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Quantifying Quantum Coherence in Polariton Condensates
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We theoretically and experimentally investigate quantum features of an interacting light-matter sys-
tem from a multidisciplinary perspective, combining approaches from semiconductor physics, quantum
optics, and quantum-information science. To this end, we quantify the amount of quantum coherence
that results from the quantum superposition of Fock states, constituting a measure of the resourcefulness
of the produced state for modern quantum protocols. This notion of quantum coherence from quantum-
information theory is distinct from other quantifiers of nonclassicality that have previously been applied to
condensed-matter systems. As an archetypal example of a hybrid light-matter interface, we study a polari-
ton condensate and implement a numerical model to predict its properties. Our simulation is confirmed
by our proof-of-concept experiment in which we measure and analyze the phase-space distributions of
the emitted light. Specifically, we drive a polariton microcavity across the condensation threshold and
observe the transition from an incoherent thermal state to a coherent state in the emission, thus confirming
the buildup of quantum coherence in the condensate itself.
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L. INTRODUCTION

Quantum physics is one of the most successful theories
to describe nature. However, even during its conception,
it was regarded as a counterintuitive formalism to inter-
pret the physical world when compared to more famil-
iar classical, thus accessible notions that do not involve
quantum superpositions [1]. Therefore, various measures
to quantify the incompatibility of quantum physics with
classical concepts have been developed [2—4], initially
being restricted to entanglement quantification tasks [5].
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Notably, recent approaches to quantifying such quantum
superpositions are based on their usefulness in quantum-
information science and technology [6-9], advancing fun-
damental questions to applications, e.g., quantum telepor-
tation [10], secure quantum key distribution [11], boson
sampling [12], to name but a few.

Along with the success of quantum theory, a branch-
ing out into many subfields occurred, each focusing on
distinct systems and specific aspects thereof. For exam-
ple, in today’s research, semiconductor physics and quan-
tum optics increasingly become separated fields, departing
from their common origin. Thus, methods and findings
from one branch of quantum physics are not always
encountered in another subdomain, regardless of their gen-
eral importance. Nonetheless, the emergence of quantum
technologies [13—15] urges us to bring together different
fields for developing interfaces between quantum proces-
sors, such as implemented in matter systems, and quantum-
communication platforms, e.g., quantized radiation fields;
see Fig. 1. Here, we aim for combining contemporary
concepts of semiconductor physics, quantum optics, and
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FIG. 1. Conceptual goal of our interdisciplinary research. A
matter system represents a quantum device, e.g., a quantum pro-
cessor, in which quantum superpositions are produced. A light
field is used for distributing the generated quantum coherence,
e.g., for quantum communications. The light-matter interaction
serves as an interface. By analyzing the quantum features of
the light field, quantum coherence of the semiconductor system
can be characterized to assess the system’s resourcefulness for
quantum-information protocols.

quantum-information science to study quantum coherence
phenomena in both theory and experiment.

The interplay of different quantum systems, such as
the aforementioned light-matter systems, results in the
notion of hybrid systems, which recently gained growing
recognition because of the increasing demand for combin-
ing distinct technical implementations [16]. In general, a
hybrid quantum system consists at least of two distinct
physical platforms (likewise, ways of physical informa-
tion encoding) that are supposed to be able to carry the
same quantum-information contents [17—19], thus being
equipped with isomorphic quantum superposition struc-
tures [8]. For example, a combination of a discrete-variable
and a continuous-variable system can be combined to
potentially teleport quantum superpositions between them,
where one part is characterized by a discrete photon-
number basis expansion and the other one by a continuous
phase-space distribution [19,20].

In the context of semiconductor quantum optics, first
steps in the direction of implementing hybrid interfaces
were made by theoretically analyzing [21] and experimen-
tally probing [22] the formation of excitons in semicon-
ductors with quantum light. Promising candidates are exci-
ton polaritons—referred to as polaritons hereafter—that
describe light-matter quasiparticle excitations in semi-
conductor microcavities because of the strong coupling
between excitons and photons [23]. Previous studies sug-
gest that the quantum statistics of light leads to a nearly
identical quantum statistics of the thereby generated quasi-
particle matter state, whose properties are again mirrored
by the emitted light. Additionally, nonlinearities of the

polariton system may be exploited to create highly non-
trivial states. For resonant excitation, quantum states of
the emitted light, such as squeezed states [24], have been
demonstrated, and quantum correlations of the light source
itself can be mapped onto the targeted matter system [25].
For nonresonant conditions, which we pursue in this work,
polaritons form and relax towards the ground state of the
system. A macroscopic population may form in this state,
which is accompanied by the spontaneous formation of
coherence and off-diagonal, long-range order in the sys-
tem [26,27]. This state is a polariton condensate and may
be considered as the driven-dissipative analog of a Bose-
Einstein condensate. Furthermore, recent demonstrations
generated photonic Fock states via polariton systems and
characterized them [28,29]. In one implementation of this
concept, a polariton cavity was excited by a single pho-
ton that was part of an entangled photon pair, transferring
the entanglement to the polaritons [30]. Still, the above
works did not employ a unified concept of quantumness
and focused on transferring quantum features of the pre-
pared nonclassical light to the semiconductor system, not
probing the coherence properties of the matter system itself
via the emitted light as we are going to demonstrate here
(Fig. 1).

While entanglement in hybrid systems is certainly useful
[31], other forms of quantumness can exist beyond entan-
glement [2,32—34]. For instance, a classical electromag-
netic wave is most closely resembled by what is known
as a coherent state, resulting in phase-space descriptions
as introduced by Wigner, Glauber, and others [35,36].
And correlation functions can be used to discern classi-
cal wave and quantum particle properties, as observed for
single photons [37]. However, matter does require a dif-
ferent classical reference in which the wave properties
are identified as quantum features and particles are the
classical default, rendering commonly applied correlation-
function-based and phase-space approaches to identify
nonclassicality less useful.

In this work, we specifically consider a superposition
of particles to represent quantum phenomena in matter
systems. This is in contrast to the standard concept of
nonclassicality of light in which photons themselves, i.e.,
particles of quantized waves, are deemed highly nonclassi-
cal objects [38]. Thus, we probe for sophisticated particle
quantum coherence effects within a polariton condensate
via Fock-state superpositions in the emitted light field that
carries the information about the matter system; see Fig. 1.
Thereby, the frequently held belief that only Fock states are
resourceful is defied, which is additionally supported by
applications, such as quantum random number generators
[39,40] for quantum cryptography [41] and entanglement
detection [42], that can be carried out with coherent laser
light.

To partly overcome ambiguities of different classical
notions [43], the more agnostic concept of quantum
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coherence has been established, allowing for general
classical references, while quantifying quantum super-
positions on the merits of their resourcefulness for
quantum-information applications; see Refs. [3,4] for
recent reviews. Still, an open problem is to find a generally
applicable and compatible concept of quantumness that
applies to all distinct parts of a hybrid system in the same
manner. Here, we are making a step forward to resolv-
ing this problem by analyzing discrete-variable particle
quantum coherence through emitted, continuous-variable
radiation fields. This is at the core of the challenging task to
devise interfaces between different quantum technologies
[16]. Thereby, we also investigate the general quantum
resourcefulness of states produced in a polariton system.

In this contribution, we theoretically and experimentally
analyze and quantify quantum coherence of a semicon-
ductor system by monitoring the features of the emit-
ted light. Specifically, we observe the transition from
an incoherent thermal ensemble to a state that carries a
significant amount of quantum coherence. (The quantum-
information-based concept of quantum coherence must
not be confused with the notion of macroscopic coher-
ence that can have a classical or quantum origin and
that is frequently used in semiconductor physics.) For
quantifying quantum coherence, we determine the Hilbert-
Schmidt distance between a generated state and its best
incoherent approximation by reconstructing phase-space
distributions. Although the general challenge of imple-
menting a stable phase reference for the system under
study is missing to date, our simulations enable us to ana-
lyze our data by filling in the blank. The combination
of both numerical model of the nonlinear semiconductor
system and quantum-optical, tomographic measurements
thus enables us to implement a proof-of-concept demon-
stration in which we quantify quantum coherence that
originates from quantum superpositions of particle states
in a polariton condensate.

The added value of investigating quantum coherence
becomes clear when it is compared to other measures of
coherence. Commonly studied coherence phenomena refer
to correlations between fields at different points in time
and space (gV) and to correlations between intensities
(g?). While g does not carry any information about
whether the field under study is quantum or classical, g
and higher-order intensity correlation functions provide
insight into the quantum phenomena of quantized radiation
fields by means of their occupation number distribution.
Accordingly, for a state with a given density matrix, g
depends only on the diagonal elements of the density
matrix. By contrast, the concept of quantum coherence
applied here provides insight into the quantum phenom-
ena of a matter system by quantifying the superpositions
of particles, which cannot interfere in classical matter
and can be harnessed for quantum-information protocols.
And quantum coherence depends only on the off-diagonal

elements of the density matrix. Quantum coherence may
thus be considered as complementary to earlier approaches
in condensed-matter systems. While the buildup of macro-
scopic coherence and g in polariton systems has been
widely investigated [44—47], there exist no studies on
quantum coherence in condensed-matter systems to our
knowledge.

The remainder of this paper is structured as follows.
In Sec. II, we establish the notion of quantum coher-
ence, its immediate relation to the superposition principle,
and its quantification using phase-space representations. A
numerical simulation for the polariton system is carried
out in Sec. III, using a truncated Wigner approximation
and Monte Carlo techniques. In Sec. IV, the experiment is
presented, and the results of the quantum coherence anal-
ysis from the optical system are discussed in Sec. V. We
conclude in Sec. VI.

II. QUANTUM-STATE CHARACTERIZATION

In this section, we introduce the quantum-information
side of our work. For this purpose, we consider different
descriptions of quantum states and introduce the notion of
quantum coherence. Specifically, we theoretically quantify
the amount of superpositions of particle-number (likewise,
Fock) states that are required to describe the bosonic sys-
tem beyond commonly applied correlation-function-based
techniques. By employing light-matter interactions as an
interface to optically probe quantum coherence in a polari-
ton system, this approach provides the necessary frame-
work to experimentally assess the quantum resources of
the system under study.

A. Fock-basis expansion and quantum coherence

For simplicity, we begin with a single bosonic field, rep-
resented by the annihilation operator a and the creation
operator a'. The state p of the system can be expanded
via the eigenbasis of the number operator, 72|n) = n|n) for
n e Nand 71 = a'a. Recall that 7 is the number of excita-
tions of the given quantum field, i.e., the number of bosons.
The desired state expansion reads

16 = Z Pm,n

m,neN

m)(n|. )

Herein, the diagonal elements p,,, = p, correspond to clas-
sical probabilities, p, > 0 and ), p, = 1. By contrast,
off-diagonal elements, p,,, with m # n, are a result of
quantum superpositions of basis states.

It turns out that the off-diagonal entries can be used
for implementing quantum protocols, being the defining
foundation of the notion of quantum coherence [3,6,7].
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Conversely, an incoherent mixture of basis states,

Pine = Y paln)(nl, )

neN

is considered a classical ensemble of particles. Whenever
the state cannot be expressed in such a diagonal repre-
sentation, § # Qinc, the state of the system does exceed
the notion of a classical ensemble and demands genuine
quantum superpositions to be fully described. For exam-
ple, a superposition state |W) = > ,|n) with at least
two nonzero expansion coefficients v, and v, results in
a density operator p = |¥)(W| with a nonvanishing off-
diagonal component p,, », = ¥, ¥,,, being a direct conse-
quence of the superposition principle. It is worth mention-
ing that quantum coherence straightforwardly generalizes
to multipartite systems in which incoherent mixtures of the
states |n;) ® |np) ® --- form the classical reference. Fur-
thermore, the observation that the binary representation of
a single integer n can be read as a string of zeros and ones
might be helpful to understand the quantum-computational
importance of quantum coherence in superposition states.

A way to quantify the amount of quantum coherence
is thus given by adding up the modulus square of the
off-diagonal contributions [6] (see also Appendix A for
details),

Cp) =

D pmal

m,neN:m#n

= 1p — Pincllfis = tr (p%) —tr (A2.), ()

being equivalently expressed as the distance of the state
0 and its best incoherent counterpart pi,, having the
same diagonal elements as the actual state [48]. Here, the
distance is given in the Hilbert-Schmidt norm, ||1;i||HS =
[tr(AT4)]"/2. If no quantum superpositions are involved,
0 = Pinc, this measure of quantum coherence is zero. And
it is strictly larger than zero for states that obey o # Pinc,
becoming larger with increasing off-diagonal contribu-
tions.

B. Phase-space representation for Fock-state-based
coherence

Dissimilar to the discrete expansion of a quantum state
in the Fock basis is the representation in terms of so-
called coherent states, being a superposition of number-
operator eigenstates, |o) = e~14*/2 >, a"|n)/v/n! for a €
C. For instance, this enables the expansion of the density
matrix as

b= /dzaP(a)|a)(a|, “4)

where P refers to the Glauber-Sudarshan distribution
[49,50]. This phase-space distribution is often highly sin-
gular [51], thus a convolution with a Gaussian kernel can
be done to achieve a regularization, resulting in the promi-
nent Wigner function W(«) [52] and Husimi function Q(«)
[53]. Note that the latter phase-space distribution can be
also obtained through the relation Q(«) = («|p|a) /7. See
Refs. [48,54] for comprehensive introductions to phase-
space and so-called quasiprobability representations.

Coherent states resemble classical oscillators most
closely; thus they serve as the classical reference for waves
but identify quantum particles as nonclassical [55,56].
Specifically, the inconsistency of P with a non-negative
probability distribution defines nonclassical radiation
fields in quantum optics. Here, however, we want to iden-
tify particles as classical in order to provide a characteri-
zation of the matter system. Historically, matter has been
understood as a collection of particles. Consequently, they
here serve as the classical gauge for determining genuine
quantum features in matter in the form of their super-
positions. Thus, we ought to employ number states |n)
as our classical reference [Eq. (2)]. Nevertheless, we can
still express the coherence C(p) and the corresponding
and required incoherent state py,. in terms of continuous-
variable phase-space representations (Appendix A), such
as the Wigner, Husimi, and Glauber-Sudarshan function.

In general, nonclassicality in the quantum-optical sense
and quantum coherence in the number basis are comple-
mentary notions. That is, a Fock state |r) exhibits quantum
signatures in the former sense but is classical in the latter
context, and vice versa for a coherent state |«). (In the dis-
cussion here, vacuum n = 0 = « is excluded in both cases
for sake of exposition.) For instance, correlation-function-
based nonclassicality criteria can detect that number states
are, in fact, nonclassical; this means that no Glauber-
Sudarshan function P(«) exists that is both a classical
probability density and describes the Fock state accord-
ing to Eq. (4). Conversely, the Fock expansion in Eq. (1)
requires elements beyond diagonal ones when represent-
ing coherent states; i.e., the probability mass function p, is
insufficient to expand coherent states, signified by C > 0.
See Ref. [48] for a broader discussion of the interplay
of probabilities and various coherence phenomena. The
elementary examples above, in which different states are
deemed quantum through different approaches, demon-
strate the fundamental distinction between the common
notion of nonclassicality and the operational concept of
quantum coherence for quantum information.

C. Stimulated emission and displaced thermal states

As an example with relevance for our particular study,
we may consider the essential model of a laser by identi-
fying the single mode under study with an optical bosonic
field. The lasing threshold is the lowest power applied to
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a nonlinear medium—being the polariton system in our
case—at which a laser’s output is dominated by stimulated
(i.e., coherent) emission of excited particles rather than by
spontaneous (i.e., incoherent, specifically thermal) emis-
sion. Thus, in transition between both regimes, the optical
state is well approximated by a displaced thermal state for
which the phase-space function takes the form [36]

exp [—(la — a|? /)]
Tn ’

P(a) = ©)
defining a displaced thermal state with the coherent ampli-
tude «g € C and a width given by 7 > 0. We emphasize
that the P function in Eq. (5) is a non-negative distribu-
tion, hence not able to exhibit nonclassicality in the sense
of quantized light [55,56]. Yet, it can lead to quantum
coherence as discussed in the following.

Cp) =

1 —exp (= {2laol*/[( + 1)* —#°1)) Io (2leol* /[ + 1)* — 7°])

Far below threshold, we expect a thermal emission for
which @y — 0 holds true. Then, in Fock basis, we get
the incoherent state p = (n+ 1)1 > (n/[1n + 11)"|n)(nl,
with a mean thermal photon number # = (7). When coher-
ence is the dominating factor, # — 0, we obtain the coher-
ent state p = |ag){ao| with off-diagonal elements of the
form py,, = e*|°‘0‘2a6”a6“”/«/m!n! # 0 and a coherent pho-
ton number |ag|> = (i1). Consequently, this state exhibits
a high amount of coherence. In fact, the laser, producing
coherent light, has been one of the first commercial appli-
cations of such quantum superpositions. It is further worth
pointing out that a general relation exists between laserlike
processes and the presence of general notions of quantum
coherence [57].

In our case, the coherence measure from Eq. (3) for
displaced thermal states takes the form

where [ is the zeroth modified Bessel function of the
first kind. See Appendix B for technical details. As one
expects, the coherent photon number |ag|?> ought to be
high while the thermal photon number 7z ought to be low
for producing a high amount of quantum coherence, as
shown in Fig. 2. In fact, C is a monotonically increasing

C(p)
10 : ‘
0.90
81 1 0.81
7 0.72
6 T 0.63
= , 0.54
4+ ’ 1 0.45
g— 0.36
D = .o
— 0.18
— 0.09

2
lag |

FIG. 2. Quantum coherence C(0) as a function of the coherent
and thermal photon numbers, 0 < |a|?> < 10 and 0 < 7 < 10,
respectively. With increasing displacement o, the amount of
quantum coherence increases. And a reduction of coherence is
observed when the thermal background # increases.

(n+ 1) — 2 :

(6)

(

function with the coherent amplitude |&g| and monoton-
ically decreasing with n (Appendix C). In the limit of a
large coherent amplitude, |og| — oo, and vanishing ther-
mal background, » — 0, the quantum coherence saturates
at a maximum value of 1.

In the context of quantum technology applications, the
predicted quantum coherence quantifies the states’ use-
fulness in quantum protocols, which can exploit coher-
ent states as a resource in different protocols [39—42]
although they are deemed classical in the context of quan-
tum optics. Moreover, a direct conversion of the particle-
based quantum coherence to entanglement is possible [58].
For example, an incoherent pair-generation process that
decays n particles into n pairs |n) ® |n) can be consid-
ered; see Appendix C for details. Such an incoherent
operation cannot introduce coherence, but it directly trans-
forms input coherence ), ¥,|n) into output entanglement
>, ¥uln) ® |n) [58], which in itself is a key resource for
quantum-communication applications [5].

Our goal is to quantify the quantum-information-based
amount of quantum coherence of the emitted quantum light
from a polariton condensate. Specifically, assuming that
a linear interaction approximates the interaction between
polaritons and emitted photons sufficiently well, the result-
ing emission resembles up to a rescaling the internal state
of the condensate; see Appendix D for a proof. Thus, the
quantum coherence of the measured light field can serve
as an interface that alludes to the quantum characteristics
within the polariton condensate.
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III. SIMULATION APPROACH

In the remainder of this contribution, we investigate
polariton condensates that are nonresonantly excited in a
planar semiconductor microcavity [23]. Therein, polari-
tons are described as hybrid light-matter quasiparticles
resulting from the strong coupling between cavity pho-
tons and quantum-well excitons [59]. The strong coupling
is characterized by a normal-mode splitting of the disper-
sion relation into an upper and lower polariton branch; see
Fig. 3(a). Polaritons exhibit strong nonlinear interactions
through their excitonic part while optical excitation and
signal readout is mediated via the photonic part.

A prominent and well-studied phenomenon is the con-
densation of polaritons into a macroscopic coherent state.
An overview can be found in Refs. [60,61]. A nonreso-
nant pumping beam far above the exciton resonance is used
to inject free carriers into the system, forming excitons,
which relax down to the lower polariton branch and build
up a reservoir, as outlined in Fig. 3(b). Stimulated scat-
tering into the zero-momentum ground state then creates
a macroscopic condensate. Owing to the finite lifetime of
polaritons, the system requires constant pumping in order
to maintain the condensed state. And the latter is intrin-
sically out of equilibrium, with its steady state being in
balance between loss and gain.

In this section, we introduce a numerical model that
implements the spatially resolved nonequilibrium conden-
sation process, and we apply this model to investigate
features of the ground state in momentum space. In par-
ticular, we study phase and intensity fluctuations of the
polariton condensate and eventually determine the amount
of quantum coherence present within the ground-state

\ . /
\\Cawty /

[ 4
Exciton®~__.~7

Energy

LPB

DBR Qw DBR

Momentum

FIG. 3. (a) Sketch of a semiconductor microcavity consisting
of a quantum well (QW) that is embedded inside a cavity, real-
ized by distributed Bragg reflectors (DBR). (b) Upper and lower
polariton branch (UPB and LPB, respectively) alongside the bare
cavity and exciton dispersions. A nonresonant pump injects free
carriers (top, red), which form excitons and relax down to the
LPB, building up a reservoir (left and right, yellow). From the
reservoir, stimulated scattering results in the formation of the
polariton condensate (bottom, blue) near the zero-momentum
ground state.

condensate by applying the concepts established in the pre-
vious section. In addition, these numerical results can pre-
dict the general features of the emitted light, as observed
in our experiment, requiring only a few experimentally
informed system parameters as input.

A. Model for numerical simulations

To describe the dynamics of the polariton condensate,
we use an open-dissipative Gross-Pitaevskii equation cou-
pled to an incoherent reservoir. Classical and quantum
fluctuations are taken into account within a truncated
Wigner approximation (TWA). Expectation values, specif-
ically, coherence properties, can be calculated using Monte
Carlo techniques. See Refs. [61—63] for comprehensive
introductions.

The main idea is to employ the Wigner representation
for a bosonic polariton field operator v/ (r) that can be used
to sample the phase-space distribution W[y (r)]. Therein,
¥ € C is the complex amplitude that describes the polari-
ton field, analogously to the optical mode a and coherent
amplitude o considered in the previous section. In particu-
lar, the TWA allows for mapping the time evolution of the
Wigner distribution onto a set of stochastic partial differen-
tial equations for the corresponding phase-space variables.
On a finite two-dimensional spatial N x N grid of length L,
wherer = r;,i € {1,...,N?} denotes a discrete grid point,
the dynamics of the polariton field i (r) when coupled to
the incoherent reservoir density #s(r) reads [63]

i ih
dl/f = _ﬁ[H + E (Rnres - yc) + G Mires +gc|1ﬁ|2}ﬁdl
+dw, (7)
any
% = (_Vr_Rh//lE) Hres + P. (3)

Here H = —h?V?/(2meg) is the free-particle Hamiltonian
with the effective polariton mass ms, 3, and y, are the
decay rates of the condensate and the reservoir, and the
interaction strength between polaritons is described by g..
The condensation rate and condensate-reservoir interaction
are given by R and g,. Furthermore, the renormalized con-
densate density reads || =|y|>—(AV)~!, where AV =
L?/N? denotes the unit-cell volume of the two-dimensional
grid. The, in general, complex Wiener noise contribution is
given by dW, with correlations satisfying

(dW(r)dw(r')) =0

Srrd (9)
and (dW(O)dW*(r')) = (Rnges + ) 2AVt

Expectation values of arbitrary products of the field oper-
ators (in symmetric ordering as implied by the Wigner
function [36]) can be calculated as the average over many
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stochastic realizations. Additional details on the numerical
implementation can be found in Appendix E.

The TWA method was successfully utilized to describe
properties of different types of Bose gases beyond the
mean-field approximation, e.g., ferromagnetic domain for-
mation in spinor Bose-Einstein condensates [64], quantum
correlations of signal-idler emission in the ring-shaped
luminescence of resonantly excited semiconductor micro-
cavities [65], and analogs of black-hole Hawking radiation
processes in a polariton fluid [66]. Recently, the TWA
method has been also used to study critical exponents
and the Kibble-Zurek mechanism in polariton condensates
[67,68].

B. Numerical results

For applying the previously introduced approach to sim-
ulate our system, we suppose a continuous-wave pump
with super-Gaussian profile P(r) = Py exp [—r*/w*], with
width w =65 pum. It is comparable to the experimen-
tal pump profile (see Sec. IV), which can be charac-
terized by a normalized euclidean distance between the
radial components of [|P — Pexp |/ (1P| | Pexp ) '/? & 0.46.
For the simulations, we additionally fix the following sys-
tem parameters: mey = 10~*m, (m, is the electron mass),
Ye=02ps™!, . =157, R=0.015ps™! um?, g. = 6 x
1073 meV um?, and g, = 2g.. Then, the threshold pump
intensity for the corresponding homogeneous system is
given by Py, = y.¥,/R =4 ps~! um~2. This choice of
parameters has been established in our previous work to
describe the same semiconductor microcavity sample [69],
which is introduced in more detail in Sec. IV A. Key sim-
ulation results based on these specifications are discussed
in the following.

Figure 4 shows the simulated first-order equal-time cor-
relation as a function of the distance from the center of the
excitation spot,

o
e (ery — W 0P ) o

JUt @i o) bt ap )

With increasing pump power, the depicted correlation
function g1 increases, implying a buildup of phase coher-
ence across the excitation spot. In a broader picture, this
kind of coherence presents the basis for all interference
phenomena in both the classical and quantum domain
[70,71].

At this point, the numerical results evidence the buildup
of spatial phase coherence in the polariton system, whose
amount clearly depends on the pump power, Fig. 4. How-
ever, its origin—be it classical or quantum—is not clear
at all. Importantly, gV is not a quantitative measure. It
certainly provides a length scale over which phase cor-
relations are preserved. But it cannot yield any additional
information about the quantum nature, or lack thereof, of

Po/ Pir
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® 1.75

1.50
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FIG. 4. Simulated first-order, equal-time spatial coherence as
a function of the distance from the center of the excitation spot
for increasing pump intensities, evidencing the creation of phase
coherence across the excitation spot.

the state. Quantum coherence as studied in the follow-
ing, on the other hand, is a direct quantitative measure
of'the state’s resourcefulness from a quantum-computation
perspective [3,4].

Taking the finite k-space linewidth of the condensate
emission into account, we average the polariton conden-
sate excitation number across a small square containing
N, discrete modes in the vicinity of £ ~ 0 [marked in red
in Fig. 5(a)], resulting in the following effective number
operators and expectation values:

Np
N =Y bk, (11a)
j=1
)
(he) = —, (11b)
n Np
. AN)?
() = E, (11¢)
14

where by = by, with by = V~12AV Y e ™ (x).

Figure 5(b) shows the computed mean polariton excita-
tion number and its variance for different excitation pow-
ers. After a rapid increase above the threshold, both mean
and variance saturate for powers Py = 4Py,. Thereby,
we predict the transition from a thermal state, g® =2,
to a coherent state, g® = 1, when increasing the exci-
tation power. In this context, a recent photon-number-
resolved measurement [44] across the polariton conden-
sation threshold showed a transition from a thermal (i.e.,
geometric) photon-number distribution to a Poisson distri-
bution of the diagonal elements p, of the density operator,
yet providing no insight into off-diagonal contributions.
Applying the model of the displaced thermal state from
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FIG. 5. Results from numerical simulations. (a) Single-time

snapshot of the k-space density expectation values above the
condensation threshold, P = 2Py,,. The red square indicates the
selected signal area for the mode occupation average. (b) Mean
and (c) variance of the averaged polariton excitation number as
a function of the pump intensity. (c) Equal-time, second-order
correlation function g®(r = 0) as a function of the pump inten-
sity, showing the transition from a thermal state to a coherent
state across the condensation threshold. (d) Resulting amount of
quantum coherence C.

Sec. II to the polariton-number occupation allows us to cal-
culate coherent (|og|?) and thermal (72) contributions, using
the relations [44]

(Ae) = ii + el (12a)

and  ((AR)?) = |ao)? Qi+ 1) + i* + & (12b)
From those quantities, the value of the second-order,
equal-time correlation function g? = g@ (7 = 0) can be
determined,

A2 o — -2
2@ = {e) )2<nc> o <1+L> 13

(n |oro|?

which was discussed above [see also Fig. 5(c)] and which
is a function of the ratio 71/|ag|*> for displaced thermal
states.

Finally, we can determine the measure of quantum
coherence from Eq. (6). Specifically, Fig. 5(d) shows that
the coherence increases significantly across the threshold
and saturates in a plateau at around

C~0.2. (14)
While macroscopic coherence, i.e., gV, was analyzed
before, we here find a nonvanishing amount of quantum
coherence that genuinely results from quantum superposi-
tions of particles. This also sets it apart from, for example,

g® that focuses on very different aspects that pertain to
classical waves and nonclassical quantized light. But the
quantity g fails to provide any insights into the quantum
nature of the matter system in which particles are deemed
classical. In direct opposition, C = 0 directly quantifies
the amount of quantum superpositions of particles, as
described in Sec. II, by assessing the off-diagonal contribu-
tions in the density operator in Fock expansion. A careful
look at Figs. 5(c) and 5(d) further reveals that g® and
the quantum coherence C describe distinct properties. For
example, the second-order correlation function becomes
almost identical to one already at twice the threshold pump
power; by contrast, one needs approximately 4 times the
threshold pump power to reach the maximum quantum
coherence in Eq. (14).

The saturation value of the quantum coherence depends
on the specific system parameters. Generally, it is bounded
between 0 and 1 and increases when the ratio of coherent
and thermal contributions increases (see Fig. 2). The gen-
eral trend in the simulations is that the quantum coherence
slightly increases for increasing condensation rates R and
decreasing interaction strengths g, but it is not very sensi-
tive to those changes. Investigations on how to enhance the
quantum coherence in polariton condensates, e.g., by using
different pump shapes to spatially separate condensate and
reservoir or to stabilize orbital-angular-momentum modes,
are certainly worth pursuing in future works to optimize
the gain in quantum coherence.

IV. EXPERIMENTAL IMPLEMENTATION

In addition to our theoretical investigations, a main
feature of this multidisciplinary work is an experimental
realization that implements the hybrid light-matter system
under consideration. Thus, in this section, we detail our
setup (Fig. 6) and the state reconstruction approach.

A. Setup description

As a hybrid light-matter system, we study polaritons that
are created in a semiconductor microcavity. The micro-
cavity features two distributed-Bragg reflectors made of
alternating layers of Alg,GaggAs and AlAs, providing a
high quality factor of about 20 000. These mirrors enclose
a A/2 cavity, containing four GaAs quantum wells. The
Rabi splitting of the sample is 9.5 meV and the exciton-
cavity detuning is —6.4 meV for all experiments shown in
this work. A detailed characterization of the sample can be
found in Ref. [69].

The sample is held in a cryostat at 10 K and is excited
nonresonantly at the first minimum of the stop band with
a continuous-wave laser. Note that the nonresonant exci-
tation prevents the system from inheriting coherence from
the pump laser since this coherence is completely erased
during the energy relaxation process of the polaritons
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FIG. 6. Experimental setup. The signal that is emitted by the
polariton microcavity is split into two channels. Each channel is
interfered with the local oscillator (LO), before being detected
by a balanced detector (BD). The LO path of channel 1 con-
tains a piezo mirror (Pz) for sweeping the relative phase. The
two BDs yield measurements of the quadratures X; and X, that
are postselected for retrieving orthogonal quadratures ¢ and p,
and that are then binned to create a histogram Q(q, p), which cor-
responds to the Husimi function. (PBS, polarizing beam splitter;
GT, Glan-Thompson prism; A /2, half-wave plate.)

[27,72]. The spatial profile of the pump laser beam cor-
responds to a Gaussian spot with a selected diameter of
70 um. This spot size is chosen to favor condensation at
k =0 [72,73]. The emission is spatially filtered by a pin-
hole with 100 um diameter, corresponding to 13 wm on
the sample, to ensure the homogeneity of the emission in
the investigated region. This also corresponds to a filtering
in k space around k& = 0 with a full width at half maximum
of 1 um™".

The properties of the sample emission are investigated
via balanced homodyne detection [74,75]. Specifically, we
use an eight-port homodyne setup [76] in which the emis-
sion is split into two beams. Each of them overlaps with
a local oscillator (LO) and is sent to a balanced homo-
dyne detector, as shown in Fig. 6. The polarization of
the emission can be chosen with a half-wave plate and
a Glan-Thompson prism. The LO, derived from a pulsed
Ti:sapphire laser, is resonant with the most intense zero-
momentum ground-state mode of the polariton emission.
Also, the LO shows a Gaussian spatial mode and a full
width at half maximum in k space of 1.3 um™!, centered
at k = 0. Therefore, the LO overlaps only with signal com-
ponents around k =~ 0. Further technical details regarding
our unique homodyne detection system can be also found
in Ref. [77].

Field quadratures of the emission X; and X, are mea-
sured in two channels through the balanced detectors BD1
and BD2 in Fig. 6. The relative phase between the two
channels is swept continuously by a piezo mirror in one of
the LO paths. In postprocessing, we remove spurious cor-
relations between consecutive quadrature measurements
[78] and normalize the result with respect to the LO ampli-
tude for obeying the commutator convention [§,p] = i.
Then, we keep only data where the product XX, equals
zero within a £2.5% margin of the peak-to-peak value. In
this case, the quadratures are orthogonal and hence repre-
sent the phase-space coordinates ¢ and p, resembling the
real and imaginary part of the coherent amplitude o up to
a constant factor.

In a next step, we assemble a histogram of the occur-
rences of pairs (g, p), resulting in the Husimi Q distribution
[35]. As the phase of the sample light field fluctuates on
a timescale of 100 ps, given by its coherence time, there
is no long-term phase stability between the signal and the
LO. Therefore, in a measurement that takes several hun-
dred milliseconds to accumulate enough quadrature values,
we average over all phases between signal and LO and
receive a phase-averaged version of the actual Q function.
The phase information could be obtained by employing
more homodyne channels and reconstructing the relative
phase between them [79]. However, the phase-averaged Q
function already provides the necessary information since
Eq. (6) requires only 7 and |a|?, but not the phase arg a.

B. Phase-space reconstruction

An example of two reconstructed phase-averaged
Husimi functions for different excitation powers is dis-
played in Fig. 7. For these measurements, the linear
polarization has been selected to be parallel to one of
the crystal axes (henceforth called vertical polarization).
The top panel of Fig. 7(a) shows the Q function at the
threshold power Py, = 30 mW. Under these conditions,
the phase-averaged Husimi function is, in fact, a Gaussian
distribution centered at the phase-space origin, as shown
by the fit. As already stated in Sec. IV A, both orthogonal
quadratures, p and g, are directly related to the coherent
amplitude « and the number of coherent photons of the
measured light field. Therefore, a phase distribution cen-
tered at ¢ = 0 and p = 0 indicates an almost inexistent
coherent population |eg|? &~ 0 and can be identified as a
signature of an incoherent thermal state.

In contrast, for a higher power of 7.5Py, [Fig. 7(b), top
panel], the phase-space function clearly shows a displace-
ment, resembling a ring with a radius of (g3 + p3)'/? =
10.4 in quadrature units when phase averaged. This dis-
placement corresponds to the coherent photon number
g |? = (q% + pé) /2 = 53 whereas the ring width stems
from the thermal contribution, # = 1.7. Thus, the measured
O functions match the expected phase-averaged displaced
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FIG. 7. Reconstructed phase-averaged Husimi function (a) for
P = Py, and (b) for P = 7.5Py,. The bottom plots depict cuts
along the ¢ axis (p = 0). Black lines represent data while red
curves show the fitted function of a displaced thermal state. A
one standard-deviation error margin, given by the standard error
of the counting statistics, is shown as shaded areas but is mostly
not visible.

thermal state, which can be quantified by fitting them to
the model described in Eq. (B3) in Appendix B. This fit
is depicted in the lower panels of Fig. 7 (red line) along-
side with the data (black line) for a cut along the ¢ axis
(» = 0). It can be seen that the fit matches our data well.
The comparison of the functions at both excitation powers
allows us to observe a clear phase transition from a non-
condensed, thermal state to a condensed, coherent state.
The appearance of this spontaneous coherence in polari-
tonic systems has been studied and identified as a signature
of Bose-Einstein condensation [72,80,81].

The phase-averaged Husimi distributions shown in
Fig. 7 have been obtained by binning all quadratures that
we recorded over several hundred milliseconds. This only
works if the state of the system remains sufficiently con-
stant over time. However, semiconductor systems often
show nontrivial dynamics, resulting in nonconstant states
of their emission. This is the case in our system for a
small range of intermediate powers, i.e., from 5.6Py, up
to 6.8Py,. In this power range, the emission alternates in
time between a state with high intensity and one with low
intensity.

This bistability is revealed by time-resolved measure-
ments of the mean photon number and g® (r = 0,¢) [77]
in Fig. 8. In the high state, g@ (t = 0) is close to 1, indi-
cating mostly coherent emission. In the low state, the value
approaches two, corresponding to a high amount of ther-
mal emission. Thus, an averaging over all data available
for these pump powers to produce one single Husimi func-
tion does not adequately represent the state of the system.
Rather, it is sensible to consider the Husimi functions for
instances with high and low intensity separately. To this
end, we define “high” as the state when the momentary
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FIG. 8. Time-resolved photon number and g®(z = 0,7 for
P = 6.8Py,. The initial time ¢ = 0 is arbitrarily chosen as the
beginning of the measurement. A dashed line in the bottom panel
marks the frontier between the state with high intensity and the
one with low intensity. Right panels show the phase-averaged
Husimi functions above (top plot) and below (bottom plot) this
limit.

photon number is larger than the mean of the maximum
and minimum photon number of the data set whereas
“low” is defined as the state when the momentary photon
number is smaller than that. The boundary between both
states is marked with a dashed line in the bottom panel
of Fig. 8. As examples, the images of the phase-averaged
Husimi functions below and above this limit are also
shown. Therefore, in this range of intermediate powers,
we perform a fit for each measurement and obtain differ-
ent sets of parameters for the high and low states. Thus,
our time-resolved detection method reveals an interesting
and nontrivial bistability behavior of the semiconductor
dynamics that we are able to adequately account for with
our experimental analysis.

V. RESULTS AND DISCUSSION

The aforementioned fits of the phase-averaged Husimi
functions (Fig. 7) yield the thermal photon number 7 and
the coherent photon number |a|? of the measured light
field. In addition, the total photon number 7y, can be
obtained. These photon numbers are plotted as a function
of the excitation power in Fig. 9(a) for vertical polariza-
tion. The ratio of coherent and thermal photon number is
additionally shown in Fig. 9(b). From the photon numbers,
we can derive the variance (Any)? via Eq. (12b) and
g®(t = 0) from that [Fig. 9(c)]. Importantly, the amount
of quantum coherence C, Eq. (6), can be estimated as well,
Fig. 9(d). Our data further enable us to analyze how the
plotted quantities depend on the pump power to describe
the transition from an incoherent ensemble of Fock states
to states with a significant amount of quantum coherence.

For excitation powers below the threshold, the emis-
sion is almost completely thermal. This is evidenced by
a difference of 2 orders of magnitude between 7 and |ag|?
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Results derived from fitting phase-averaged Husimi functions as a function of the pump intensity for vertical polarization.

(a) Coherent (red circles) and thermal (black circles) photon numbers. Black line shows the total photon number 7y, . Thick, black
vertical lines indicate thresholds between different regimes of emission. (b) Ratio between the coherent and thermal photon-number
contribution. (c) Equal-time, second-order correlation function g®(r = 0). (d) Amount of quantum coherence. Open and closed
symbols correspond to the low and high state, respectively, when the emission is switching on and off. When both symbols overlap,
the emission is stable. Error bars are obtained from a Monte Carlo error propagation (see Appendix E for details); because of the
asymmetry of the logarithmic scale, only the upper part of the error margin is depicted.

and a correlation function value g (r = 0) = 2. Impor-
tantly, the determined amount of quantum coherence is
close to zero. This evidences an incoherent state of polari-
ton particles in the sample, which have not yet reached the
critical density for condensation. The thermal phonon bath
induces polariton relaxation [45,82], and the polaritons
cannot directly inherit the coherence from a nonresonant
excitation. Therefore, they remain in an incoherent state
without quantum superpositions.

At the threshold power, both the thermal and coherent
photon numbers rise. In particular, the coherent photon
number |ety|? shows a significant increase, implying a cor-
responding increase of coherence in the semiconductor.
The number of polaritons in the ground state approaches 1,
indicating the onset of quantum degeneracy and stimulated
scattering to the ground state, which initializes the conden-
sation process. Notably, the quantum coherence C slightly

increases as well but is also affected by the increase of the
thermal background.

With further increasing power, the total photon number
of the measured light field stays on a plateau until 2Py, is
reached. In this regime, the coherent photon number drops
again and coherence is lost. The thermal photon number is
much higher, leading to g (r = 0) = 2. A possible rea-
son for this is mode competition of the ground state with
modes at higher k values, which do not overlap with the LO
and are thus not measured with our homodyne detection
setup. It is worth emphasizing that this mode selectivity
provided by the LO is desirable in order to specify which
mode of the system we are investigating with regard to
quantum coherence. Additional modes are revealed in the
dispersions shown in Figs. 10(a) and 10(b), where two new
contributions to the emission appear at k = 0.8 um™!
for powers close to the threshold. We remark that these
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FIG. 10. Dispersion curves measured at different excitation powers. In each panel, the emission is normalized to one and plotted on a
linear color scale. The red line shows the lower polariton dispersion obtained from fitting the dispersion at a power below threshold. In
plot (a) at Py, and in (b) at 1.3 Py, the emission around k& = 0 is blueshifted because of interaction with the reservoir. In (b), emission
at k = £0.8 um~! is visible. In (c), 7.5Py,, this side emission is mostly suppressed when compared with the dominant emission at

k = 0, which is redshifted because of heating.

are not covered by the LO and additionally filtered out by
the pinhole in the signal beam. This emission originates
from polaritons that are repelled by the excitonic reser-
voir and scattered to higher £ states, preventing them from
being trapped at £ = 0. Particularly for negative detun-
ing, energy relaxation of polaritons is less efficient, leading
to the accumulation of polaritons at high-k states under
continuous-wave excitation [83]. Thus, the critical density
is not reached, and a condensate at £ = 0 cannot form yet.

For a power that exceeds 2Py, the emission from
higher-k states fades away and the emission from & = 0
predominates, leading to an increase in 7. Still, the
coherence remains on a comparably low level. Here, the
vertical polarization competes with the horizontal one.
Only for powers between 5Py, and 7Py, the coherent pho-
ton number exceeds the thermal photon number, g® (t =
0) drops towards 1, and the quantum coherence rises
significantly. Hence, the density of polaritons at k£ =0
becomes sufficient for condensation. In this power range,
however, the emission switches between a state with high
intensity and one with low intensity, as shown in Fig. 8.
This bistability occurs due to the mode competition with
the horizontal polarization mode, being caused by sample
disorder [72].

Eventually, for powers well above 7.5Py,,, the vertical
polarization mode wins the gain competition, and a sta-
ble coherent emission at £ = 0 is reached. This can be
additionally seen in the dispersion in Fig. 10(c). Here,
the coherence also takes its maximum value, C = 0.208 +
0.001; see Fig. 9(d). Consequently, the system now car-
ries a highly significant amount of quantum coherence. In
fact, this value fits closely to the one expected from our
simulation, C = 0.2; see Sec. III and Eq. (14). In con-
trast to nonclassicality in the context of quantum optics
that is commonly adapted for condensed-matter systems,
our form of quantum coherence tells us that there are
highly non-negligible quantum superpositions of polariton

particles in the condensate, which are a result of off-
diagonal density operator components and quantified by
C > 0. Recall that the family of displaced thermal states
does not carry any nonclassicality (because of P > 0) in
the sense for quantized radiation fields. Still, quantum
coherence of the polaritons is successfully probed by iden-
tifying superpositions of Fock states in the emitted light, as
elaborated in Sec. II.

Finding quantum coherence in the polariton condensate
is significant as it, for example, renders a conversion into
entanglement and other quantum correlations possible [58,
84-86]. As such, the measured quantum coherence is an
operationally equivalent quantum-computational resource
as entanglement [3,4,9], and is thus highly sought after
for quantum-information protocols. That is, the superposi-
tions of Fock states can be transformed into entanglement
without requiring coherent processes where the amount
of output entanglement is identical to the input coher-
ence [58]. For example, a parametric pair-production pro-
cess, |n) — |n) ® |n), can be used for this purpose; see
also Appendix C for technical details. Similar paramet-
ric pair scattering processes in polariton systems include
the polariton optical parametric oscillator [87—89] and
quantum depletion [90]. It is also worth emphasizing that
quantum coherence exclusively quantifies superpositions
that stem from the linear combination of quantum-state
vectors, here number states, as discussed in Sec. II. This
is in contrast to other forms of coherence, which can orig-
inate from both the classical interference of waves and
quantum superpositions alike.

Therefore, our findings demonstrate the general capa-
bilities of the studied system to provide states that are
resourceful enough for quantum-processing tasks beyond
classical coherence. It is, however, important to remark
that we explicitly do not claim that we carried out a quan-
tum protocol. Rather, the notion of quantum coherence
is applied as a means to quantify the general usefulness
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of the generated states in such protocols within the
well-established framework of quantum-resource theories.
Furthermore, the main result here is the demonstration
of the interface aspect of the light-matter system by suc-
cessfully probing particle quantum superpositions in the
condensate via the emitted quantum light.

In general, the higher the coherence, where 0 < C < 1,
the higher the state’s value as a quantum resource. Clearly,
the generated coherence does not saturate the upper bound-
ary of one in our conceptual demonstration. Nevertheless,
the reached value C = 0.208 +0.001 is highly signifi-
cant and, thus, shows a clear deviation from the classical
lower bound zero, implying a non-negligible resourceful-
ness of the produced state in quantum-information pro-
cessing. Future optimizations as mentioned in Sec. III
are planned to further increase the accessible amount of
quantum coherence.

Eventually, when further increasing the pump power,
the coherent photon number approaches saturation while
the thermal photon number still grows. Consequently,
g®(t = 0) increases slightly and the coherence again
drops below 0.1. This decrease of coherence for high pow-
ers can be explained by polariton-polariton scattering [82]
and by the heating of the sample since coupling to the ther-
mal bath of the lattice and carriers causes decoherence. The
heating of the sample also manifests in a redshift of the
polariton emission, which can be clearly observed when
comparing (b) and (c) in Fig. 10.

Finally, we can also briefly compare the numerical sim-
ulation of the semiconductor system, Figs. 5(c) and 5(d),
with the measurements of the emitted light, resulting in
Figs. 9(c) and 9(d). In general, both experiment and simu-
lation show a transition from a thermal to a nearly perfect
coherent state, indicated by a rapid drop of g¥(r = 0)
from 2 to 1 and an increase of the quantum coherence
C. While the reduction in g® indicates only a transi-
tion of the photon statistics from a thermal to a Poisson
one, the buildup of coherence addresses the increase of
off-diagonal density matrix contributions as a result of
quantum superpositions. A few differences between exper-
iment and simulation are explained by the effects of mode
competition in k space, polarization mode competition,
heating, and sample disorder, which are not accounted
for in the simulation. For instance, due to mode compe-
tition, condensation at £ = 0 happens at higher powers in
the experiment as compared to the simulation, and due to
the heating, the quantum coherence does not saturate in
a plateau. In addition, we have to keep in mind that the
mapping of the polariton properties to the measured light
is bijective but not an identity, as shown in Appendix D
where the corresponding phase-space distributions are dis-
tinguishable by a rescaled argument alone. However, both
experiment and simulation agree in the central result that
is the amount of quantum coherence carried by the hybrid
system.

VI. CONCLUSION

In our multidisciplinary work, encompassing quantum-
information science, semiconductor physics, and quantum
optics, we theoretically and experimentally study quan-
tum interference phenomena in polariton condensates by
phase-space reconstructions of the state of light that car-
ries the information about particle superpositions within
the probed condensate. In contrast to other nonclassical-
ity criteria used in condensed-matter physics, the notion of
quantum coherence applied here considers particle aspects
of the system as classical, and superpositions of such Fock
states are identified as resourceful states for quantum-
information applications. On the one hand, our results
demonstrate the quantum-coherent interfacing capabilities
of two distinct physical platforms, polariton system and
emitted light, thereby addressing the challenging problem
of interconnecting different physical devices in a manner
that is useful for quantum-information technologies. On
the other hand, we quantify a vital resource for quantum-
information processing—quantum coherence—in polari-
ton condensates. Akin to the emission characteristics of
a laser, we report on the successive buildup of quantum
coherence in our system when increasing the power of
the classical pump field; whilst below threshold, an inco-
herent thermal behavior of the polaritons is observable.
Beyond that, however, we further demonstrate that the
transition from incoherent to coherent behavior presents a
much richer structure in our system, such as bistabilities,
than one expects from the much simpler physics of a laser.

In our matter system, particles represent the classical
reference and their superpositions define quantum effects,
unlike for electromagnetic waves where bare photons are
already considered to be nonclassical. Therefore, com-
monly applied quantumness criteria for light cannot be
applied to witness the quantum features of a condensate.
Rather, polariton superpositions are encoded in the super-
position of photon-number states. This very relation is used
as a proxy characterization of the semiconductor system,
whose quantum coherences are not directly accessible.
By determining superpositions of photon-number states,
we are then able to quantify the quantum nature of the
matter system under study. To this end, we combine mod-
ern continuous-variable phase-space simulation and recon-
struction techniques with recently developed, discrete-
variable-based methods to quantify quantum coherence in
the superposition of quantum particles. The predicted and
experimentally determined amount of quantum coherence
agree with each other.

In the future, we plan to investigate the discussed effects
of the polarization-mode competition in greater detail,
in simulation and experiments, as it hints at interesting
quantum-physical effects that are not expected for scalar
quantum fields. In addition, our current experiment is
not able to resolve the phase, resulting in phase-averaged
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Husimi functions of displaced thermal states. But our sim-
ulation of correlation functions for the polariton system
directly implies that this averaging does not describe the
true state. Thus, a targeted improvement of our setup
is enabling a phase-resolved measurement in the future,
which is, for example, also vital for the aforementioned
polarization analysis.

In conclusion, our multidisciplinary research connects
different fields and arches across different physical plat-
forms, which is essential for the future application and suc-
cess of quantum-information science and technology. At
the same time, we study fundamental superposition effects
with the potential for discovering new quantum phenom-
ena in hybrid systems. Our proof-of-concept demonstra-
tion of a classical-to-quantum transition presents a promis-
ing starting point for future research and applications.
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APPENDIX A: SUPPLEMENTAL DETAILS ON
QUANTUM COHERENCE

In this Appendix, we prove several relations that are
used in the main text. These proofs are straightforward but
offered here for a self-consistent reading of this work.

Firstly, we compute the Hilbert-Schmidt distance of a
state, p = Zm’n Pmnlm)(n|, and its incoherent counterpart,
Pinc = ), Punln)(n| [48]. In doing so, we find the fol-
lowing, simplified formula for the amount of quantum
coherence:

~ ~ ~ ~ 2
lo— pinc”%[s =1r <[/0 - pinc] )

=1tr (,52) -2 ftr (ﬁlainc) +1tr (ﬁlznc)
— —
=>4 Pun(nlpln)

=u(5%)

=tr (p%) —tr (D) - (A1)
Secondly, in terms of phase-space representations,
we now show that the best incoherent approxima-
tion Pinc = Y, Punln)(n| [48] is obtained by a phase-
averaging over the corresponding phase-space distri-
bution. Say we have p = [d?aP(a)|a)(a| and Pinc =
fdzaPinC(oz)la)(al, where  Piyc() = 2m)~! Oh doP
(ce'). It is known that the resulting phase-insensitive dis-
tribution Py, is diagonal in the number basis [36]. Thus,

what is left to show is that the diagonal elements of
both density matrices are identical. For this purpose, we
compute

mwm=/fwmwmw

00 27 ) },Zn
= / drr/ deP(re'?) —e = (n| Pincn).
0 0 n!
—_—

:f()27r d‘/’Pinc(’"ei(p)
(A2)

Note that the same relation follows for the Wigner
and Husimi functions since they are obtained from the
Glauber-Sudarshan distribution via a convolution with a
radially symmetric Gaussian kernel that is centered at zero.

Third, the purities, which are relevant for computing
the quantum coherence, can be expressed in terms of
phase-space distributions. Note that it suffices to restrict to
general states o as the same then applies to phase-averaged
states, i.e., Oinc. We can write the following equivalent
expressions:

tr (p°) = /dzoe d*o/ P(a)P(e) exp (—|a — o/ [?)
=7 / FaP@)Q(@) = / Fa ()], (A3)

where we used the overlap |(c|a’)|? = ¢4~ the repre-
sentation Q(«) = («|p|a) /7 for the Husimi function, and
general Gaussian integral transformations of so-called s-
parametrized phase-space distributions for the relation that
includes the Wigner function W () [36].

APPENDIX B: PROPERTIES OF DISPLACED
THERMAL STATES

Here, we provide further details on the family of states
under study. These displaced thermal states are defined
through their Glauber-Sudarshan representation as

- |or) (],

mn

2 —_
X — (| — & n
ﬁ:/fap[q ol*/)] B
where ap € C and 7 > 0. Note that the probability den-
sity approaches a Dirac delta distribution for 7 — 0%,
In addition, the Husimi function can be straightforwardly
obtained,

Oa) =

]

(B2)

(a|pla) exp {—[(Ja — ao|?)/(n + D]}
T 7+ 1)

and the Wigner function takes again such a Gaussian form,
however, with a variance n + 1/2.
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For fitting our experimental data, one can readily com-
pute the phase-averaged version of the above distributions,

e.g., Pic(a)=[27%n]" fozn dy exp [— o — ocoei"’|2 /ﬁ]
for the Glauber-Sudarshan distribution. For example, in the
case of the Husimi function, we find the explicit formula

Oinc () =

exp [—(Jor|* + laro|?) /(7 + 1)]1 <2|a||ao|)
T+ 1) ‘a1 )
(B3)

Herein, [y denotes the zeroth modified Bessel function of
the first kind, 27w ly(A) = fozﬂ dpe* <@ We remark that
because of the phase independence, one obtains a vanish-
ing mean coherent amplitude, (@) = 0, for phase-averaged
states.

For obtaining correlation functions, we introduce the
quadrature operator § = (& + a')/+/2 and its conjugate
momentum, p = (& — a')/[iv/2], such that these opera-
tors obey the fundamental commutator relation [g,p] = i.
Now, for the displaced thermal state under study, we
find the following expectation values, variances, and
covariances:

(@) = v2Re(ay), (B4a)
(p) = V2Im(ay), (B4b)
() = i + |aol?, (B4c)
1
(AD*) = (Ap)*) =7 + > (B4d)
1
S (18g, ApY) =0, (Bde)

where we use the anticommutator {-, -} in the last line for a
symmetric ordering.

Furthermore, we can directly compute the terms that are
required to identify the coherence function C in Eq. (3). In
particular, we obtain the purities

o\ 1
v () = Grniow (3)
and
oy exp{—[2laol?/((n + D2 — n?)]}
tr(ine) = i+ 1) — i fo
2|a|?
e ®

The difference of both purities then yields Eq. (6). See also
Fig. 2 for a visualization of C(p) for the displaced thermal
states under study.

APPENDIX C: MONOTONICITY AND
ENTANGLEMENT

Here, we show the expected monotonic behavior of this
class of states using the Hilbert-Schmidt inner product
for the coherence analysis. In addition, known relations
between quantum coherence and entanglement are briefly
discussed.

For the class of displaced thermal states that are
described by Gaussian phase-space functions, the coher-
ence as measured by the Hilbert-Schmidt distance is
well defined and satisfies the expected monotonicity rela-
tions. That is, the finite expression in Eq. (6)—see also
Fig. 2—increases with increasing coherent amplitude o
and decreases with increasing thermal background n.
Specifically, we obtain

aC  Aagle™ /2” dy
0

= —(1 — cos @)e* ¢ > 0,
dlael ~ @it 12 )y 20 ¢) =

(Ch

using X = 2|a|?/(2n + 1) and the definition of the Bessel
function [, and

aC 2C dagl>e™™ [P d
— = —= - |CEO| ¢ / —(p(l — cos @)eX cOs¥
on 2n+1  QRr+1) J, 2rm

<0, (C2)
resulting in the expected monotonicities.

Concerning the question of entanglement, it was shown
in Ref. [58] that an archetypical incoherent operation that
allows for converting coherence into entanglement is the
map |n) — |n) ® |n). In particular, an incoherent mixture
is mapped as ), p,|n)(n| — >, paln)(n| ® |n)(n|, which
is a nonentangled state. And a coherent superposition
maps as

(C3)

D uln) > Y yuln) @ |n),

which is entangled with Schmidt coefficients ¥, that deter-
mine the amount of entanglement and that are identical to
the amplitudes of the input quantum superposition. Specif-
ically, the number of nonzero Schmidt coefficients, i.e.,
the Schmidt rank, determines the dimensionality of the
quantum-correlated bipartite system that can be exploited
for high-dimensional quantum communication with an
encoding alphabet of the size of the Schmidt rank.
Physically speaking, the considered incoherent opera-
tion is a pair-production process in which the pump |[r),
decays into signal-idler pairs, |n); ® |r);. For example, a
parametric down-conversion with a quantized pump maps
In)p > 2 j<uAiln—J)p ® lj)s @ |j); when allowing that
only j particles decay; a measurement projection of the
pump in the vacuum state to ensure full conversion then
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yields the desired process as (, (0] ® is ® ii) ijn Ajln —
J)p ®U)s ® )i o |n)s @ |n);. It is also noteworthy that a
four-particle process of the form [2n), > |n)s ® |n);, like
in a polariton parametric oscillator, works in a similar man-
ner, however, being restricted to even components of the
input coherence; this is particularly not of major concern
when an infinite number of Fock states are superimposed,
such as for the coherent state, Y o, e“"‘()'z/z(ag/n!)ln).
General operations that convert coherence into entangle-
ment are discussed in Ref. [58] in detail.

APPENDIX D: LINEAR COUPLING

In this Appendix, we briefly study the linear coupling
between two bosonic modes, a (light) and b (polariton).
For this purpose, we suppose a Hamiltonian in the interac-
tion picture that takes the form [36]

Hy = kb + K*&IAJ"L, (D1)
where x € C denotes a coupling constant. Then the beam-

splitter-like input-output relation for the field operators
after an interaction time t reads

()= (0

with the transmittance ¢ = cos(¢}) and the reflectance
r = —isin(?¥)x/|«|, where 9 = |«|t/h.

A coherent input state, |, B) = e~ (¢ +B/2 exp(aal +
BbH10,0), is mapped to a coherent state with correspond-
ingly transformed amplitudes, |f*o — 8,18 + r*a) [36].
This allows us to consider the two-field state in Glauber-
Sudarshan representation after the interaction time t. Sup-
pose the emitted light field is initially in the vacuum
state—i.e., a Dirac delta distribution centered at the ori-
gin describes the Glauber-Sudarshan distribution—and the
polariton state is given by an arbitrary P(8). This then
results in the following output:

a

/dzadzﬂrS(a)P(ﬁ)la,ﬁ)(ot,ﬁl

> /dza d*B ()P (B)|t*a — B, 1B + ra)
x (fa —rB, 1B + ria|

=/fwwW4&@F¢ﬁL (D3)

Since we have no direct access to the polariton system, we
trace over the second degree of freedom. This yields the

remaining optical state

ﬁ=/fwww4mww

— / 2al @ v (D4)
Ir|?
by substituting & = —rp.
Therefore, the output light from linear coupling is given
by a rescaled version of the polariton state. Note that this
procedure also resembles the modeling of a loss channel.
Consequently, the quantum coherence of the polariton sys-
tem plus the losslike rescaling is mapped onto quantum
coherence of the emitted light field.

APPENDIX E: DETAILS ON NUMERICAL
ANALYSIS AND ERROR ESTIMATION

Numerical results are obtained by solving Egs. (7)
and (8) via a fourth-order stochastic Runge-Kutta
algorithm [91] on a finite, two-dimensional grid in real
space with edge lengths L = 230.4 um and a step size of
VAV = 0.9 um, satisfying the TWA validity condition,
hy > g/AV[63]. For each expectation value, 300 (below
threshold, 200 otherwise) realizations were evolved over
a time interval of 4 ns with a fixed time step of 0.04 ps.
Additionally, all expectation values and their statistical
errors are steady-state average mean, standard deviation,
and propagated error, respectively. If the error is smaller
than the symbol size, error bars are omitted. No error bars
are shown in Fig. 4 for better visibility.

As described in the main text, our experimental data are
binned to obtain a histogram, which (when normalized)
corresponds to the Husimi Q function. For any given point
in phase space, the mean value Q is the empirical proba-
bility of the corresponding bin and the margin of error is
given by the standard error, o (Q) = [Q(1 — 0)/v]"/? for v
data points.

The Q function is fitted to the theory of a displaced ther-
mal state for extracting vital parameters, such as # and
log|?, which are then used to compute other properties,
here denoted by z. A Monte Carlo error estimation is used
to propagate errors to these final properties. For this pur-
pose, a sufficiently large sample of random Q functions,
{Qi}i, is produced according to a Gaussian distribution with
a mean Q and a standard deviation o (Q) for each point in
phase space. The determination of parameters z; is carried
out as described initially for each sample element i sep-
arately. The standard deviation of the resulting parameter
set {z;}; yields the uncertainty of z.
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