rate of | p,) becomes significantly larger than that
of |py) [Fig. 3(b)], inducing the emission of single photons
[Fig. 3()].

Similarly to the previous example, g( )0 can be expressed
as a function of the cooperativity between the two optical

modes = (4d?/y,7»):
oo =00~z [Fr2ra(2) (5-1)] o)
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FIG. 3. (a) ggo as a function of Aw,, and d. (b) I';/q of the

first (red, ¢ = 1) and the second (black, ¢ =2) excitation
eigenstates and (c) N%' = |(py|ajas|p)| (dark red) and N5* =
|(p2labas|py)| (gray) as a function of d.

showing that large 7 is required to achieve antibunching.
Equation (5) is the second-order approximation for the
analytical expression of ggo(wL = w,) when (y,/7,) < 1
and y, = 0. Further investigation of the dependence of the
results and their robustness with respect to the system
parameters is presented in the Supplemental Material [40].

Finally, in Fig. 4, we analyze the validity of the approx-
imations inherent to our analysis above. Figures 4(a) and 4(b)
plot I and g( )0, respectively, as a function of Aw; when
d = (y,/10) (and the other parameters are as in Fig. 3). In
addition, since single-photon emission requires the suppres-

sion of all the high-order correlations gii)o, we present in

Fig. 4(c) the normalized zero-delay third-order correlation
function ggo as afunction of Aw; . The strong dip in Fig. 4(c)
(solid line) demonstrates that the NHPB operates beyond
second-order processes and suppresses multiphoton events.

Moreover, the results support that the predicted antibunching

-0.02 -0.01 0 0.01 0.02
Awl_/'y2

FIG. 4. (a) I, (b) ¢\ and (c) ¢!, as a function of Aw; . The
solid lines correspond to the full calculations [40], the dotted lines
consider only the narrowest eigenstate in each excitation mani-
fold, and the dashed lines were obtained when imposing I'; =
gl’,, where g is the excitation number.
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is related to the generalized PB phenomenon and not to the
destructive interference effect [39]. To verify that the
predicted antibunching can be well-understood in terms of
justtwo system eigenstates, | p, ) and | p,), as Eq. (1) does, we
compare /, 952:)0 and ggo obtained by including all system
eigenstates (solid lines) with the values obtained only by the
narrowest eigenstates in each manifold, |p;), | p,), and |p3)
(dotted lines). As can be seen, almost perfect agreement is
achieved between the two cases in the vicinity of Aw; = 0.
Furthermore, we show that artificially setting all the eigen-
states to have the same decay rate I'; = ¢I',,, (dashed lines)
suppresses the antibunching completely. ¢ is the excitation
number, and I', is the decay rate of |p;). This suppression
demonstrates that indeed the anharmonicity in the imaginary
part of the eigenenergies, i.e., the NHPB mechanism, is the
origin of the observed antibunching.

To conclude, we have theoretically proposed a novel
mechanism for generating high-purity single-photon emis-
sion at high repetition rates. This mechanism stems from
the difference in linewidth between the absorption of one
photon and of two photons, and can be explained by the
anharmonicity in the complex NH eigenenergy spectrum.
Thus, the NHPB mechanism reveals an interesting inter-
play between non-Hermiticity of the system and quantum
nonlinearity of the emitted light. Importantly, it provides a
reliable route to single-photon emission even in the weak-
coupling regime where couplings do not overcome losses.
We have demonstrated the NHPB in two types of systems,
including a feasible cavity-QED-like setup with realistic
parameters, and showed that it indeed induces strong
antibunching. Our findings open the door to the realization
of new single-photon devices with potential applications in
quantum information, communication, and metrology.
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