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Resonance fluorescence has played a major role in quantum optics with predictions and later
experimental confirmation of nonclassical features of its emitted light such as antibunching or squeezing.
In the Rayleigh regime where most of the light originates from the scattering of photons with subnatural
linewidth, antibunching would appear to coexist with sharp spectral lines. Here, we demonstrate that this
simultaneous observation of subnatural linewidth and antibunching is not possible with simple resonant
excitation. Using an epitaxial quantum dot for the two-level system, we independently confirm the single-
photon character and subnatural linewidth by demonstrating antibunching in a Hanbury Brown and Twiss
type setup and using high-resolution spectroscopy, respectively. However, when filtering the coherently
scattered photons with filter bandwidths on the order of the homogeneous linewidth of the excited state of
the two-level system, the antibunching dip vanishes in the correlation measurement. Our observation is
explained by antibunching originating from photon-interferences between the coherent scattering and a
weak incoherent signal in a skewed squeezed state. This prefigures schemes to achieve simultaneous

subnatural linewidth and antibunched emission.

DOI: 10.1103/PhysRevLett.125.170402

The prediction of photon antibunching in resonance
fluorescence was made by Carmichael and Walls [1] and
observed experimentally by Kimble ez al. [2]. This initiated
a flourishing and voluminous research activity on non-
classical features of light, which led to prospects of
technological applications, in particular with so-called
single-photon sources [3] to power quantum optical circuits
or distributed quantum networks. While atomic platforms
have been pioneering the investigations on the quantum
nature of light, solid-state counterparts emerged as useful
and versatile systems which enabled parallel and in some
occasions leading fundamental studies of light-matter
interactions [4,5]. Quantum dots are ideally suited as
prototypical two-level quantum systems in the solid state.
This is a result of their strong optical interband transitions,
almost exclusive emission into the zero-phonon line and
ease of integration into optoelectronic devices [3,6-8].

0031-9007,/20/125(17)/170402(6)

170402-1

Moreover, the development of resonant excitation tech-
niques [9], such as cross-polarized resonance fluorescence
[10] has enabled nearly transform-limited linewidths [11],
as the resonant excitation avoids the generation of free
charge carriers which can lead to a fluctuating electronic
environment resulting in spectral diffusion [12]. This
technique has enabled multiple exciting tests of quantum
optics beyond the use of quantum dots as nonclassical light
sources. For example, using pulsed excitation, Rabi oscil-
lations have been demonstrated and enabled the on-demand
generation of single photons [13], entangled photon pairs
[14], two-photon pulses [15], and photon number super-
position states [16]. Furthermore, continuous wave exci-
tation has led to the observation of Mollow triplets for
strong driving [17] as well as coherent Rayleigh scattering
in the regime of weak driving [18-20]. In the latter case,
light is coherently scattered by the two-level system leading
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to a subnatural linewidth of the photons which inherit the
coherence of the laser [21]. While previous experimental
works have indicated that the coherently scattered light
exhibits antibunching [18,19], recent theoretical studies
have emphasized that the antibunching is only enabled by
the presence of weak incoherent emission interfering with
the coherently scattered light [22]. Therefore, it was
predicted that selectively transmitting the narrow coherent
scattering by frequency filtering, i.e., suppressing the
incoherently scattered component, would inhibit the obser-
vation of antibunching. In this Letter, we experimentally
test this prediction and observe that, indeed, it is only
possible to observe either subnatural linewidth or anti-
bunching under simple resonant excitation. We provide a
fundamental theoretical model giving insight to the under-
lying mechanism that agrees very well with our exper-
imental results without data processing. The excellent
accord between experiment and theory indicates that
targeted experiments to control the balance of coherent
and incoherent fractions and simultaneously achieve anti-
bunching and subnatural linewidth, are within sight.

The quantum dots used in this study were grown by
droplet etch epitaxy [23,24]. An aluminum droplet is used
to dissolve an AlGaAs substrate at distinct positions to
form near perfectly round holes with a diameter of
~100 nm and ~5 nm depth. These holes are filled with
GaAs in a second step and capped again by AlGaAs to form
single quantum dots. We focus on studying the emission of
a single quantum dot under resonant excitation with a
narrow linewidth (50 kHz) and frequency tunable diode
laser using a scanning Fabry-Pérot interferometer with a
spectral resolution of 28 MHz (see the Supplemental
Material [25] for more details). While in a linear scale
[Fig. 1(a)] the spectrum seems to consist of only one sharp
peak, a plot in logarithmic scale [Fig. 1(b)] reveals the
presence of two superimposed peaks: A sharp peak with a
linewidth of 28 MHz and a broader peak with a linewidth
of (890 + 60) MHz. While the sharp peak stems from the
coherent scattering and is only limited by the resolution of
the scanning Fabry-Pérot interferometer, the broader peak
stems from incoherent emission. Here, the observed line-
width results from emission mainly given by the Fourier
limit. The ratio of the integrated peak areas is 1:2.65 and
consistent with the numerical simulation of a resonantly
driven two-level system [Fig. 1(c)] where the coherent
scattering dominates for weak driving.

To verify the single-photon character of the quantum dot
emission, we perform second-order intensity autocorrela-
tion measurements using a Hanbury Brown and Twiss
(HBT) setup connected to two superconducting nanowire
single-photon detectors, with low dark count rates [30]. Our
HBT setup has a time resolution of 70 ps given by the
internal response function. The unfiltered emission in
the Rayleigh regime shows near perfect antibunching
Fig. 2 (red), confirming the single-photon character, with
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FIG. 1. (a) High resolution spectrum of the exciton transition
under resonant excitation in the weak pumping regime. (b) The
spectrum plotted in semilogarithmic scale reveals a second
broader peak. Blue line: coherently scattered laser; green line:
incoherent resonance fluorescence; orange line: cumulative peak.
(c) Theoretical curves of the intensity of the coherent |{s)|* and
incoherent (¢'¢) components as a function of the driving power.
(d) Two-photon interference terms Z;, Eqgs. (4), with k =0, 2
playing a role at weak and strong drivings and showing how
antibunching ¢ (0) = 0 arises from squeezing (with 7, = —2
on the left) or sub-Poissonian statistics of the emitter (with
Ty = —1, on the right). The transition between the two regimes
occurs through a skewing of the squeezed state whereby 7, gets
replaced by Z,. Insets: the Wigner representation W (X, Y) of the
quantum state at weak, intermediate and strong driving, for
—1.5 <X, Y, < 1.5 with white dashed isolines at 0 and 0.1. Note
that at strong driving, W, becomes negative (non-Gaussian). The
vertical line indicates the driving of our experiment.

a measured degree of second-order coherence of
g?(0) = 0.022 4 0.011. For this measurement we used
a broad frequency filter of FWHM = 19 GHz, more than 20
times broader than the linewidth of the incoherent emission.

The light emitted by an ideal two-level system under
perfect detection conditions is always antibunched, but the
physical mechanism for this depends on the regime in
which it is being excited. In the case of coherent driving
by a laser, one can distinguish between the weak-driving
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FIG. 2. Second-order intensity correlation function ¢ (z) of
the quantum dot emission in the Rayleigh regime for different
spectral filter widths I',. With decreasing filter width, a larger
portion of the incoherent component is suppressed, unbalancing
the two-photon interference which produces antibunching in this
regime. The experimental data is shown with empty circles, while
the solid lines are obtained with the theory of frequency-resolved
correlations using the parameters given in Table 1.

Rayleigh regime where antibunching is due to a coherent
process of absorption and reemission of the incident
coherent radiation by the two-level system [31], and the
strong-driving limit, where the two-level system blocks
the excitation, gets saturated and emits antibunched light in
the fashion of the spontaneous emission of a two-level
system. While one has in mind the second mechanism
when thinking of antibunching from a two-level system, the
first mechanism is better understood as an interference [32].
The two-level system annihilation operator ¢ can be
decomposed into a sum of a coherent term (o) and a
quantum, or incoherent, term ¢ = o — (o) as:

o= (o) +c. (1)

Note that ¢ is an operator, like o, in fact it is simply ¢ minus
its coherent part (c). Their respective intensities as a
function of the driving  and emission rate y, are given
by [33]

320
(ro +8Q%)%

4 292
(o) = 522 and

(yg + 892)2 <€T€> =

(2)

and are shown in Fig. 1(c). While the total intensity n, =
(670) for the sum of these two fields would typically
involve an interference term n, = |{c)|* + (¢'¢) +
2Re((0)*(¢)), in this case there is no interference since
(¢) = 0 by construction (¢ has no mean field). Higher-order
photon correlations, however, do exhibit such interferences
between the coherent component (c), which inherits the
statistics of the laser, and ¢, which follows the statistics of
the two-level system’s quantum fluctuations. Such inter-
ferences, at the two-photon level, are quantified by coef-
ficients Z, which add up to the zero-delay two-photon
coherence function g2 (0) as follows [34-36]:

gP(0) =14+Zo+ I, + Iy, (3)
where:

(c7¢%) = (¢¢)?

Iy = R (4a)

1, = 479%[(2:55;&)] , (4b)
Sv2 o 2

7= PR (40)

and X_,= (e¢" + e7%¢)/2 is the ¢-field quadrature
which, in resonance fluorescence, gets locked at ¢p =7 /2.
T, describes the sub-Poissonian (when negative) or super-
Poissonian (when positive) character of the quantum fluc-
tuations, 7 its so-called anomalous moments [34,36] and Z,
its squeezing (when negative). While it has long been known
that squeezing can be present in resonance fluorescence
[37,38], and its connection to antibunching is even pointed
out explicitly [34,35], the nature and extent of their inter-
relationship in resonance fluorescence has been underap-
preciated, with both phenomena studied independently
[4,19]. As a consequence, the opportunity for restoring or
reenforcing antibunching has been overlooked. The way
perfect antibunching originates from the various contribu-
tions in Eqs. (4) is shown in Fig. 1(d), where one can see the
transition from Z, = 1 to —1 when going from weak to
strong driving, which is compensated by the transition from
7, =-2 to 0 to keep the total (3) zero. To keep this
identically zero also in the transition between these two
regimes, the system develops a skewness in its squeezing
through the anomalous correlation term Z; that overtakes Z,,
with (¢'¢?) becoming nonzero (it cannot be factored
into (¢’¢)(¢) anymore), in such a way as to satisfy Z; =
—(1+Zy + Z,) [32]. The numerator R[(c)*(¢'¢?)] can be
written as [{o)[((: X7 ,:) + (:X4YZ,1)) with Y ,=
(i/2)(e'?st — e7'%¢) the other ¢ quadrature. This shows
that, at weak driving, Z; becomes nonzero when the
quantum state departs from a Gaussian description (squeezed
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thermal state) in the transition to the strong driving regime
where it acquires the full non-Gaussian character of a single-
photon source that is produced by a Fock state. Indeed, the
full emission at strong driving comes exclusively from
the quantum part ¢ = ¢, with the system getting into the
statistical mixture p = J(|0)(0] + |1)(1]), with no coher-
ence involved, (¢) = 0. Accordingly, the sub-Poissonian
statistics reaches its minimum Z, = —1. In the weak driving
regime, antibunching is, on the opposite, due to squeezing of
the quantum fluctuations ¢, with the system being in a pure
or skewed squeezed thermal state, with either 7, or Z; being
—2, interfering with the coherent component () to produce
¢ (0) = 0. This can be illustrated with the Wigner repre-
sentation of the quantum state, as shown by the insets in
Fig. 1(d) in the three regimes of interest, where one can see
how the system evolves from a Gaussian state (a displaced
squeezed thermal state) to a Fock state (a ring with a
distribution that admits negative values) passing by a skewed
(bean-shaped) Wigner distribution at the point of our experi-
ment. Although in the weak-driving regime, both the
displacement and the ellipticity of the displaced squeezed
thermal state are too small to be seen compared to the
dominant thermal distribution (cf. the Supplemental Material
[25]), both are necessary to produce antibunching.
Counterintuitively, at weak and intermediate driving, in
direct opposition to the strong-driving case, quantum fluc-
tuations are in fact super-Poissonian, with Z, > 1. It is the
interference between such superbunched quantum fluctua-
tions with the coherence of the mean field that result in an
overall antibunching, this being the two-photon counterpart
of the apparent paradox of two waves adding to produce no
signal (destructive interferences). This understanding of the
nature of antibunching in the Rayleigh regime is important
because attributing the non-Gaussian antibunching to the
scattered light makes it tempting to regard the scattered
light as having both the spectral feature of the laser, with a
narrow linewidth, and the statistical property of a two-
level system, antibunched. It has, indeed, been hailed as
such in the literature [18,19,39] where these two attributes
have been measured independently: excellent antibunch-
ing with a HBT setup on the one hand and narrow spectral
lines with high-resolution spectroscopy on the other hand,
including heterodyning and Fourier transform spectros-
copy. However, because antibunching is due to some
interference between the mean field (o) as driven by the
laser (coherent absorption) and the quantum fluctuations
o — (o) (incoherent reemission), any tampering with the
balance Zo+Z,+Z,=-1, for instance by frequency
filtering, will result in spoiling ¢ (0) = 0. Filtering is
a fundamental process in any quantum-optical measure-
ment, since beyond the finite bandwidth of any physical
detector, a measurement that is accurate in time requires
detections at all frequencies and, vice versa, spectrally
resolving emission requires integration over time. To
challenge the naive picture that light coherently scattered

from a two-level system is antibunched, we measure
¢¥(z) for decreasing filter widths that increasingly isolate
the coherent component. According to this picture, this
should not affect the property of light since the “single
photons” are spectrally sharp and will pass through the
filter which does not block at their frequency. According
to the Rayleigh picture of interferences, however, this will
disrupt the balance of the Z; coefficients in their two-
photon interference to produce antibunching. The theory
shows that, for zero-delay coincidences in the weak-
driving regime, the coefficients vary as a function of
filtering I" as [40]:

2 2r
Ip="——" T, =
(T +7,)
with, therefore [cf. Eq. (3)]

20 = ()" (6)

I'+7,

As these expressions show, filtering affects more the ¢
statistics than it does affect the squeezing of its quad-
ratures. This behavior can be reproduced in the experi-
ment by inserting a narrow spectral filter in the detection
path. Measurements of ¢®)(z) for different filter widths of
(1550 +320) MHz, (780+160) MHz, (390 + 80) MHz,
and 28 MHz are presented as yellow, green, blue, and
purple data points in Fig. 2, respectively. The data are
offset in vertical direction for clarity. Clearly, with
decreasing filter width, the depth of the antibunching
dip decreases until it completely vanishes.

This is in excellent agreement with our theoretical
model, that describes finite z-delay coincidences of the
filtered light with an exact theory of time- and frequency-
resolved photon correlations [41]. This provides an essen-
tially perfect quantitative agreement with the data without
any processing such as deconvolution, provided, however,
that one also includes the effect of the anomalous moment
term Z,, which bridges between the weak and strong
driving regimes. Indeed, Q was not so low in the
experiment—in the interest of collecting enough signal
in presence of filtering—as to realize an ideal squeezed
state to interfere with the coherent fraction to produce the
antibunching, but relied on a distorted, skewed version of
the squeezed state in its transition towards the non-
Gaussian, strong-driving regime where squeezing has
disappeared altogether. This term brings quantitative devi-
ations which are necessary to take into account to provide
an exact match with the data. The unfiltered case, for
instance, sees the vanishing-driving two-photon statistics
g (7) = [1 —exp(~y,7/2)]* turn into

R 3 R
gD (r)=1—=ere"/4 [cosh <TT> +%sinh <£>} . (7
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TABLE I. Summary of the parameters used to fit the experimental data. The filters data are taken from the
fabricant’s data sheet, but are known to be typically measured in excess of their specified value.

Parameter Yo Q Fl F2 F3 F4 FS
Fitting (MHz) 900 225 11403 1324 709 535 28
Data (MHz) (Error) 890 (60) 198 (7) 19000 (500) 1550 (320) 780 (160) 390 (80) 28 (6)

at non-negligible driving, with R = /y2 — 64Q?. Using
this and numerically exact filtered counterparts, with a
global fitting that only varies the filters widths and globally
optimises the driving strength  and the two-level’s decay
rate y, = 900 MHz (cf. Table I), we obtain the solid lines
shown in Fig. 2, providing an excellent quantitative agree-
ment with highly constrained fitting parameters. From this
data, one can extract the zero-delay coincidence and com-
pare it to the theory, i.e., both Eq. (6), shown in dashed red in
Fig. 3, or to the finite Q counterpart that skews the
squeezing, and whose expression is too bulky to be written
here [42], but is given in the Supplemental Material [25],
Eq. (14). This also yields an excellent agreement with the
experimental data, which confirms that filtering spoils
antibunching according to the scenario we have explained
of perturbing the interference of the squeezed fluctuations
with the coherent signal, and that the experiment is clean and
fundamental enough to be reproduced exactly by including
nonvanishing driving features, without any further signal
analysis or data processing.

In summary, we have shown that the emission from a
two-level quantum system driven in the Rayleigh regime
does not simultaneously yield subnatural linewidth and
single-photon characteristics. When keeping only the sub-
natural linewidth part of the spectrum by frequency filter-
ing, we do not observe antibunching in our second-order
intensity correlation measurement. The narrower the spec-
tral filtering, i.e., the fewer incoherently scattered photons
we detect, the weaker the antibunching dip, which ultimately

1.2 T T T T

L'/,

FIG. 3. Loss of antibunching in the Rayleigh regime due to
filtering I". Dashed-red line, the limit of vanishing driving,
Eq. (6), and solid-blue line, the case of small but finite driving
Q, see the Supplemental Material [25] Eq. (14). Our experimental
data fits perfectly with the theoretical prediction.

results in Poissonian photon statistics. These results, which
disclose a perfect agreement with a fundamental theory of
time and frequency resolved photon correlations, with no
post-processing of the raw experimental data, are only the
first step towards a full exploitation of its consequences. In
particular, since the interference involves a coherent field, it
is technically possible to restore it fully in presence of
filtering or, which is equivalent, detection, simply by
introducing externally the coherent fraction that is missing
or, in this case, is in excess. This is done by destructive
interferences of the coherent signal, without perturbing the
quantum fluctuations. As a result, one should indeed obtain a
subnatural, laser-sharp, photon emission that is also perfectly
antibunched [22]. There are still other interesting features in
this regime, such as a plateau in the time-resolved photon
correlations. This also pauses the question of the possible
generalization and relevance of such results to other scatter-
ing schemes of single-photon generation, such as Raman
single-photon sources [43]. Such followup works are in the
wake of our present findings.
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Note added—Recently, we became aware of a similar
work [44].
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