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Abstract

45 Photon antibunching in the light scattered by single quantum emitters is one of the
hallmarks of quantum optics, providing an unequivocal demonstration of the quantized
nature of the electromagnetic field. Antibunching can be intuitively understood by
the need for a two-level system lying in its lower state after emitting a photon to be
re-excited into the upper one before a second emission can take place. Here we show
54 that such a picture breaks down in the ultrastrong light-matter coupling regime, when
56 the coupling strength becomes comparable to the bare emitter frequency. Specializing

58 to the cases of both a natural and an artificial atom, we thus show that a single emitter
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coupled to a photonic resonator can emit bunched light. The result presented herein is
a clear evidence of how the ultrastrong coupling regime is able to change the nature of

individual atoms.

Keywords

Cavity QED, Two-photon correlation function, Ultrastrong coupling.

1 Introduction

The nonclassical phenomenon of photon antibunching! was first observed in the resonance
fluorescence of sodium atoms in a low-density atomic beam.? Since then, this phenomenon
has been observed in a variety of single quantum emitters as trapped ions, dye molecules,
semiconductor quantum dots,*® nitrogen-vacancy centers in diamond, "® single carbon nan-
otubes,? and superconducting qubits.!® Apart from its fundamental importance, it can be

" an important building block

used for the realization of triggered single-photon sources,
of quantum technology architectures.>"'* The efficiency of triggered single photon sources
can be significantly improved by coupling the quantum emitter to a single mode of an
electromagnetic cavity with dimensions comparable to the emission wavelength. 5516 If the
interaction rate A between the atomic dipole and the electromagnetic field amounts to a non
negligible fraction of the atomic transition frequency w,, the routinely invoked rotating-wave
approximation (RWA) is no longer applicable and the antiresonant terms in the interaction
Hamiltonian significantly change the standard cavity QED scenarios. 173" In particular, it
has been shown that this regime can significantly modify the statistics of cavity photons. 340
This light-matter ultrastrong coupling (USC) regime has been experimentally reached in a
variety of solid state systems.*™ Specifically, superconducting circuits have proven to be

the most exquisite platform for microwave on-chip quantum-optics experiments in the USC

regime. 12435152 First- and second-order correlation function measurements have been per-

2
ACS Paragon Plus Environment

Page 2 of 23



Page 3 of 23

©CoO~NOUTA,WNPE

ACS Photonics

formed in these systems by using quadrature amplitude detectors and linear amplifiers. >3~

Moreover, the deep strong coupling regime, where the coupling strength becomes compara-
ble or even larger than the atomic and cavity frequencies, has been recently achieved in a
superconducting flux qubit tunably coupled to an LC oscillator via Josephson junctions. *°
Here we study the statistics of photons emitted by a two-level system ultrastrongly cou-
pled to a photonic resonator (see Fig. 1), rising the question if the antibunching of photons
emitted by a single atomic-like transition is a general feature of individual quantum emitters,
or, on the contrary, there are cases where photon bunching can be observed. Crucially, while
the two-photon correlation function of light transmitted through an optical cavity can dis-
play a great variety of behaviours depending on the cavity-embedded quantum system, °° the
zero-delay photon-photon correlation function for light emitted by a single two-level system
is known to be zero by definition. Surprisingly, our results will show how, accordingly to the
specificity of the system and to the strength of the light-matter coupling, situations arise
where the standard antibunching effect does not occur and the two-level system emits light
displaying a zero-delay two-photon correlation function significantly different from zero.

The quantum operator describing the electric field can be written as?""®

E(r,t) = Ei(r,t) — ¥(r) 6,(1), (1)

where Ein(r,t) is the incoming field, 6, = 6, + 6_ with 61 the atomic rising and lowering
operators, t = t —r/c with c the speed of light, and ¥(r) = [d — (d - r)r/r?]/(c?r) describes
the electric field emitted in the far field region by a point dipole with moment d. Here, d 7,
is the atomic dipole operator. We notice that the amplitude of the emitted-field operator
is proportional to d @(E), which is the quantum operator corresponding to the classical
amplitude qv, where ¢ and v represent the dipole charge and the relative velocity between
the opposite charges of the dipole. According to the quantum theory of photodetection, *°

the probability rate for a photon polarized in the j direction to be absorbed by an ideal
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photodetector at point r at time ¢ is proportional to the normal-order correlation function
(E7 (r,t)Ef(r,t)), where Ef and Ej’ = (EAJJF)T are the jth Cartesian components of the
positive- and negative-frequency electric-field operators. This result can be generalized to
coincidence probabilities. For example, the probability to detect a photon at point r; at time
t; and a photon at point ry at time t, is proportional to the normal-order photon-photon

correlation function G® (ry,t1;1s,t2) = (E; (11, 1) E; (v2, t2) B (va, t2) Ef (11, 11)).

When the atom evolves freely at its unperturbed frequency w,, we have
G_(t) = G- (0)e™™", (2)

and from Eq. (1) the positive-frequency field takes the form

A

Et(r,t) = Ef(r,t) + (r)w?6_(D). (3)

Page 4 of 23

According to Eq. (3), the normal-ordered, zero-delay second-order correlation function G (r,t;r,t) =

(EAj’(r?t)EAj’(r,t)EA;“(r,t)Ej(r,t», proportional to (6,66 _6_), vanishes since 6_6_ = 0.
Indeed, only a delayed emission of the second photon is possible, so that G(2)(r,t;r,t) <
GO(r,t;r,t + 7) for 7 > 0.

The same result holds when the quantum interaction with the free-space electromagnetic
field is taken into account, having care to redefine the atomic transition frequency to include
the Lamb-shift. In the case in which the electromagnetic field interacting with the atom
is significantly affected by a photonic structure as an optical cavity, Eq. (3) can still be
safely used if the light-matter system is in the so-called weak coupling regime. In this
regime, where the atom-field coupling rate is smaller than the decay rates of both the field
mode and the atomic excitation, the presence of the cavity only induces a modification of
the spontaneous emission rate and of the scattered field W(r). In the opposite case, when
the interaction between the atomic dipole and the electromagnetic field enters the strong
coupling regime, the coupling changes the energy eigenstates and Eq. (2) does not apply
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( Wa £ A Analyzer

Figure 1: Sketch of the system. A two-level atom is coupled to a resonator mode. Light
emitted by the atom into the external modes is detected by two photodetectors and analyzed
to measure two-photon coincidence counting rates.

anymore. Nevertheless, since the shifts in the atomic frequency are of the same order of A,
in the strong coupling regime, when A/w, < 1, they are small enough so that Eq. (3) is
still a good approximation. We observe that the emission of bunched light by a quantum
emitter dressed by an electric field has already been reported, for instance in the Jaynes

61763 ysing frequency filters. However,

Cummings model®>%! and in resonance fluorescence,
owing to the time-frequency uncertainty principle, the frequency-filtered correlation function,
describing bunched light, can be expressed in terms of time-delayed correlation functions
G®(r,t;r,t + 7), and bunched light is observed despite G (r, t;r,t) = 0.

The situation changes in the USC regime, when A amounts to a non-negligible fraction
of w, and the time evolution of ¢_ can differ significantly from Eq. (2). In this case, Eq. (3)
has to be replaced by ?!

Et(r,t) = Ef(r,t) + ®(r) 67 (1), (4)

where ;7 describes the positive-frequency component of 6, with limy o6} = 6_. It can be

obtained by expanding &, in terms of the energy eigenstates of the coupled atom-field system.

~

If |i) are the eigenstates with eigenvalues w; > w; for i > j, we obtain: 6} = > ._.0; Py,

where o;; = (i|6,]7) and P; = |i)(j|. The second-order time derivative o} can be directly

~

obtained by using P;;(t) = P,; e"“4i' where w;; = w; — w;. It results 6 = — ZKj wjzi oi; Pij.
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In this case G®(r,t;r,t) o (60,67 67) and, except when A — 0, there is no general rule

implying G®(r,t;r,t) = 0.

2 Results

In order to understand how the USC regime affects the statistics of photons emitted by a
single quantum emitter, we consider a generalized quantum Rabi model 2 described by the
Hamiltonian (h = 1):

~

i = %a +weila + Ma +ah) Ty, (5)

where a' and @ are the creation and annihilation photon operators for a single-mode cavity,
w, is the resonance frequency of the cavity mode, Ty = cos 06, + sin 05, and & are Pauli
operators. This Hamiltonian includes a longitudinal coupling term (o &,) which arises from
the broken inversion symmetry of the atomic potential energy, and will allow us to treat
not only the case of natural atoms, but also artificial atoms realised with superconducting
circuits. % Note that in general the total Hamiltonian will also include a diamagnetic interac-
tion term Hy = Hg 4 D(a+a')2%5 which is quadratic in the cavity-field operator. While in
superconducting systems such a term can be engineered and eventually made negligible, in
natural atoms there is a lower bound for the coefficient of the diamagnetic term D > A2 [Wa,
with the equality valid for transitions which saturate the TRK sum rule. 7

For a flux qubit artificial atom, the flux dependence is encoded in the angle 6: sinf =
¢/wq, where ¢ is the flux bias and w, = VA? 1+ 2, with A describing the qubit energy gap
in the absence of the flux bias. When the flux bias is zero, # = 0 and Eq. (5) reduces to the
standard quantum Rabi Hamiltonian Hy.

In circuit QED experiments, the artificial atoms can be excited by coupling them to
a transmission line. Moreover, it is also possible to measure their state by detecting the
reflected or emitted electromagnetic field. For example, if a semi-infinite transmission line

~

is terminated with an inductive coupling to an artificial atom, the output voltage V,, can
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be related to the input voltage Vi, by the following relationship %

~ N ~

‘/out(xvt) - _V;n(x7t) - mIa(g) ) (6)

where m describes the mutual inductance, fa is the atom current operator and ¢ =t — x/v,
where v is the speed of light in the transmission line. For a flux-qubit artificial atom the
current operator can be written, in the qubit energy-eigenbasis, as I, = I,7,. When the flux
bias is zero, # = 0 and the current operator results to be proportional to 6,. The resulting
positive frequency component of the output voltage is Vit (x, 1) = —ViF (x, 1) —5@*({), where
B =ml,. Also in this case, if the interaction of the artificial atom with the electromagnetic
field does not significantly affects its dynamics, we can approximate fj (t) ~ —iw,6_ so that
G (x,t,x,t) o (6,.6,6_6_) = 0.

Our aim is to study the statistics of the photons emitted by a generic single two-level
system coupled to a photonic resonator for a wide range of light-matter coupling strengths.
To this end, we first focus our attention on the quantum Rabi model (6§ = 0) and its gener-
alizations to include the diamagnetic term proportional to the square of the field amplitude.
We will then consider the case of artificial atoms where the light-matter longitudinal coupling
is present. When the normalized coupling strength \/w, is not sufficiently small, the second

order normalized correlation function may depend on the specific operators describing the

light emitted by the atom and can be expressed as

) +7)OF (t +7)OF (1))

{ ‘(t)?‘(t k k (7)
(O- (OO~ (t +7)OH(t + 7))

2
95 () =

where OF is a positive or negative frequency component operator. In this article, we present
calculations for O € [&x,ém,éx,%] In the limit A\/w, — 0, all these operators provide
g(OQ)(O) =0 as a result.

Figure 2(a) displays the energy differences between the lowest energy levels and the

ground state energy as a function of the normalized coupling strength \/w, obtained by nu-
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merical diagonalization of the quantum Rabi Hamiltonian Hy (blue solid curves), describing
the case of a superconducting circuit. Instead, the red dashed curves have been obtained
by diagonalizing the Hamiltonian Hy which includes the diamagnetic term with D = A2 /w,,,
modelling a natural atom coupled to a photonic resonator.

All the results displayed in Fig. 2 have been obtained at zero detuning (w. = w,). The
ground state is indicated as |0) and the excited energy states have been labeled as |fi.) on the
basis of the usual notation for the eigenstates of the Jaynes-Cummings (JC) eigenstates |n.y).
When the counter-rotating terms in the Hamiltonian go to zero, each state |fiy) — |ny) and
the two states conserve their parity for all values of \/wj,.

We consider the system initially prepared in the state |2_). The arrows in Fig. 2(a)
show the available decay channels. A crossing between the energy levels w; and wy, of the
quantum Rabi model can be observed at A\/w, = g. ~ 0.45. For A\/w, < g, the quantum Rabi
model displays two possible decay channels towards the ground state: [2_) — |1+) — |0).
Other possible transitions as, e.g., [1,) — |[1_) or |[2_) — |0) are forbidden owing to the
parity selection rule. For A/w, > g, only one decay channel is allowed. The resulting

zero-delay normalized second order correlation function at ¢ = 0 can be written as

42(0) = 1051, 01,5 +051 Oi_5 |7 ©®)
(101, 5 *+107_5 |*)?

where O, ,, = (n|O|m), when the two decay channels are present, and as

_ 101 O7_5 |7
0;_5_|*

after the crossing, where there is only one decay channel.

For small coupling strengths (A/w, — 0), where the JC eigenstates are a good approxima-
tion, it results oo, 01, 2 = £1/2, and the numerator in Eq. (8) implies g((,i)(O) — 0. Hence
the well-know result g((,?(O) = 0 can be interpreted as the result of complete destructive in-

terference of the two possible paths determining the two terms in the numerator of Eq. (8).
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1072}

0.4 0.6 0.8
A we

Figure 2: (a) Energy spectra of the quantum Rabi Hamiltonian Hg (blue solid curves) and
of the Hamiltonian H, including the diamagnetic term (red dashed curves) as a function of
the normalized coupling strength \/w. at zero detuning (w. = w,). The arrows describe the
possible decay channels for the system prepared in the eigenstate \§,> of Hy (for A\/w. < g

and \/w, > g.) and Hy (for A\/w, > g.) (b) Normalized second-order correlation functions

g(OQ)(O) for O = 0,,6,,0, as a function of \/w,, for the system prepared in the initial state

12_) of Hy and (c) in the initial state [2_) of Hy.

Figure 2(b) displays the three g(OQ)(O) with O = 0., 0, 6, for the quantum Rabi model as a
function of the normalized coupling strength A/w,. We notice that, for the quantum Rabi
Hamiltonian (6 = 0), the operator 630 corresponds to the time derivative of the qubit current.
As expected, the three curves start from zero for A\/w, — 0 and increase for increasing values
of the coupling strength. We notice that g((fi)(O) (blue solid curve) remains below 1073 for
A w, < ge, since the corrections due to the counter-rotating terms are not able to affect the
products 057, 07, 5 so that the numerator of Eq. (8) remains very small. When \/w, = g,
a sharp transition occurs. As shown in Fig. 2(a), for A/w, > g. only one decay channel

is allowed and no cancellation effects are possible in the numerator of g((,i)((]) (see Eq.(9))

(2)

which jumps to ~ 3. The situation is different for g, ’(0) and géi)(O). For example, if we

9
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0.4 0.6 0.8 1 1.2

Figure 3: Two-photon excitation of the state |2_) via a Gaussian pulse AG(t)cos (wat),
where G(t) is a normalized Gaussian function (shaded curve). The central frequency and the
amplitude of the pulse are, respectively, wg = ws_,/2 and A = 1.95. (a) Time evolution of
the populations of the three lowest energy states. (b) Zero-delay, normalized second-order
correlation functions gg )(0) for O = 0,,06,,0, as a function of time. We used a normalized
coupling strength \/w. = 0.6 and atomic and photonic loss rates v = k = 1072 w,.

(2)

consider g;’(0) we observe that the two terms in the numerator in Eq. (8) for A\/w, < gc

have the form wi, gws i,051, 07,5 - Evenif o537, 07,5 ~ £1/2, for increasing values of

the coupling strength the transition frequency ws j, decreases significantly, lowering one of

(2)

these two terms in the numerator so that g;’(0) can differ significantly from zero even before

A w, = ge. Figure 2(c) displays the three gg)(O) for the system described by Hy as a function
of the normalized coupling strength A/w, under the same conditions used to derive the re-
sults in Fig. 2(b). As shown in Fig. 2(a), in this case no level crossings occur and two decay

channels are always present. The normalized correlation functions are described by Eq. (8).

Owing to the destructive interference, gc(,i)(O) remains very small (below 107) even at larger

coupling strengths. On the contrary, owing to the differences between the transition frequen-

()

cies of the two available decay paths, g,’(0) and g(-(fw)(O) display experimentally detectable
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deviations from the standard (weak coupling) result g(O2 )(0) = 0. The system can be experi-

mentally prepared in the state |§_> by exciting the qubit or the cavity with a sequence of two
resonant 7-pulses, determining the sequential transitions [0) — |1_) — |2_). The system
can also be prepared by two-photon excitation: |0) — [2_). In this latter case, the resulting
state will be the superposition [1/(0)) = /1 — [a]2]|0) + @|2_) with a < 1. Using this as ini-
tial state, the obtained 9(02 ) (0) can be significantly higher, reproducing the curves displayed
in Fig. 2(b) and 2(c) divided, however, approximately by the factor |«|?. Figure 3 displays a
numerical test of this excitation mechanism, obtained using A/w. = 0.6. The system Hamil-
tonian, including the external pulse feeding the cavity is Hg + A G(t) cos (wgt)(a + at), where
G(t) is a normalized Gaussian function. The central frequency and the amplitude of the pulse
are, respectively, wg = ws_, /2 and A = 1.95. The influence of the cavity-field damping and
atomic decay on the process are taken into account by using the master-equation approach
in the dressed picture.®% We consider the system interacting with zero-temperature baths.
The master equation is obtained by using the Born-Markov approximation without the post-
trace RWA. ™ We use for the decay rates of the qubit () and the cavity (x): v =k = 1073 w,..
Figure 3(a) shows the populations of the three lowest energy states. The system is initially
in its ground state |0) and, after the arrival of the Gaussian pulse (shaded curve), the state
|§_> reaches a population of about 0.2, depending on the pulse amplitude. As times goes
on, also the lower energy state |1_) populates owing to the decay |[2_) — |1_). Figure 3(b)
displays the time evolution of the three equal-time 9(02 )(0) with O = 0,,0,,07,. All of them
are different from zero and, as expected, they display larger values than the corresponding
ones (at A = 0.6w,) in Fig. 2(b). Figure 4 shows results in the case for which a longitudinal
coupling between the qubit and the resonator field is present (6 # 0). We use a zero-bias
qubit gap A/w. = 0.5 GHz and a qubit-resonator coupling rate \/w. = 0.2. Figure 4(a) dis-
plays the energy spectrum for the lowest energy levels of H as a function of the normalized
flux bias €/w.. The arrows describe the possible decay channels for the system prepared in

the eigenstate |1,). For ¢ = 0, the parity selection rule implies that only the one-photon

11
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Figure 4: (a) Energy spectrum of the generalized Rabi Hamiltonian H (blue solid curves) as a
function of the normalized flux offset £/w.. We set the zero-bias qubit gap to A/w. = 0.5 GHz
and consider a qubit-resonator coupling rate A/w, = 0.2. The dashed blue arrows describe
the possible decay channels for the system prepared in the eigenstate |1+), while the solid
red arrow describes the system excitation by an applied drive. (b) Matrix elements (n|Zs|m)
for the transitions 1) — |0) and |1,) — |1_) as a function of £/w,. (c) Qubit normalized
second-order correlation function g(Ii)(O) as a function of £/w. (grey solid curve) for the
system driven towards the |Lr) state by applying to the resonator a continuous-wave optical
drive of amplitude A/y = 0.25. The steady-state populations P; (orange dotted curve)

and Py, (green dashed curve) of the I1_) and |1,) states are also dispayed. Populations of
higher energy levels are below 10~ and are not reported in the figure. (d) Qubit steady-state

time-delayed normalized second-order correlation function g(iz)(T) obtained for £ /w, = 0 (red

dashed curve) and for €/w. = 0.35 (blue solid curve). The decay rates for the qubit and the
resonator are v = k = 5 X 107* w,.

transition |1,.) — |0) and as a consequence g(OQ)(O) = 0 is expected. For ¢ # 0, the parity
selection rule is broken and all the available downward spontaneous transitions are allowed
(see Fig 4(b)). In order to present results that can be experimentally studied more easily,
we calculate the steady-state normalized correlation function g(Ii)(O) for the field emitted by
the qubit after continuous-wave pumping of the resonator with a drive resonant with the
transition |0) <+ |1,). The system Hamiltonian including the drive is H + A cos (wqt)(a + a')

12
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with wy = wy, 5. Also in this case, the influence of the cavity-field damping and atomic
decay on the process are taken into account by using the master-equation approach in the
dressed picture.?®% We consider the system interacting with zero-temperature baths. The
master equation is obtained by using the Born-Markov approximation without the post-trace
RWA. ™ We use for the decay rates of the qubit () and the cavity (r): v =k =5 x 107 w..
Moreover, we use an excitation amplitude A/~ = 0.25 able to provide a steady-state popula-
tion for the state |1.) ranging between 1% and 6% depending on the value of ¢ [see Fig. 4(c)].
According to Eq. (6), the measured second-order correlation function can be obtained from
Eq. (7) by using O = fg. Figure 4(c) shows the steady-state, zero-delay qubit normalized
correlation function as a function of the flux bias. Also in this case, we find that it is sig-
nificantly different from zero, reaching its maximum (~ 8.7) at ¢/w. ~ 0.35. The shape of
the curve in Fig. 4(c) and the position of its maximum mainly depend on the dependence
on ¢ of the matrix elements showed in Fig 4(b). Figure 4(d) displays the qubit steady-state
time-delayed normalized second-order correlation function 9(129) (1) obtained for ¢/w, = 0
(red-dashed curve) and for €/w. = 0.35 (where g(;e) (0) is maximum) (blue continuous curve).
For €/w. = 0, the expected antibunching effect: gg)(T) > g(i)(O) can be observed. On the
contrary, the blue continuous curve shows a photon bunching effect: g(;e) (1) < 9(129)(0)' As

expected, both the two curves tend to 1 for 7 — oo, indicating the loss of correlation between

the emitted photons.
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3 Conclusions

The first observation of antibunching in the light emitted by a two level atom, which dates
back to forty years ago by Kimble, Dagenais, and Mandel, ? has been interpreted by many as
a definitive proof of the quantization of the electromagnetic field, and it still stands as one
of the iconic results of quantum optics. In this paper, we show for the first time that this is
not a universal feature, and that a single two-level system, physically instantiated in a real
or an artificial atom, can emit bunched light, exhibiting a zero-delay two-photon correlation
function different from zero. The effect here described provides clear evidence of how an
atom can lose its identity when ultrastrongly interacting with a photonic resonator.

The possibility to engineer the quantum properties of light emitted by single emitters

t ' required by

has revealed itself an useful tool to generate the non-classical states of ligh
quantum metrology applications.” Apart from their fundamental importance our results,
demonstrating the possibility to tune photon correlations in situ by an external control pa-

rameter, could thus also find practical applications in the ongoing quest toward the realization

of practical quantum devices.
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