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Coherent photon-emitter interfaces offer a way to mediate efficient nonlinear photon-photon
interactions, much needed for quantum information processing. Here we experimentally study the case
of a two-level emitter, a quantum dot, coupled to a single optical mode in a nanophotonic waveguide. We
carry out few-photon transport experiments and record the statistics of the light to reconstruct the scattering
matrix elements of one- and two-photon components. This provides direct insight to the complex nonlinear
photon interaction that contains rich many-body physics.

DOI: 10.1103/PhysRevLett.126.023603

An efficient and reliable photon-photon nonlinearity is a
key building block for photonic quantum information
processing. One approach exploits postselection after
photon interference, but is resource demanding in requiring
many auxiliary photons [1]. An alternative and potentially
more appealing strategy is to exploit an efficiently inter-
faced quantum emitter to introduce a direct photon-photon
interaction [2,3]. This approach requires highly efficient
and coherent light-matter interaction in order to be sensitive
to single quanta of light. It has been a long lasting challenge
in quantum optics, and various strategies have been
pursued using, e.g., Rydberg blockade interaction in atomic
ensembles [4,5] and single emitters in high finesse optical
cavities [6,7], as well as superconducting stripline
resonators [8—10]. Recently, significant progress has been
achieved in photonic waveguides, including hollow fibers
[11] or nanofibers coupled to atomics ensembles [12],
or with single atoms [13] and single solid-state emitters
[14—-18]. In particular, solid-state quantum dots (QDs)
in nanophotonics structures constitute a mature platform
where scalable coherent single-photon sources [19,20] have
been developed, at the core of the implementation of
quantum information processing [21].

QDs coupled to photonic-crystal waveguides provide a
sophisticated platform to study few-photon interactions and
quantum nonlinear optics [2,22]. These devices can exhibit
near-unity light-matter coupling efficiency (# > 0.98 [23])
and nonlinear interaction sensitive at the level of
single photons [14,16]. Moreover, near-transform-limited
emission lines have been demonstrated with QDs [24] and
recently also in photonic-crystal waveguides [25].
The combination of unity coupling efficiency and low
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dephasing enables the deterministic scattering of few
photons by a QD operating as a two-level emitter (TLE).
The study of such scattering problems is a blooming area in
quantum nonlinear optics [26,27]. For the theoretical
description, a range of new methods have been developed
using the Bethe ansatz [28,29], input-output theory
[30-33], Lippmann-Schwinger formalism [34-36], wave
function ansatz [37], diagrammatic methods [38,39], path
integrals [40], and polaron ansatz [41,42]. Deterministic
photon scattering processes have important applications for
the realization of efficient photon sorting and deterministic
Bell-state analyzers [43,44] and can induce intricate many-
body phenomena, including strong photon correlations and
complex photon bound states [28,29,45,46]. Despite this
extensive theoretical work, it remains an open problem to
isolate and characterize photon-photon interactions in the
laboratory and to develop and implement few- or multi-
photon tomographic reconstruction techniques [47] beyond
the single-photon regime.

This Letter presents the experimental reconstruction of
the few-photon scattering processes of a QD in a photonic-
crystal waveguide. While the coherent scattering of
single photons from a TLE is simple—the photons are
either elastically reflected or transmitted [cf. Fig. 1(a) and
Ref. [48] ]—the two-photon scattering processes are much
more complex. In this case, different combinations of
photon reflections and transmissions are possible, as shown
in Fig. 1(b). Furthermore, the scattered photons become
highly correlated from the interaction with the TLE [29].
We unravel these scattering processes by recording the
photon statistics of the transmission and reflection outputs
of a QD-waveguide system in the continuous wave (cw)

© 2021 American Physical Society
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FIG. 1. (a),(b) Nlustration of single- and two-photon scattering

processes for a TLE in a waveguide. In the former case, either
elastic reflection or transmission may occur. In the latter case, the
two photons may exchange energy via the interaction with the
TLE, leading to different scattering processes. (c) Experimental
setup to extract the few-photon scattering matrices of the system
from 1nten51ty I, and photon-correlation measurements g,;”, g, ,
and gE,) between different scattering channels. The QD is
embedded in a photonic-crystal waveguide (PhCW) and excited
by a cw laser source. Beam splitters (BS), single-photon detectors
(SPDs), and an electronic time tagger are used to record second-
order photon correlations. Polarizing optical elements, such as
two linear polarizers (LPs), a half- and a quarter-wave plate
(HWP and QWP, respectively) are used for extinction of the laser
light and collection of the reflected light from the QD.

regime [cf. Fig. 1(c)]. Even in cw operation, photon-photon
interactions can be extracted from photon-correlation
measurements, despite the low probability that incoming
photons overlap in time. Our method extends a previous
theoretical proposal of reconstructing multiphoton scatter-
ing properties [47], where the extension to photocorrelation
measurements makes it insensitive to any off-chip coupling
and detection inefficiencies.

Consider first for simplicity the case of a coherent TLE
without dephasing that is symmetrically coupled to a
waveguide (i.e., no chiral coupling [49,50]). Here, an
incoming single-photon wave packet may scatter from this
system producing an output state

el =3 / dofas @ @)1 (1)

p=t,r

that is a superposition of single-photon Fock states |15, > of
frequency w, which are either transmitted (u =1¢) or
reflected (u = r) [cf. Fig. 1(a)]. Both contributions are
weighted by the incoming wave packet profile fg(®),
centered around frequency @, and by the single-photon
transmission [y’ (w) = #(w)] and reflection [y () = r(w)]
scattering coefficients, given by

—BY ot
Yot — 2[((0 - wO)

(o) =1+r(0),  rlo)= (2)

Here, @ — w, is the TLE-photon detuning, f = ¥y /7ot 18
the waveguide coupling efficiency, and yio = yyg +7; 18
the total TLE decay rate, which includes the TLE-wave-
guide coupling rate y,, and the loss into unguided modes
7;. As pointed out in Ref. [32], the complex coefficients y4,
fully characterize the single-photon scattering and satisfy
t(w) = 1 + r(w) even in the presence of loss or dephasing.
In contrast, the intensity at transmission /, > 0 and reflec-
tion 7, > 0 quantify the output flux and satisfy I, + I, < 1,
where the equality only holds in the absence of
decoherence channels.

Nonlinear quantum optical effects arise when an i
ncoming two-photon wave packet scatters off the TLE.
Here, two incoming photons with frequencies w;, @, may
exchange energy via the TLE and thereby become
correlated outgoing photons with frequencies vy, ;.
This process can happen either when both photons are
transmitted, both reflected, or one transmitted and one
reflected [cf. Fig. 1(b)], and thus the output state |‘P0u)t> isa
superposition of all these possibilities, i.e., [30],

|lPout Z //dwlde fm(a)l)fm(w2)

Hp'=tr

//dl/ldl/z{)(“ 1)1 (0)5(v, = 0,)(vy — @)

+2Tv1v2w1w25<yl+y2 Wy — (1)2)}|1 >|152> (3)

The first term ~ y*(w,)y* (w,) in Eq. (3) corresponds to
independent single-photon scattering events, and thus each
photon conserves its own energy (v; = w, v, = @,). In the
last term, however, the correlated scattering coefficient
T,,,,0,, describes two photons acquiring a nonlinear phase
shift and exchanging energy so that only the total energy is
conserved (v| + v, = @ + @,). For a TLE in a conven-
tional waveguide [30],

4 rw)r(p)r(e;

TPY ot r(#52)

T )”(0)2)_

(4)

V0

This scattering matrix fully characterizes two-photon
interactions, including the spectral entanglement and
photon-bound states induced by the TLE [28,29]. The main
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objective in this Letter is to extract this information from
experimental data, as described below. The analysis is
generalized in the Supplemental Material [51] to include
experimental imperfections, including pure dephasing of the
QD transition and weak Fano resonance effects.

We now describe the reconstruction protocol to experi-
mentally characterize the nonlinear few-photon scattering
processes. We follow the main idea of Ref. [47], which
consists of illuminating the TLE with an attenuated
coherent state (Ja|> < 1) through one input of the wave-
guide. Light scatters from the TLE, creating a superpos1t10n
of Vacuum |0) and scattering output states for one |‘~P£,u)t>
two |‘Pout> [cf. Egs. (1) and (3)], or more photons

[P = [0) + a¥in) + =P + O(@).  (5)

|‘P
\/_
The two-photon processes can be recorded in second-order
correlation measurements gfm), between different output
directions u, y' [cf. Fig. 1(c)]. For a monochromatic cw
laser input of frequency w, we find that [51,55]

(@) (@) + T (0. 7)]?
it (o)1 ()
Here, 7 is the time delay between the two photon detections,

and 7 (w, 7) is the Fourier transformed two-photon scatter-
ing coefficient defined as

2
g(z) =

O(laf?).  (6)

1 .
T(a), T) = 2/ dAe_lATTw—A.w+A,w,w' (7)

The isotropy of the photon-photon interaction, i.e., the
absence of a preferred direction of emission among left
and right, allows us to reconstruct experimentally the real
part of this Fourier transform as [51,55]

Hw)]* r(w)|*
Re[T(@,7)] = g2 (2)| ye) (2)|

— g 1) ()]
(8)

We note that the protocol requires correlation measurements
in all directions 95,2), grr , and gE,), as well as the single-
photon coefficients #(w) and r(w). From the real part of 7°
we infer the imaginary part using the Kramers-Kronig (KK)
relation, Im(7 (w,7)]=(1/7)P [do'{Re[T (¢ 7)]/ (0—') }
[51]. Finally, an inverse Fourier transform, 7,,_a oiA.0.0 =
(1/x) [ dre’"T (w, 7), provides the two-photon scattering
matrix.

Remarkably, a measurement of the transmitted intensity
I,(w) > 0 suffices to extract the amplitude and phase of
both complex single-photon scattering coefficients #(w)
and r(w) [32]. Specifically, for a weak monochromatic
coherent input

Ii(w) = =14 (2= pRe[t(@)] + Ola*).  (9)

From this we can infer the real part of #(®), even in the
presence of correlated dephasing noise [32]. Using a KK
relation (cf. Supplemental Material [51] for details), we
then compute the imaginary part, obtaining both #(w)
and r(w) = t(w) — 1.

We now turn to the experimental demonstration of the
few-photon scattering reconstruction. We apply it to a self-
assembled InGaAs QD embedded in a suspended photonic-
crystal waveguide. A p-i-n diode heterostructure enables
electrical contacting of the sample in order to stabilize the
charge environment and tune the QD. Further details of the
sample wafer can be found in Ref. [56]. The sample is kept
at T=1.6 K and a weak tunable cw laser at 938 nm
(linewidth < 10 kHz, locked within a precision of 50 MHz)
is launched through the waveguide via high-efficiency
grating couplers [51,57]. Finally, the output photons are
sent to superconducting nanowire single-photon detectors,
with quantum efficiency > 0.9 and time jitter below 100 ps,
to record the frequency-dependent intensity and second-
order photon-correlation functions.

Figure 2(a) shows the transmitted intensity /,(w) when
scanning through the QD resonance for weak excitation (on
average less than 0.1 photons per QD lifetime). The
extinction of transmission on resonance exceeds 85%, a
direct testimony of the efficiency and coherence of the
photon-emitter interaction. The non-Lorentzian and

(2)

1 L
~0.5)
500() O.ST_ 1 ( ].)5 2
0 1 1 1
-10 -5 0 5 10

(w—wp)/2m(GHz)

-2 -1 0 1 2
Delay 7 (ns)
FIG. 2. (a) Measured (light blue) and fitted (dark blue) trans-
mission intensity /,(w) as a function of the detuning of the
excitation laser from the QD resonance. Inset: time resolved
dynamics of the QD (in logarithmic scale) and exponentially
decaying fitting function, convolved with the instrument response
of the detector, to characterize the radiative decay rate.
(b) Measured (light blue) and fitted (dark blue) second-order

correlation function g;;’(z) in transmission, with time delay r,
obtained on resonance (v = @y).
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asymmetric line shape, originates from Fano resonance
effects due to weak reflections at the ends of the waveguide
[14,17]. Such reflections induce a very low finesse cavity
that, depending on the overall intensity normalization
(more details in Supplemental Material [51]), can
give [, values higher than 1. We record a transition
linewidth of ~1.6 GHz. For comparison, the spontaneous
emission decay rate is measured to be yio = Yy + 7 =
7.65 4+ 0.08 ns~! [cf. inset of Fig. 2(a)], corresponding to a
transform-limited linewidth of 1.22 GHz, meaning that
additional broadenings due to phonons and slow spectral
diffusion are less important. A full study of the statistics of
QD linewidths in photonic-crystal waveguides is published
elsewhere [25].

Flgure 2(b) shows the second-order correlation function
gg,)( ) measured in transmission and for the same excita-
tion conditions. It displays a pronounced bunching of
gg, ) (0) 2~ 5, which is significantly higher than in previously
reported QD-waveguide experiments [14,16,17] due to the
substantial decoherence reduction achieved in our photon-
emitter interface. The large bunching demonstrates that the
incoming Poissonian photon distribution is significantly
altered by the interaction with the QD and is the experi-
mental signature of the correlated photon-photon inter-
action studied in the present Letter.

In order to implement the two-photon reconstruction
protocol, the essential governing parameters of the system
must be determined first. To do so, we additionally measure
the transmission intensities [,(w) at various excitation
powers; as well as photon correlations in all directions
gg,), gsr), and ggr) By modeling this entire dataset using a
least squares fit, we arrive at a descriptive parameter set of
B =0.87[0.83,0.91] and dephasing rate y, =~ 00, 0.02]y
consistent with results from the literature [17,23]. In the
analysis, we also include the finite detector response time,
residual spectral diffusion of the QD, background emission
stemming from imperfect laser extinction or blinking of the
QD state, and minor Fano resonance effects. We define the
error ranges presented above as the 95% confidence interval
of each fitted parameter (more details in Supplemental
Material [51]).

As a first step, we use Eq. (9) and the KK relation (adapted
for experimental imperfections, see Supplemental Material
[51]) to extract the single-photon transmission and reflection
coefficients from the intensity data /,(w). We plot the
experimental amplitude and phase of both #(w) and r(w)
in Fig. 3 and observe excellent agreement with theory for the
experimentally determined parameters. The asymmetry of
the resonances, a minor frequency shift, and the nonzero
phase shift away from the resonance are again here due to the
Fano effect, cf. Supplemental Material for details [S1]. We
record an experimental maximal single-photon phase shift of
~150° in reflection and ~ — 40° in transmission.

We can now extract the real part of the intrinsic two-
photon scattering coefficient 7 (w,7) based on Eq. (8),

(a) 1 M_EXPW | ‘ 1
= 5| CoTh ,\'.\}\} los=
9 L ot S N R N
0 ‘ e 0
-5 0 5
/2 : : 2w
S _______.,——"-"4\“\, > —l——-—-——"— E
%) 0 e N ™ %0
-7/2 : : : 0
-5 0 5
(w— wp)/2m(GHz)
(b) ) (2)(7)
(2>( ) i’/ ~ \/gﬂ
g.,\T 2
1.5 ot w ,3 g’(’ )(7.)
| el
‘ W \ 2 e ‘
2 -1 0 1 2
7 (ns)

FIG. 3. (a) Experimentally reconstructed (solid line) modulus
and phase of the complex single-photon transmission (blue) and
reflection (red) coefficients and comparison to theory (dashed
line). (b) Experimentally acquired second-order correlation
functions for the three different configurations: gS,) (blue), gﬁ,
(red), and gg,> (green). The measurements are well fitted by the
theoretical model including imperfections (dashed lines).

1"(w), and the photo-correlation measurements in all
directions g( )(r). Special care was taken to suppress
residual stray scattering from the excitation laser for the
measurements in reflection to improve the signal-to-noise
ratio. The excitation power was a factor of ~3 higher than
in Fig. 2(b). The data are plotted in Fig. 3(b), displaying
bunching in ggt and gﬁﬂ, and antibunching in g;;’. We find
excellent agreement between experiment and theory using
the system parameters and the modeling of imperfections
discussed above, cf. Supplemental Material [51] for details.

The experimental reconstruction of the real part
of the intrinsic two-photon correlations 7, obtained by
processing the experimental data, is shown in Fig. 4(a).
The reconstructed line shape and depth is found to be
in accordance with the theoretical prediction for a
TLE, T (w,7) = —r(w)?e110a/2=lo=m]) when including
all the discussed imperfections [see black line in
Fig. 4(a)]. This is, to our knowledge, the first experimental
reconstruction of the two-photon nonlinear response. This
analysis pinpoints the genuine strength of correlated two-
photon response of the QD-waveguide system and can be
extended further to extract the full matrix in Eq. (4)
straightforwardly by scanning the input laser frequency
 and applying the KK relation [51]. This requires high-
frequency resolution and a broad scanning interval ~5y, to
accurately determine the amplitude and phase [58].

The signal-to-noise ratio in Fig. 4(a) is limited by the
photon collection efficiency, especially in reflection.
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—Exp
-0.05¢ —Re[T]|]
- -Im[T]
-0.1 — :
-2 -1 0 1 2
7 (ns)
®) o
-0.2
0.4 :
! — - Im[T]
-0.6 ‘ ¢ :
2 -1 1 2
7 (ns)

FIG. 4. (a) Real part of the two-photon correlated coefficient
Re[T] reconstructed from experimental data (blue) and compari-
son to theory (black). The theoretical imaginary part Im[7 ] is also
included (dashed pink). (b) Theoretical prediction of the real
(solid black) and imaginary (dashed pink) parts of 7 in the
absence of external experimental imperfections.

Nevertheless, this can be substantially improved by design-
ing a waveguide with three different coupling gratings, so
that the excitation and reflected signals are spatially
separated (cf. Sec. I. F. of Supplemental Material [51]).
Another important experimental challenge is to further
improve the electrical noise performance of the device so
that spectral diffusion of the QD can be strongly sup-
pressed. Progress on this direction has been very recently
obtained [25]. Alternatively, a feedback loop could be
implemented to adjust for the slow frequency drift [59].
When fully correcting for these effects, we predict an order
of magnitude enhancement of the two-photon nonlinearity
induced by the QD [cf. Fig. 4(b)], which would lead to
a higher signal-to-noise ratio in the reconstruction.
Moreover, we also predict an enhancement by 2 orders
of magnitude in the bunching of 95,2) and ggf) (see Fig. S2 of
Supplemental Material [51]), which shows the capabilities
of the highly coherent light-matter interface.

In summary, we have presented measurements of the
one- and two-photon components of the scattering matrix
of a single QD in a photonic-crystal waveguide excited by a
weak laser source. The applied method relies on intensity
and second-order photon-correlation measurements, mak-
ing it well suited for current experimental settings and
devices. Specifically, we have presented the first experi-
mental reconstruction of the intrinsic two-photon scattering
correlations that are induced by the appearance of the two-
photon bound state [28,29]. Extending this approach to
three- or even N-photon scattering processes requires
measuring N-order photon correlations in all 2V possibil-
ities of propagation direction, but this will be discussed
elsewhere [55].

This type of reconstruction technique will enable further
developments within quantum nonlinear optics, where a
thorough understanding of the nonlinear response is
required in potential applications of the nanophotonic
hardware. For instance, it has been shown that the two-
photon scattering processes, if properly controlled via the
incoming photon pulse lengths, can be the basis of
deterministic photon sorting, which enables the construc-
tion of deterministic Bell analyzers and photonic gates
[43,44]. Furthermore, the presence of exotic photon bound
states provides a route to study complex many-body
quantum physics [29,46].
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