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Integrated quantum polariton interferometry

Davide Nigro1M, Vincenzo D'Ambrosio® 2, Daniele Sanvitto® & Dario Gerace® '™

Exciton-polaritons are hybrid radiation-matter elementary excitations that, thanks to their
strong nonlinearities, enable a plethora of physical phenomena ranging from room tem-
perature condensation to superfluidity. While polaritons are usually exploited in a high-
density regime, evidence for quantum correlations at the level of few excitations has been
recently reported, thus suggesting the possibility of using these systems for quantum
information purposes. Here we show that integrated circuits of propagating single polaritons
can be arranged to build deterministic quantum logic gates in which the two-particle inter-
action energy plays a crucial role. Besides showing their prospective potential for photonic
quantum computation, we also show that these systems can be exploited for metrology
purposes, as for instance to precisely measure the magnitude of the polariton-polariton
interaction at the two-body level. Our results will motivate the development of practical
quantum polaritonic devices in prospective quantum technologies.
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form to explore fundamental physics effects in an analog

solid state scenario, such as Bose-Einstein condensation!-2,
superfluidity?, soliton propagation?, spontaneous formation of
vortices®, Josephson oscillations and self-trapping®, analog
gravity’. In parallel, their nonlinear properties have been
exploited to deliver more application-oriented devices, such as
all-optical transistors8, resonant tunnel diodes’, Mach-Zehnder
interferometers'?, routers!!, couplers'2, or ultra-low-threshold
lasers!3, just to mention a few. In addition, polariton integrated
circuits have been proposed in view of mimicking the key func-
tionalities of electronic circuits'4, or to implement artificial neural
networks!>

All these fascinating results and perspectives are a consequence
of the microscopic nature of polariton excitations, which are
characterized by a coherent superposition of two very different
fields, the electromagnetic (photon) field and an optically active
polarization (the exciton), i.e,, a collective crystal excitation made
of a bound electron-hole pairl®. As such, the polariton field
inherits the small effective mass (~ 10> relative to the free
electron mass) of bound photonic modes, e.g., in a planar
microcavity or waveguide!”-18, In addition, it also inherits the
large nonlinearity (comparatively, estimated to be about 4 orders
of magnitude larger than bulk silicon) derived from the Coulomb
interaction between excitons! 20,

At high excitation density (but well below the saturation
regime), the polariton mean field is described in terms of a non-
equilibrium Gross-Pitaevskii equation, which has been success-
fully applied to interpret most of the quantum fluid phenomen-
ology observed, so far?l. In this regime, confined polaritons can
be effectively treated as an out-of-equilibrium gas of weakly
interacting bosons, whose steady state depends on the balance
between driving and losses in the system. Recently, exciton-
polariton condensates have also been proposed for quantum
information processing, with the proposal of encoding qubits into
the quantum fluctuations on top of the condensate??, or in the
polariton spin degrees of freedom?3.

In the last few years experiments have shown the possibility to
excite the quantized polariton field in confined geometries at the
level of single or few excitation quanta?*2>, and evidence of
quantum correlations at the level of few polariton excitations has
been reported?®27. In such a regime, however, the mean field
treatment does not provide an accurate theoretical description,
calling for a more appropriate open quantum system approach to
describe strongly interacting polaritons?!. Hence, triggered by all
these promising experimental results, as well as by the thrilling
perspective to perform quantum computational tasks by means of
polariton-based devices, we have been motivated to provide an
in-depth theoretical analysis of integrated polariton circuits in the
quantum regime, with particular attention to the differences with
respect to linear photonic integrated circuits and to the unique
possibilities enabled by nonlinearities introduced by polariton
interactions. In our view, such quantum polariton integrated
circuits (QPIC) can be assumed as complex networks resulting
from the combination of n coupled nonlinear waveguides and
interferometers, in which polaritons can be injected and propa-
gate while interacting at the level of few quanta.

It is worth stressing, however, that the precise characterization
of a device having an arbitrary large number n of propagation
channels with m<n single-photon inputs, even in the linear
regime and by means of advanced numerical tools, is already a
challenging task to be solved. In fact, this problem has recently
attracted a great deal of attention, both in theory and experi-
ments, aiming at exploiting quantum resources to demonstrate
the solution of a problem that no classical computer can solve in a
feasible amount of time, the so called quantum supremacy?8-31. It

Exciton—polaritons have been emerging as a promising plat-

has been conjectured that the presence of nonlinearities may be
beneficial to reach quantum supremacy in this context32, More in
general, nonlinearities can be a crucial resource in the quest for
the development of photonic quantum gates. Indeed, while ori-
ginal proposals only employing linear optical elements lead to a
non-deterministic computing scenario3334, novel ideas aimed at
developing deterministic quantum gates based on effective pho-
tonic interactions have been put forward3>-37. Realizing deter-
ministic quantum photonic gates would represent a significant
milestone for quantum technologies in near-term devices8. In
light of these developments, the intrinsically large polariton
nonlinearity may thus play a key role.

In this respect, we remind that there has been a longstanding
debate to quantitatively measure the polariton-polariton
nonlinearity3®, and only recently the corresponding order of
magnitude has been more precisely inferred from photon-photon
correlation measurements?’. An increase in the magnitude of this
parameter, induced by a strong electric field, has also been
reported?®4!, On the other hand, no quantitatively accurate
measure of this parameter exists, to date. This is because most of
these measurements are performed in the regime of large polar-
iton density, typically treated at the mean field level, and whose
nonlinear behavior is fully characterized by the product of inter-
particle interaction energy and particle density. In practice, dis-
entangling these two contributions is at the origin of large
uncertainties in the determination of the inter-particle
contribution alone.

Here we focus our theoretical description on a realistic
experimental configuration in which single photons are coupled
onto a semiconductor device in which polariton excitations exist
and can be guided on chip#2. In such a situation, single photons
are converted into single polariton wave packets that retain the
quantum radiation field coherence properties?42>, and can then
be interfered through evanescently coupled waveguides alternated
with regions of free propagation, as illustrated in Fig. 1. We show
that it is possible to realize nonlinear quantum devices by
exploiting polariton-polariton interactions that are naturally
present in a QPIC. In particular, we introduce a scheme to
implement a deterministic two-qubits quantum gate, specifically

e +/ SWAP’ gate introduced in ref. 43 and defined in Eq. (27).
Such a gate can be used in combination with single qubit
operations to implement the CNOT gate (thus, any quantum
gate*4). Therefore our results demonstrate that QPICs represent a
promising platform for the development of integrated photonic
devices for universal quantum computing, going beyond cur-
rently accepted non-deterministic paradigms based on linear
optical elements. The functionalities introduced by QPICs can
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Fig. 1 Generic QPIC with two input and output channels. It is assumed that
pairs of polaritons are created at x = 0 and many-body interactions are then
detected at xp by measuring the degree of correlation of photons emerging
from the two channels. In this work, we will assume that each input is a
single photon state. The device consists of a sequence of N interaction
regions of length /; (j=1, 2, --- N) where the two waveguides (labeled as A
and B) run in parallel at a distance equal to d so that they are evanescently
coupled. Two consecutive interaction regions are separated by a free-
propagation region, that is a portion of the device where the distance
between the two waveguides is D> d and the coupling between the two
waveguides is negligible.
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then be exploited in addition to (or in combination with) the
usual linear optical interferometers employed in conventional
photonic circuits (PCs)#>~%7. In addition, the QPICs are shown to
hold promise also in quantum metrology. In particular, we show
how they potentially allow to measure with high precision the
two-polariton nonlinear shift by exploiting Fock states inter-
ference. More generally speaking, while the framework here
developed may pave the way for the realization of quantum
technologies specifically enabled by large polariton interactions, it
should be noticed that the same theoretical analysis fully applies
to any potential quantum photonic platform possessing sig-
nificant third-order nonlinearity. In this respect, applications of
QPIC ranging from quantum metrology, simulations, and sen-
sing, to quantum information processing and computing, may
ultimately be envisaged.

Results

Model and theory. We start by briefly outlining the theoretical
model that will be exploited to describe polariton-polariton
interactions at the two-particle level in QPICs. In what follows,
we will only consider the Hamiltonian unitary evolution, which
already allows to grasp the effects of two-particle interactions on
quantum correlations. In fact, long lived polaritonic excitations*3,
and propagation lengths in the order of 400 um??, justify our
unitary approach if restricted to devices with limited length.
However, a quantitative description of the effects of particle
losses, unavoidably present in realistic experimental situations, is
given in Supplementary information (SI), see Supplementary
Note 3, showing how such incoherent processes do not affect the
output photon statistics derived in the unitary case.

Modeling the time evolution. The effective Hamiltonian model
used to describe the propagation of polaritons in the two co-
directional waveguides sketched in Fig. 1 reads (4 =1)

Ho= S [+ + 100 (alb+ by ) (1)
in which &g) and Bg) denote the annihilation (creation) operators
of a polariton with wavevector k in the waveguide A and B
respectively, and 7:(2 = wk&,t&k + U, 62&Z6k&k (0=a, b) repre-
sents the Hamiltonian of each waveguide in the lower polariton
branch. A detailed derivation of this model from the coupled
exciton-photon fields is reported in Supplementary Note 1. In
particular, the interaction energy Uy accounts for the two-body
interaction arising from the exciton fraction in polaritons at given
wave vector k. The last term in Eq. (1) describes hopping between
the two waveguides, which is due to the evanescent coupling
between the photonic fractions of the co-propagating polaritons
in A and B channels, respectively. This is formally equivalent to a
beam splitter Hamiltonian in quantum optics. We can generically
assume that the tunnel coupling energy, J(x), is a space-dependent
parameter only determined by the physical distance between the
two channels at position x along the propagation direction.
Furthermore, since the evanescent fields in each waveguide decay
exponentially, hopping is expected to be suppressed when
increasing the separation between the two channels, while being
effectively present only in the regions where the two waveguides
are close enough. As a consequence, it is reasonable to assume
J(x) to be non-zero and equal to a constant value, /> 0, only when
the distance is d, and zero elsewhere.

In our scenario, we envision single-polariton quanta to be
created in the integrated device by shining single photons on the
leftmost side of the device, at x =0, and their properties (for
instance, polariton-polariton correlations) are subsequently
measured by detecting photons emerging on the rightmost side

of the apparatus, at x = xp. In particular, we consider the initial
state as a product state, that is

|yt = 0)) = |y,(t = 0)) ® |yt = 0)), ©)

with ‘WA(t = 0)> and ’y/B(t = O)> describing the initial state of
the waveguide A and B respectively. While at t =0 the quantum
system is in a product state, at ¢ > 0 it will be in a superposition of
different quantum states. In addition to the obvious dependence
on geometrical aspects, such as the length of the interaction
regions ({{}) and the separation between the waveguides, the
degree of correlation present in |1//(t)> does depend on several
factors, ranging from the number of initial photons injected into
the system, to their temporal and spatial shape. In the present
paper we will only consider the cases where the initial state
corresponds to either (i) a single polariton, or (ii) a product of
two single-polariton Fock states. Furthermore, we assume in both
cases to have particles with the same wavevector, k. More
explicitly, in what follows we consider single polariton states as

(e = 0)) = a10) = 1, of), ©)
or

(e = 0) = HI) = [of, 12, @
and two-polariton states as

[yt = 0)) = alb,10) = [1f, 1), ®

with |Q) denoting the polariton vacuum in each propagating
channel.

Before going any further in our theoretical discussion, it is
worth stressing that it is nowadays possible to engineer photon
sources having the desired properties needed for the creation of
the few polaritons states assumed as the inputs of the devices
characterized in the following. Indeed, it has been experimentally
shown that single quantum emitters can be used as bright sources
of single-photon Fock states, with very high photon-number
purity, and near-unity indistinguishability*®>0. Therefore, we
consider a realistic experimental setup exploiting single quantum
emitters as input stages (similarly to what has already been
shown2°) whose single photons are used to feed the QPICs
described in the following sections, therefore initializing the
interferometer with the polariton states defined in Egs. (3), (4)
and (5), respectively.

Single-polariton dynamics. The single polariton states in Egs. (3)
and (4) are not affected by interaction terms proportional to Uy,
and their evolution through the QPIC in Fig. 1 is only sensitive to
the regions where J(x) # 0. Let us assume now that a polariton
state with wavevector k corresponds to a particle propagating at a
constant speed given by its group velocity, that is

)

with w; being the single-polariton dispersion entering in the
Hamiltonian model. This implies that, in order to propagate
across the m-th interaction region of length [,, the quantum
particle needs roughly a time given by

I
ty = vﬂ 7)
g
In addition, by observing that such states are in one-to-one
correspondence with the two polarization states of a spin-1/2
particle, that is

) =1 00, V) =0, 1), ®

their evolution through an interaction length [ = v, t is prescribed
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by the following unitary operator
UR() =
= e_i‘”k‘(cos(]t)ﬂ —i sin(]t)ax),
with = w, 1 + Jo,, with 1 and o, being the identity and the
Pauli-X matrices respectively. The subscript IR stands for
“Interaction region”.

In particular, notice that in correspondence of the following
values of the propagation time (A =1)

e—ﬂ:tz _

©)

T(”)

dip = —(1 + 2 n),

(10)
with # being any integer, the operator in Eq. (9) describes a 50:50
beamsplitter. In practice, this means that if one properly chooses
the interaction length [ and the group-velocity v, in such a way
that the ratio //v, equals T( ") for some integer n, then any initial
single-polariton state, such as one of Egs. (3) and (4), is mapped
into an equally weighted superposition of the two. For instance, in

correspondence of TO = T 4ip> one has that

dip
14, 08) —ilo4, 1B
UglR)(Tdip)|1A7 Of> — ’ k k>ﬁ‘ k k> (11)
and
B
UR(Tap)|0, 17) _ 06 1) i, 0 (12)

V2

In the next section we discuss the propagation of the two-
polariton state in Eq. (5) through a generic QPIC. We show that it
is possible to map the polariton-polariton dynamics into that of a
two-level atom driven by external electromagnetic pulses.

Dynamics of two identical polaritons. Starting from a double
excitation subspace (i.e., an initial configuration with a total number
of two polaritons in the system), the quantum state evolves in time
as the following superposition

ly(®) = a)|1¢, 17) +BO|2¢, 0F) +y0|0g, 28),  (13)
where we introduced the states |2A 08) = (ﬁ};) 1Q)/+/2 and

|og, 28) = (bk) |Q2) /+/2. Therefore, in the general case, the time
evolution of any two-polariton input state can be effectively
described by means of a three level system, and the coefficients a(f),
B(f), and y(f) are only related by the normalization condition on
‘1//>. However, by considering that the Hamiltonian is symmetric

under the exchange of a; and i)k, the input state in Eq. (5) evolves as:

ly(®) = a(n|13, 15) + BB (|28, 0F) + [0f, 28)) . (19)
Therefore, by defining
A B A 5B
lg) = [14, 18), |e>=‘2k70k>+’0k72k>’ (15)

V2

the Hamiltonian model in Eq. (1) can be expressed on this basis,
reading

H = Qw, + Ul +2J(x)o, — U0, (16)

where 1, 0,, and o, are the identity and the Pauli-X and Z
matrices, respectively. In particular, in our representation
az{g> = |g> and o,|e) = —|e).

This model equivalently describes a two-level atom propagat-
ing in free space with transition frequency/detuning given by 2U,
and effectively interacting with a transverse field, F, producing a
Rabi frequency 2J(x), and | g> (le)) corresponds to the ground
(excited) state of such fictitious atom. In other words, the

Input L ly In Output
v, T T
9 s _ ~
%_, F F F B-
| |
0 o r Tp

Fig. 2 Atom-polariton correspondence. Schematic picture of a physical
system whose dynamical evolution is equivalent to that of the propagating
two-polariton state defined in Eq. (5): A two-level atom is injected from the
left with speed v, (in analogy with the polariton group velocity) and
propagates towards the detection region (x = xp), through regions
charac_t)erized by the presence or absence of an external transverse electric
field, F.

propagation of the state in Eq. (5) through the QPIC reported in
Fig. 1, is equivalent to the physical situation pictured in Fig. 2. On
the left (input side), there is an atom initially prepared in the | g)
state. Such a particle is then sent at speed v, through a sequence
of regions having different properties, i.e. with or without the

external transverse field F, and its properties are read on the
rightmost side of the apparatus (output region). In particular, we
assume that in between the regions represented in Fig. 2 and
characterized by a length [, there are regions where the atom can

—

propagate freely, i.e. F = 0. Similarly to what happens in the
one particle sector, the faster the atom moves (i.e., the larger v,),
the smaller is the time spent by polaritons in each hopping
regions, and thus the smaller is the probability of observing a
polariton jumping from a waveguide to the adjacent one. On the
other hand, in the two-particle subspace of the Hamiltonian (1),
the terms depending on U, play a non negligible role. In
particular, following Eq. (16), and by virtue of the properties of
the Pauli matrices, the propagation within the polariton
interferometer depicted in Fig. 1 is completely determined by
composing the proper number of times two unitary operators

ng)(t) =¥ [cos<\ [U? + 4]2t) 1+

sin(/UF + 47t (17
+ Z—/iUi‘F‘UZ (=2Jo, + Ukaz):|7
and
Ua(t) = e [cos(Uyt) 1 + isin(Uyt)a,] , (18)

where ¢ =2w;+ Uy and the subscript FP stands for “free
propagation”. The operator in Eq. (17) describes the evolution
of an initially symmetric state along an interaction length [ = v,t,
while the one in Eq. (18) describes the evolution of the two-
polariton system in the free propagation region between two
interaction regions. In particular, notice that Ugg(t) introduces a
phase difference between the states | g) and le), which is
proportional to 2Uy.

Applications. In this section we consider two paradigmatic cases
of the generic QPIC, showing how these devices can be used for
either precisely measuring the interaction strength between two
single polaritons or implementing nonlinear quantum gates. A
generalized version of the solution corresponding to the case of
ideally lossless polariton propagation is reported in SI, see Sup-
plementary Notes 2-3.

Single hopping region: nonlinear HOM effect. The most elementary
building block of a QPIC, namely a single region of evanescent
coupling between waveguides A and B, characterized by the length /,
is depicted in Fig. 3. This configuration is typically exploited in
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Fig. 3 Elementary QPIC with single hopping region. a Sketch of a polariton
circuit made of a pair of co-propagating waveguides, labeled as A and B,
which are coupled along a spatial region of length I. b Schematic behavior of
the coupling constant, J(x), describing the evanescent coupling between the
two waveguides of the polariton circuit described in a. In this setup, the
coupling is non-zero and equal to a constant value J only in the region

X1 < X< Xp.

conventional PCs to realize a beamsplitter. Here, the main difference
is the presence of the polariton number-dependent nonlinear
interaction within the single waveguide channel, which is going to
alter the beam splitting condition, as well as influencing the many
particle statistics in each channel. In order to characterize the
quantum behavior of the device, we will consider the auto- and
cross-correlation functions at the output ports, defined as

JEIC

Gault, Uk/]) = <1//(t) 4 a, a ay I/J(t)> , (19)
and
Gas(t, Up/D) = (y(®)|af by b w(®)) (20)

where ¢ is the polariton arrival instant at the rightmost end of the
device. Here, polaritons are converted into photons. Therefore, the
former amplitude represents the probability of having two photons
emerging in pairs from the waveguide A, and Gua(t, Uy/)) =
Gpp(t, U/]) by symmetry. The other amplitude, Gap(t, Uy/)),
accounts for events related to photons simultaneously emerging
(and being detected) from different waveguides. Following Eq. (17),
after some algebra, analytic expressions can be obtained, which read:

2
Gaa(t, U/)) =Wsm2<,mﬁ +4]2t> (21)
and
Gup(t, Up/T) =1 =2G(t, Ui/]). (22)

The dependence of G44 and Gup on Uy/J is shown in Fig. 4,
where we plot the dependence of these correlation functions on
the time spent by the two polariton wave packets in the region of
length I This time is compared to the parameter T, which
corresponds to the time for which the device would behave as a
regular 50:50 beam splitter in the absence of polariton
interactions, ie. for Uy/J=0. In fact, this can be interpreted as
the time for which the interferometer results in the well known
Hong-Ou-Mandel (HOM) effect in conventional PCs#>>1-54,
Such an established phenomenon is related to the bosonic nature

*Upl)=0 =UrfJ=05 +Uyff=1 =UlJ=5

Gaalt, Udd))

COO00O0OH 000000
oNhRO®O ORNWRWL

Gas(t, Udl))

Fig. 4 Correlation functions of elementary QPIC. Behaviors of a the auto-
correlation Gaa(t, U/J) and b the cross-correlation Gag(t, U/J) as a
function of the time spent within the hopping region of length /, and

for different values of the ratio U,/J. This time, t, is given in units of

Taip = n/(4)). The vertical dashed lines at t/ Ty, =1 identify the occurrence
of the Hong-Ou-Mandel effect for U,/J = 0. At such condition (as well

as for t/Tgp = 2n 41, with n being an integer, see Eq. (10)), the linear QPIC
behaves as a 50:50 beam-splitter. As a consequence, the auto- and cross-
correlation functions are at maximum and minimum values, respectively,
i.e., GAA(t: Td/'pl Uk/J = O) =0.5and GAB(t: Tdipr Uk/J = O) =0.

of two indistinguishable particles going through a 50:50 beam
splitter from two different input ports, and it is characterized by a
dip in the probability of simultaneously detecting the two
particles emerging from different output ports, ideally going to
zero, due to the destructive interference of their probability
amplitudes®. In our notation, this corresponds to the condition
for which G4p(T4ip» 0) = 0. At the same time, this condition also
implies that the probability of observing two bosons emerging in
pairs from the same waveguide is maximized (boson bunching),
ie. Gaa(Taip» 0) = Gpp(Taips 0) = 0.5. This is shown in the plots
of Fig. 4 for U/]=0 and /T, = 1, with an obvious periodicity
as a function of t/T;,. However, while the HOM effect has been
mostly explored in linear interferometers, so far, our framework
allows to straightforwardly address the effect of polariton
nonlinearities. In particular, the HOM dip tends to be suppressed
on increasing Uy/J, i.e. strong polariton correlations inhibit the
quantum interference at the beam splitting condition. More in
detail, as suggested by the results in Egs. (21) and (22), for U/
J>1 (ie, what we define the strongly correlated polariton
regime) the probability of observing photons emerging in pairs
from the same waveguide becomes negligible, while photons are
mostly expected to be simultaneously detected from the two
different output channels, i.e.

Gaalt, Uy /]) = 0, Gup(t, Up/]) — 1 (23)

The detailed convergence to this regime as a function of the
relevant scale Uy/J is explicitly shown in Fig. 5. Here we plot the
behavior of the two amplitudes defined in Egs. (21) and (22) for
t/Tgp=1, and the maximum and minimum value they
respectively reach while varying the ratio /Ty, i.e. corresponding
to an interaction time = 7/(2+/ Uz + 4J%).

Essentially, this behavior can be interpreted as follows: on
increasing the on-site interaction within each propagating
channel, the bunching probability is suppressed. In quantum
photonics, this is reminiscent of the polariton blockade effect>0->7,
recently evidenced in confined geometries?®27. Evidently, if such
a regime could be accessed in a propagating geometry, the device
would implement a kind of nonlinear beam splitter in which
bosonic coalescence is destroyed in favor of “fermionization”
induced by strong interactions>®>%.
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Fig. 5 Correlations dependence from polariton nonlinearity. The curves
labeled as Gaa(t = Tgip, Ui/)) and Gag(t = Ty, Ui/J) describe the behavior
of auto- and cross-correlation functions, respectively, for t =Ty, and as a
function of the polariton two-body interaction, U,/J. The condition U,/J =0
corresponds to the Hong-Ou-Mandel effect, i.e., Gaalt = Tajp, U/
J=0)=0.5 and Gag(t = Tgjp, U/J=0) =0, respectively. Dotted and
dashed curves describe the dependence of the Gaa maximum and Gag
minimum values, respectively, on U,/J. Such a condition is identified by

t =1, with = 7/(24/U? + 452).

More practically, even being limited to the realm of weak
nonlinearities that do not allow to access such strong correlation
regime, this configuration may still allow to directly assess
interaction-induced deviations from the HOM condition. How-
ever, as it will be detailed in the “Discussion” section, polariton
interaction energies have been reported in the few ueV range,
which are too small to be detected on the scale of the plot in Fig. 5
(J is typically in the meV order of magnitude, thus Ui/J < 1). The
scheme in Fig. 3, on the other hand, is just the simplest building
block for QPICs. Nevertheless, as discussed in the following
section, by exploiting a slightly more complex scheme it is
possible to design polariton circuits showing enhanced sensitivity
to the critical parameter Uy/J. The latter could be exploited, in
turn, to implement quantum gates for polaritons encoding
information even in the presence of small nonlinearities, as
pointed out in the following.

Two hopping regions: polariton Ramsey interferometer. Motivated
by the nonlinear HOM results shown before, and by the atom-
polariton correspondence previously discussed in the “Model and
Theory” subsection, in relation to the “Dynamics of two identical
polaritons”, here we explore the dynamics and the resulting
quantum correlations at the output of the device depicted in
Fig. 6. In this case, the hopping is split into two separate regions
having the same length, I, and separated by a free propagation
region within each waveguide. As previously done, we define the
time spent in each interaction region, t, and the time spent in the
region x,<x<xs, I, as the relevant parameters. Given these
definitions, the action of the device in Fig. 6 on the two polariton

state defined in Eq. (5) is described by the unitary operator
Utt, T) = UR(OUR(DUR (1) (24)

In particular, a direct analytic computation shows that the
probability of having two photons being detected from the same
output channel after the second hopping region reads

]2
(Ui +4J%)
2J*U,

(U} + 4"

27172
% sin4(9t)sin2(Uk T)7
k

Guut, T; U /] = sin?(20¢)cos*(U, T)

sin*(0t) sin(20¢) sin(2U, T))

(25)

with 8 = /Ui + 4J. Similarly to the previous case, we have

Input S S Output
N /"
=</ \ /.
(a) T‘l sz T z3 Zy

J(z) | |

{0 /-
(b) | Hal T3 T z3 Ty

Fig. 6 Analog Ramsey interferometer in QPIC. a Sketch of a polariton
circuit made of two identical hopping regions of length | separated by a free
propagation region. b Sketch of the spatial dependence of the hopping
parameter J(x) along the device in a. As in the case of the elementary QPIC
in Fig. 3, we consider J(x) =J in the two interaction regions and zero
elsewhere.

100

10 05 1
t/Taip

0 0.5
t/Taip

10 05
t/Taip

Fig. 7 Global correlations behavior in the analog Ramsey setup. Color
scale plot showing the dependence of Gas (Eq. (25)) on both t/Tg, and
T/ Tgip for a Uy/J=0.1, b U/J = 0.05, and ¢ Uy/J = 0.01. Similarly, we also
report the color scale plot with the dependence of Gag (Eq. (26)) on t/Tg,
and T/Tgp, for d U/J=0.1, e Uy/J = 0.05, and f U,/J = 0.01. Vertical lines
have been added to each panel as a guide to the eye in evidencing the
condition t/ T4, =0.5.

GBB = GAA and
Gupt, T; Up/T) = 1 = 2G4(t, T; Up/]).

Here, it is worth highlighting the explicit dependence of the
correlation functions on ¢, for which the degree of correlation of
the output photons can be modulated by either changing the
interaction length, I, or the separation between the two hopping
regions, i.e., the time T.

Globally, the behavior of Gas(t, T; U/]) and Gap(t, T; Up/))
for different values of U/J, and as a function of both /T4, and
T/T4p is reported in Fig. 7. Correlation functions display
a periodic dependence on T/T4,. In particular, for all the values
of U/J] considered, the probability of having photons
emerging simultaneously from the same waveguide, quantified

(26)
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Fig. 8 Output correlations in the analog Ramsey setup at fixed t.

a Behavior of the auto-correlation Gaa(t, T; Ui/J) as a function of T/ Ty, for
t/ T4, = 0.5, and for different values of U,/J. b Behavior of the cross-
correlation Gag(t, T; Uy/J) as a function of T/Ty, for t/Tgp,=0.5, and for
the different values of U,/J. In both panels, the different curves correspond
to the values of U,/J specified in the top legend.

by Gaalt, T; U/]), is maximized close to the condition
t/T;,=0.5. The first maximum is located in all the cases at
T/T4, = 0, i.e. the condition for which the analog setup reduces to
the one characterized in the previous section (2t= T, and
T=0). The following peaks of Ga(t, T; Ui/]) as a function of
T/Tap explicitly depend on Uy/J. Due to their complementarity,
Gup(t, T; Uy/]) is minimized whenever Ga,(t, T; Ui/]) is max-
imized, as it is evident from Fig. 7(d-f).

In addition, these results suggest that the geometry assumed for
the device in Fig. 6 is considerably more sensitive to small values
of the ratio Uy/J, if compared to the elementary interferometer
with a single hopping region. In order to better clarify this point,
let us consider a selection of results plotted in Fig. 8, where we
show both Guu(t, T; Uy/]) and Gup(t, T; Ui/]) as a function of
T/ Tgip, at fixed t/T4;, = 0.5 (i.e., following the vertical dashed lines
in Fig. 7). In analogy to the Ramsey interferometer, here
significant variations in the degree of correlation between the
photons emerging at the output of the device are obtained by
changing the ratio T/Tg4,. The latter essentially coincides with
varying the distance L =x; —x, between the two interaction
regions for a given choice of the hopping distance (d) and the
group velocity of the propagating mode (see, e.g., Supplementary
Note 1).

As a possible application of this QPIC device, we propose it can
be used to extract information about the value Uy (knowing the
value of ]), by considering the output correlations obtained with
devices having an interaction length equivalent to #/Tj;, = 0.5 and
different values of T/Ty;,. Notice that ¢ = 0.5T 4, corresponds to
an interfering region that is only half of the length for the
beamsplitting condition in the linear regime (U, =0), which
occurs for t = T, The reason for the increased sensitivity to the
small nonlinear shift can then be traced back to the same reason
giving the high sensitivity to small energy shifts in the
conventional Ramsey interferometer, given the formal analogy
reported above®?,

QPICs for quantum computing: the ~/SWAP' gate. Here we
analyze the potential application of the QPICs characterized
before in quantum information processing. The starting point of
our discussion is the behavior displayed in the limit Uy > J by the
QPIC discussed in “Single hopping region: nonlinear HOM
effect” of this subsection. In such a regime, since the presence of
two polaritons in the same waveguide is suppressed due to the
strong repulsive nonlinearity, the QPIC would implement a

+/SWAP’ quantum gate*3. Indeed, when a single rail qubit
encoding is assumed (each waveguiding channel is in logic |0)
state if no polariton is present, and logic |1) with a single pro-
pagating polariton state), it is straightforward to verify that for
t = Tap when using {|0f, 0F), [1¢, 0F), [0f, 18), [1£, 15)} as
the two-qubit basis set, the QPIC in Fig. 3 is described by the
following matrix operation

VSWAP = , (27)

o o =
oSNl S =

0
0
0
1

o5kl e

0

which allows to implement universal quantum computing when
combined with arbitrary single qubit rotations*4.

However, in order to observe such a behavior one would
require a value of Uy, that is definitely larger than any nonlinearity
expected for polariton systems in conventional material plat-
forms. Hence, the relevant question is: Is there a way to design a
device that (i) acts on single polariton states as the nonlinear
beam-splitter described in “Single hopping region: nonlinear
HOM effect” of this subsection, and also (ii) suppresses polariton
bunching in favor of a G5 =1, even in the presence of small U/
J? In fact, the simplest device implementing both functionalities is
actually the analog Ramsey interferometer characterized before.
For what concerns the first operation, it is sufficient to consider
the unitary operator defined in Eq. (24) to realize that such a
QPIC behaves like a (non-linear) beam-splitter when fed with
single-polariton states. Then, regarding the (more challenging)
two-qubit operation, it is sufficient to analyse the results of Fig. 8:
depending on the value of Uy, there always exists some value for
the ratio T/Tg;, for which G44 =0 and G4 = 1. In particular, it
can be recognized that such values are roughly determined as
t= Tgaip/2 and T/T 4y, = 2J/U when Up/J < 1. This is obtained by
performing a series expansion of Eq. (25) in terms of Uy/J, which
after little algebra yields

1 anU, T
Guut, T; U ~ Zcost | ==K — 28
aalt, T; Up/T) 5 cos (4] Tdip), (28)
and
anU, T
Gp(t, T; U,/]) ~ sin? . L 29
as(ts T5 Uy /) <4 i 29)

Let us stress the advantages of the proposed scheme: no post-
selection is required to implement the quantum gate, and no
errors due to state occupancy beyond the computational basis are
expected to occur after proper initialization of the system. Thus,
the present result holds great promise to realize prospective
devices for photonic quantum computing with deterministic
gates. In the next section we are going to discuss the effects of
inevitable losses in a realistic implementation of this device with
propagating polaritons, showing that it is actually feasible in
state-of-the-art technology.

Discussion

Here we assess the relevance of the previous theoretical analysis
in view of potential applications and realistic experiments in
quantum polaritonics. As already mentioned in the “Introduc-
tion” section, the polariton-polariton interaction energy has
proven to be a quantity that is hard to be probed directly in
experiment, although a few reliable estimates exist in the
literature2%-27. Moreover, such nonlinearities have been shown to
be strongly enhanced in suitably engineered nanostructures and
exploiting the application of an external electric field*0, although
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the precise enhancement has later been reduced*!. Following
recent estimates, we assume a polariton nonlinear interaction
energy as large as U= 15 peV in standard III-V semiconductor
technology?’, when the polariton field is confined in a spot on the
order of 1 pm?. In a propagating geometry, even if a polariton
wave packet is somehow delocalized in space, this value might be
assumed of the same order of magnitude if the wave form spreads
by about a wavelength along the propagation direction. In addi-
tion, this value might be further enhanced by a factor of 5-10 due
to electric field tuning, depending on the different systems
reported in the literature?®*l, or even exploiting different
mechanisms based, e.g., on coupling to the biexciton state®l.

In this section we provide some estimates on the values of Uy
that can be detected by a QPIC in realistic scenarios. First, we
consider an experimental setup with a single interaction region. A
similar device has been experimentally realized!2. The QPIC
model based on these system parameters is reported in SI, see
Supplementary Note 1. An alternative realization would require
working with totally internally reflected propagating polaritons,
such as the ones obtained in a planar waveguide®?, or through a
partially etched planar waveguide*!. We notice that the main
considerations reported here would not change. In ref. 12 the
tunneling rate between two coupled waveguides has been studied
as a function of the spatial separation d. A realistic estimate for
the tunneling energy, J, is measured to be on the order of J=0.5
meV. Hence, the relevant ratio Ui/J would range from 102 to
107! in state-of-art devices. These values appear too small to
provide a significant deviation from the device operated in a
linear regime, as shown in Figs. 4 and 5. On the other hand, such
values could be easily detected from correlation measurements in
the analog Ramsey setup of Fig. 6, according to the results
reported in Figs. 7 and 8, by increasing T. Practically speaking,
due to the relation reported in Eq. (26), in order to extrapolate
information about the polariton-polariton interaction energy, Uy,
it is sufficient to consider the behavior of the cross-correlation
function, i.e., double-click events obtained at the output of devices
having free propagation region of different lengths L. By col-
lecting data obtained on increasing L (to which T is linearly
related through the polariton group velocity, v,), the double-click
statistics would reproduce an oscillating behavior compatible with
those reported in Fig. 8(b). Finally, by means of Egs. (25) and
(26), a best fit estimate for the nonlinearity Uy could be
straightforwardly extracted.

A further point of discussion is related to the finite polariton
lifetime, for which the probability of observing photons emerging
from the output channel of the QPIC will necessarily decay on
increasing L. The problem of losses has been addressed in detail
in Supplementary Note 3, where the finite lifetime of polaritons is
treated by means of a Lindblad master equation. On the one
hand, as expected, numerical results reveal that the inclusion of a
decay rate I' in the system evolution, such that 7= A/T, leads to an
exponential decay of either populations or correlations with the
time spent in the QPIC (i.e., the total length of the device). On the
other hand, once correlation functions are properly normalized,
ie,

Cap B=A, B
BV «a, = )
(R (72

it is found that the behavior in the presence of losses exactly
reproduces the one expected for the lossless case. In particular, by
considering realistic values for the model parameters!'?, such as
J=0.5 meV (corresponding to Ty, = hn/(4]) =1 ps), polariton
decay rate I' = 0.01 meV (which corresponds to 7~ 66 ps), and a
group velocity in the range from 4 to 5 ym/ps, (see also Sup-
plementary Note 1), the range T/Ty;, € [0, 65] could be explored

Gotﬁ - gaﬂ = (30)

Vg =4pumps~t *Vg =5umps~t

10004 4
8001
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400+ N

2001 —~

5 15 25 35 45 55
Ul uev]
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Fig. 9 Ramsey interferometer implementing a «/SWAP’ gate. Behavior of
the free propagation length L sz [#m] as a function of the nonlinearity
Uk [ eV], for two different values of the group velocity v, The dashed
horizontal and vertical lines have been added as a guide to the eye.

by means of devices having a total length Lo, = vo(Ty;, + T) of at
most 330 um. In particular, for such a device length a population
decay by at most a 1/e factor may be expected in each waveguide.
Depending on the value of the ratio U/J, such a range of para-
meters would be large enough to observe (more than) a complete
oscillation of the cross-correlations (i.e., for Uy/J=0.1, corre-
sponding to 50 ueV), or to explore the range g5 € [0, 0.25] in
correspondence of a nonlinearity Uy =5 peV.

Finally, concerning the specific application of the Ramsey-like
interferometric configuration to realize a SWAP-type quantum
gate, we explicitly report some realistic device parameters in
Fig. 9. In particular, we address the dependence of the free pro-
pagation region length for the specific operation in Eq. (27),
defined as L JSWAp»> a5 a function of Uy, for some values in the
supposedly realistic range 5—50 yeV. This length is the L,,, cor-
responding to the condition for which G44 = 0.0 (or G45=1.0,
see Fig. 8). Similarly to the previous discussion, we consider two
values for the group velocity (as explicitly given in the Figure). A
device with a total length L., ~ 330 um would be sufficient to
implement a full VSWAP’ gate, in the presence of a nonlinearity
Ui =~ 15 peV, which can be realistically expected on the basis of
experimental results reported in the literature. This propagation
length is fully within the polariton lifetime of 7~ 66 ps assumed
before. Furthermore, longer lived polaritons might be obtained by
using polariton waveguides*!, thus allowing to realize an
experimental proof-principle demonstration of this quantum gate
even in the presence of smaller nonlinearities. In particular,
putting together the effects of losses on the measured coin-
cidences, the following count rates can be expected in realistic
experimental scenarios. Measured coincidence rates in the order
of Cx~1 MHz can be considered for state-of-art single photon
sources based on quantum dots, including both demultiplexing
and detection efficiencies’. Thus, by assuming in- and out-
coupling efficiency to and from the QPIC in the order of 7,
out ~ 0.3 per channel (which is within reach by using state-of-art
grating or edge couplers to the polariton chip), and considering a
population decay by a 1/e factor in each of the two arms, an
estimated number of coincidence counts rate can be given as
(qinqout/e)ZCR ~ 1 kHz. This is a very promising result con-
sidering that coincidence rates in the order of 1 Hz or lower can
nowadays be measured in quantum integrated photonics
experiments30,

We conclude this section by discussing the state preparation
considered in this work. In our theoretical framework, we
assumed the initial two-particles states to correspond to (i)
identical and simultaneous polaritons, which (ii) propagate
within the QPICs with the same dynamical properties, namely the
same wavevector and group velocity. Deviations from these
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assumptions may result in non-ideal visibility of the correlation
signals measured at the detectors. As already observed in “Model
and Theory” subsection of the “Results” section, single quantum
emitters can be considered to a large extent as near-optimal single
photon sources of indistinguishable quanta®®>0, Simultaneous or
delayed arrival of these single photon states at the two input ports
can be controlled by external means to a large extent. As a
consequence, we do believe that the creation of the radiation
states needed as input stages for testing the dynamics in QPICs is
possible by means of the state-of-the-art technology. Regarding
the second issue, since the coupling to the external sources is
usually achieved by means of grating couplers, we do observe that
only pre-determined wavevectors will enter into the propagation
channels. In particular, since the realization of waveguides is
subject to lithography and etching processes, it can be controlled
to sub-nm precision. This implies that QPICs can be fabricated
with almost ideal symmetric single-mode devices.

Conclusion

We have introduced a quantum technology platform that extends
current performances of photonic integrated circuits, by
exploiting effective interactions between polaritons. We have
shown that they allow to build nonlinear quantum devices and
deterministic quantum logic gates. As a first step, we have ana-
lyzed how polariton interactions can induce a significant devia-
tion from the typical Hong-Ou-Mandel behavior in an integrated
beam splitter. Starting from this result, we explicitly designed an
integrated polariton interferometer that allows to straightfor-
wardly implement a deterministic ~/ SWAP’ gate. By considering
realistic experimental conditions and parameters, the proposed
QPIC represents a viable route for prospective photonic-based
quantum information processing.

Noticeably, the interferometric nature of QPICs makes these
devices very well suited also for metrology and sensing purposes.
As a targeted example, we have shown how an analog integrated
Ramsey interferometer could be used for measuring polariton
interaction energies at two-particle level. We thus believe these
results will motivate the realization of complex polariton inter-
ferometers, which will set the basis of future experiments
exploiting the relatively strong nonlinearities of these systems
for metrology applications, sensing, quantum simulations, and
quantum information processing.

Methods

Numerical simulations for this work have been performed by home made Python
codes solving for either the time evolution of the Schrodinger equation or the
density matrix master equation.

Data availability
All the data employed for this work will be made available from the authors upon
reasonable request.

Code availability
All the codes employed for this work will be made available from the authors upon
reasonable request.
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