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What happens to infinitely 
many 3-body bound states of 
identical bosons when you 
confine them to 2D? Only 2 
remain [8]

Strong coupling to 3-body 
bound state of an impurity 
in a BEC [4].

Experimental verification 
recently at JILA & Aarhus 
University [2]

Linear magnetoresistance in 
semiconductors can arise 
from classical disorder

Typical systems we are interested in

Recent honours projects

of detuning Δ ¼ ω0 − ωrf , where ω0 is the unperturbed
transition frequency between the two states [44]. Figure 2
compares the measured spectroscopic signal, correspond-
ing to the normalized fraction of lost atoms, with that
obtained by calculating the spectral function for a zero-
momentum impurity using a truncated basis method
(TBM) including three-body correlations (see Ref. [45]
and the Supplemental Material [37]). The theoretical
calculation includes a spatial average over the trapped
BEC and a convolution with the Fourier width of the rf
pulse. It reproduces the observed signal strikingly well,
both for attractive and repulsive interactions. In particular,
both experiment and theory show a clear shift in the
observed spectral weight due to the interaction between
the impurity and the BEC. The calculation of the spectrum
involves a restricted Hilbert space of impurity wave
functions such that at most two Bogoliubov excitations
of the BEC are included. Crucially, this TBM [46] allows us
to include three-body correlations in the spectral function
nonperturbatively, and thus model the continuum of excited
polaron states. Figures 2(c)–2(g) show cuts through the
spectrum at fixed 1=kna, demonstrating that the inclusion
of three-body correlations is essential for an accurate
description of the strongly interacting unitary regime.
In contrast to the Fermi polaron [6,7,10–13,16], there is

no sharp transition to a molecular state and the attractive

polaron quasiparticle remains the ground state of the
system for all interaction strengths. However, the spectral
weight of the polaron is increasingly transferred to the
continuum of higher-lying states as the strongly interacting
unitary regime is approached from the attractive side of
the Feshbach resonance. This feature is clearly apparent in
both the observed and the calculated spectral response in
Fig. 2. For 1=kna > 0, the structure of this continuum is
determined by the molecular branch, and in the theoretical
spectrum we see a clear suppression of spectral weight
between the ground-state quasiparticle and the continuum.
This is not apparent in the experimental spectrum, poten-
tially due to atom number fluctuations or correlation effects
not included in the theory. Significantly, the theory cor-
rectly captures the abrupt decrease in the observed signal at
negative detuning for 1=kna≳ 1, where the molecule
becomes deeply bound compared to En. The detailed
comparison of spectroscopic signals in Figs. 2(c)–2(e)
further highlights the excellent agreement between theory
and experiment for the attractive branch.
To further quantify the results, Fig. 3 compares the

average impurity energy obtained from theory and experi-
ment. For the attractive polaron, the experimental data
agree well with the results of the TBM. This holds even in
the strongly interacting unitarity regime up to and including
the abrupt shift of spectral weight to positive detuning at
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FIG. 2. Spectral response of the impurity in the BEC. The false color plots show the experimentally measured spectroscopic signal (a)
and the calculated spectrum (b), for different values of detuning Δ and the interaction parameter 1=kna. The experimental spectrum is
recorded such that its peak amplitude is constant for all values of 1=kna. Accordingly, the theoretical spectrum is normalized such that its
frequency integrated weight is the same as the experimental spectrum. In addition, the independently measured molecular binding
energy (white dots) and a fit to it (dashed line) are shown [37]. Negative values of the experimental signal are due to shot-to-shot atom
number fluctuations. Panels (c)–(g) show the signal as a function of Δ for various values of 1=kna (see panel). The solid lines show the
calculated signal, which is in excellent agreement with the experiment, except for 1=kna ¼ 1.6 where the agreement is qualitative.
The dashed lines, obtained excluding three-body correlations, only agree with the experiment for weak interactions.
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Quasiparticle lifetime of the repulsive Fermi polaron

Haydn Adlong

Fate of the Bose polaron at finite temperature

Bernard Field

Signatures of quantum chaos in an out-of-time-
ordered tensor

Magdalini Zonnios

Here we looked at the lifetime of polaron quasiparticles in a gas of 
fermions, where impurity atoms become dressed by excitations of the 
surrounding gas. We found that a certain type of polaron (the so-called 
repulsive polaron) was much more short-lived than expected due to 
many-body dephasing. The project resulted in a paper in collaboration 
with experimental groups in Munich (Germany) and Florence (Italy).

Adlong, Liu, Scazza, Zaccanti, Oppong, Fölling,Parish, Levinsen, 
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quasi-two-dimensional (2D) 173Yb gas [16] with an orbital
Feshbach resonance [45]. We find that we can capture the
Rabi dynamics observed in both experiments, correctly
reproducing both Ω and ΓR even though our approximation
neglects relaxation processes to the lower attractive branch
at negative energies. We furthermore show that the repul-
sive polaron in the weak-coupling limit is essentially
equivalent to the scenario of a discrete state coupled to a
continuum, which differs from the usual Fermi-liquid
scenario. Thus, we conclude that the quasiparticle lifetime
of the repulsive Fermi polaron in two and three dimensions
is primarily limited by many-body dephasing within the
upper repulsive branch while relaxation to the attractive
branch is negligible, in contrast to the prevailing wisdom
(see, e.g., Ref. [4] for a review).
Model.—To model the impurity dynamics in the 3D 6Li

experiment of Ref. [14] and the 2D 173Yb experiment of
Ref. [16], we use a unified notation where the dimension-
ality of momenta and sums are implicit. For clarity, even
though we consider homonuclear systems, we introduce
majority fermion creation operators f̂†k and impurity
creation operators ĉ†k;σ with two different pseudospins σ ¼
↑;↓ (Fig. 1). For a description of the precise relationship to
atomic states in experiments, see the Supplemental
Material [46].
The Hamiltonian we consider consists of four terms:

Ĥ ¼ Ĥ0 þ Ĥ↑ þ Ĥ↓ þ ĤΩ: ð1Þ

The term Ĥ0 ¼
P

kðϵk − μÞf̂†kf̂k describes the medium in
the absence of the impurity. Here, k is the particle
momentum, ϵk ¼ jkj2=2m≡ k2=2m is the kinetic energy,
and m is the mass of both the fermions and the impurity

(we work in units where ℏ and the system volume or area
are set to 1). We use a grand canonical formulation for the
medium, with μ the corresponding chemical poten-
tial [52,53].
The impurity spin-σ terms

Ĥσ ¼
X

k

½ϵkĉ†kσ ĉkσ þ ðϵk=2þ νσÞd̂†kσd̂kσ&

þ gσ
X

k;q

ðd̂†qσ ĉq−kσ f̂k þ f̂†kĉ
†
q−kσd̂qσÞ; ð2Þ

describe the interaction of the impurity and majority
fermions via the coupling into a closed channel with
creation operator d̂†kσ, where we have coupling constant
gσ and closed-channel detuning νσ . Renormalizing the
model enables us to trade the bare parameters of the
model—the detuning, the coupling constant, and an ultra-
violet momentum cutoff—for the physical interaction
parameters which parametrize the 2D and 3D impurity-
majority fermion low-energy scattering amplitudes

f2DσðkÞ ≃
4π

− lnðk2a22DσÞ þ R2
2Dσk

2 þ iπ
; ð3aÞ

f3DσðkÞ ≃
1

−a−13Dσ þ ik
; ð3bÞ

namely the 2D and 3D scattering lengths, a2Dσ and a3Dσ,
and a 2D range parameter R2Dσ [46,54]. The presence of
R2Dσ in Eq. (3a) allows us to model the strongly energy-
dependent scattering close to the 173Yb orbital Feshbach
resonance [45,55,56] in a 2D geometry. Conversely, we can
safely neglect effective range corrections for the broad
resonance, 3D case of 6Li. In what follows, we take the
impurity spin-↑ (spin-↓) state to be strongly (weakly)
interacting with the medium [46], as depicted in Fig. 1.
To simplify notation, we therefore identify a3D ≡ a3D↑,
a2D ≡ a2D↑, and R2D ≡ R2D↑.
The radio frequency [14] or optical [16] fields that

couple the impurities in states ↑ and ↓ are described within
the rotating wave approximation:

ĤΩ ¼ Ω0

2

X

k

ðĉ†k↓ĉk↑ þ ĉ†k↑ĉk↓Þ þ Δω n̂↓: ð4Þ

Here, n̂σ ¼
P

k ðĉ
†
kσ ĉkσ þ d̂†kσd̂kσÞ is the spin-σ impurity

number operator, Ω0 is the (bare) Rabi coupling, and Δω is
the detuning from the bare ↓ − ↑ transition.
Perturbative analysis.—We can gain insight into the

nature of the repulsive Fermi polaron by analyzing the
quasiparticle peak in the spectrum at weak interactions
and temperature T ¼ 0, such that the polaron is at rest.
Focussing on the 3D case, in the limit kFa3D ≪ 1 the
polaron energy Eþ is given by the mean-field expression

(a)

(b)

FIG. 1. (a) Two pseudospin states (red and green) of an
impurity embedded in a medium (blue) are coupled together
and undergo Rabi oscillations with an effective frequency Ω and
damping rate ΓR. (b) The impurity spectral function of a nearly
free impurity (left) is coupled to that of an impurity that strongly
interacts with the Fermi gas (right). The repulsive polaron peak is
centered at energy Eþ above the molecule-hole continuum and is
characterized by the residue Z (dark green area) and width Γ [35].
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We investigated the case of a spin coupled to a periodically kicked 
rotator. We showed that this could be used as a model system for 
investigating quantum chaos. This project was co-supervised by 
quantum information theorist Kavan Modi, and resulted in a 
publication.

Zonnios, Levinsen, Parish, Pollock, Modi,  
Phys. Rev. Lett. 128, 150601 (2022)

being rotated. Importantly, the steps of the ink-drop experi-
ment are directly analogous to those of an experiment
aiming to observe OTOCs. This is shown by expanding
Eq. (1) in the Schrödinger picture [31] to obtain the circuit
shown in the bottom panel of Fig. 1. Can we then adopt this
idea to study quantum processes by interacting the system
with a probe?
In this Letter, we derive an operator, the out-of-time-

order tensor (OTOT), that simultaneously captures OTOCs
with respect to all operators V and W, i.e., a full quantum
generalisation of the OTOC. The OTOT is a higher-order
mapping from preparations to measurement outcomes, with
an intermediate perturbation. It is shown to capture all
possible correlations for an out-of-time-order process. The
OTOT allows us to recast the decay of the OTOC in terms
of information theoretic quantities such as the (conditional)
quantum mutual information to indicate the chaoticity of
the system. To illustrate this point, we study the OTOT for a
spin-12 probe attached to a system S, where S is either a
random unitary process or a quantum kicked rotor, whose
chaoticity is tunable.
Out-of-time-order tensor.—In classical physics the

Kolmogorov-Sinai entropy [35] relates temporal correla-
tions of a process to its chaoticity. In the quantum realm,
multitime correlations become higher-order maps, and their
entropies can also be indicators for chaos [36–40]. With
this intuition, chaotic processes should have fewer corre-
lations between an initial and time reversed probe, while
regular processes should retain correlations faithfully
throughout an out-of-time-order process. The complexity
and chaoticity of a process in a system (e.g., the fluid) can
hence be quantified by measuring the information of a
coupled probe (e.g., the ink droplets). We now construct a
fully quantum representation for the OTOC, i.e., a tensor
capturing all facets of the out-of-time-order process.
We begin by considering the action of a set of operations

on a small probe P, interacting with S. The probe is subject
to a preparation A at the initial time, after which it evolves
with S under the unitary map U t½ρ" ≔ UtρU

†
t for a time t.

Next, a local perturbation B is applied either to P or S.
Finally, SP is evolved back to the initial time with the
adjoint unitary map Uad

t ½ρ" ≔ U†
t ρUt, whereupon P is

measured with a measurement C. This process, depicted
in Fig. 2, defines the out-of-time-order map Ot

Ot½C;B;A" ≔ trðC∘Uad
t ∘B∘U t∘A½ρ"Þ

¼ tr½ϒO
t ðϒ̂A ⊗ ϒ̂B ⊗ ϒ̂CÞT "; ð2Þ

where A, B, and C are superoperators acting on density
matrices with compositionA∘B½ρ" ≔ A½B½ρ"". For technical
details on superoperators see, for example, Refs. [41,42].
Ot acts on quantum mapsA, B, and C, and thus is said to

be an higher-order map [43–45] that must possess non-
Markovian quantum correlations [46], as we show below.

Rather than working with an abstract map, it is often
convenient to work with its matrix representationϒO

t , which
is the out-of-time-order tensor (OTOT). The OTOT is given
in the second line of Eq. (2), obtained by means of the Choi-
Jamiołkowski isomorphism [47,48], which translates a
quantum map, representing a process, to a many-body
quantum state [41]. The isomorphism is shown in the bottom
panel of Fig. 2, where each line fromOt toϒO

t is an operator
on space of P [31]. The resultant OTOT is a density matrix
satisfyingϒO

t
† ¼ ϒO

t ,ϒO
t ≥ 0, and tr½ϒO

t " ¼ 1. By contrast,
the Choi states ϒ̂X of the superoperatorsX ∈ fA;B; Cg play
the role of observables and the hat denotes that they are not
normalized; for a trace-preserving operation tr½ϒ̂X" equals
the dimension of the Hilbert space. Hence, Eq. (2) has the
interpretation as the spatiotemporal version of the Born
rule [49].
The importance of the OTOT lies in the fact that it is a full

quantum embodiment of all possible OTOCs [39,50,51],
including 2k-OTOCs [16]. Moreover, unlike the OTOC
which looks at correlations between two fixed observables,
the OTOT provides a mapping from any state preparation to
measurement outcomes. The total correlations of the OTOT
thus generalize the notion of an OTOC by providing a
measure of the scrambling capacity of the process, indepen-
dent of either preparation or measurement. The OTOT
reduces to the conventional OTOC when A½ρ" ¼ Cad½ρ" ≔
V†ρ1 and B½ρ" ≔ W†ρW, i.e., we recover Eq. (1), with
FðtÞ ¼ Ot½C;B;A" [52]—see Supplemental Material [31].
Information in OTOT.—Signatures of chaos can be seen

in the correlations between subparts of the OTOT.
(Henceforth, we assume an uncorrelated initial state SP
and drop ao since, in practice, one would introduce a probe
that is independent of the system [54,55].) We now adopt
the quantum mutual information (QMI) and conditional

(a)

(b)

FIG. 2. (a) OTOC from OTOT obtained by contracting OTOT
with superoperators A, B, C and tracing over the output, as per
Eq. (2). This reduces to the conventional OTOC when
A½ρ" ¼ V†ρ1, B½ρ" ¼ W†ρW, and C½ρ" ¼ tr½1ρV" [31]. This is
equivalent to contracting the Choi state of the OTOT with the
Choi states of superoperators A, B, and C. (b) Choi state of
OTOT, obtained by inserting half of a maximally entangled state
ψþ into each input of the OTOT. Each of the five wires of the
OTOT represent the Hilbert space for different times in the
process. Thus, the OTOT is a map on superoperatorsA, B, and C,
which is commonly said to be a higher order map for the out-of-
time-order process depicted in shaded purple in Fig. 1(b).
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This project investigated the behaviour of an impurity atom immersed 
in a gas of bosons. We found that the impurity could split into multiple 
quasiparticles when the bosons condensed at low temperatures, due to 
the interplay between quantum and classical physics. 

Field, Levinsen, Parish, 

Phys. Rev. A 101, 013623 (2020)
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FIG. 10. Impurity spectral function produced by the ansatz
Eq. (48) plotted with respect to temperature at 1/n1/3a = 0. Here we
take n1/3aB = 0.003, n1/3R∗ = 0.02, m = mB and σ = 0.4n2/3/mB,
which correspond to the parameters of the Aarhus experiment [19].

form. By commuting the bare impurity with the Hamiltonian
twice, we thus produce an ansatz containing all combinations
of two Bogoliubov operators,

ĉ†
0 = α0ĉ†

0 + γ0d̂†
0 +

∑

q

γ qd̂†
q β̂q +

∑

k

γkd̂†
−kβ̂

†
k

+
∑

q

αqĉ†
qβ̂q +

∑

k

αkĉ†
−kβ̂

†
k +

∑

q,k

α
q
k ĉ†

q−kβ̂
†
kβ̂q

+ 1
2

∑

q1,q2

αq1,q2 ĉ†
q1+q2

β̂q1 β̂q2

+ 1
2

∑

k1,k2

αk1,k2 ĉ†
−k1−k2

β̂†
k1

β̂†
k2

. (48)

In the limit of zero temperature, this interacting-gas ansatz
corresponds to Eq. (29), which is the minimal ansatz that cor-
rectly reproduces weak-coupling perturbation theory [56,57]
beyond mean-field for the interacting Bose gas [31]. However,
above the critical temperature, this ansatz simply reduces to
the two-body ansatz. As such, this allows us to investigate
correlations of the Bose polaron that are of intermediate
complexity between the two-body and three-body ansatzes.
The system of equations resulting from the minimization
procedure may be found in Appendix B. Comparing these
equations to those arising from the two- and three-body
ansatzes discussed in Sec. V, it is immediately clear that
there is a distinction between taking aB → 0 a priori and a
posteriori; however, both procedures yield valid variational
ansatzes.

The zero-temperature spectrum of the finite-aB ansatz fea-
tures both attractive and repulsive polaron branches and thus
qualitatively resembles the spectrum obtained from the two-
body ansatz in Fig. 4(a). The main difference is the existence
of a many-body continuum of states between the polaron
branches, which requires at least three-body correlations in
order to be captured [19]. This continuum manifests as a broad
feature with small spectral weight even in the strong-coupling
regime, as shown in Fig. 10. Note that such a continuum is
also present in the spectrum for the three-body ansatz, but at
energies higher than that plotted in Fig. 6.

Increasing the temperature from zero, we find that the
attractive polaron remains as a single peak rather than splitting
into several branches, unlike what we found previously. This
is because the interacting-gas ansatz Eq. (48) only includes
up to two-body correlations between the impurity and the
thermal cloud, while containing up to three-body correlations
between the impurity and the condensate. Thus, the impurity
effectively interacts differently with the two fluids such that
the high-order pole structure from Sec. VI no longer applies.
However, we instead find that the continuum changes its
structure at low temperature and splits into two peaks, as
shown in Fig. 10. Thus, the polaron splitting is transferred to
the excited states in the spectrum, where the dressed impurity
has shed a Bogoliubov excitation and now only contains up to
two-body correlations. Such behavior is once again observed
for a range of different boson-impurity interactions (Fig. 11)
and mass ratios.

In addition to confirming that the character of the splitting
depends on the approximation used, our results show that the
arguments of Sec. VI can apply to a continuum of states,
not just a single well-defined quasiparticle. Indeed, we find
that the splitting in Fig. 10 can be approximately fit with the
low-temperature expression Eq. (42) using reasonable values
for the energy and residue of the continuum. Thus, we expect
our conclusions regarding the attractive polaron to hold even
when it consists of multiple eigenstates at zero temperature.
Such a scenario is likely to occur in the ideal gas limit, since
the ground-state residue is predicted to vanish [32,57] as we
include more and more excitations of the condensate. At the
same time, the gap between the ground and excited states will
tend to zero, such that the spectrum of the interacting-gas
ansatz converges to that of the previous ansatzes.

As the temperature approaches Tc, we see in Fig. 10
that the continuum of states vanishes since only two-body
correlations are included in the thermal gas above Tc. This
behavior could be an artifact of the approximations in the
interacting-gas ansatz and thus further investigations are re-
quired to determine how the spectrum changes around Tc.
However, it appears unlikely that the attractive polaron has
an energy minimum exactly at Tc, as predicted in Ref. [24],
since we see that the position of this minimum depends on the
approximation we consider.

Figure 11 shows how the finite-temperature spectrum
changes as we increase n1/3aB. Generically we find that the
attractive branch is shifted upwards, similarly to what was
observed for the ground state at zero temperature [31,32].
We also find that the spectral weight around zero energy
becomes suppressed with increasing n1/3aB. As we discussed
in Sec. V, this zero-energy peak is primarily composed of low-
momentum bosons that were scattered out of the condensate
by the impurity. Such scattering processes are Bose enhanced
by the presence of thermal bosons and this shows up in the sin-
gular nature of the thermal distribution fk at low momentum.
However, the Bose enhancement also depends on the low-
energy density of states of the Bogoliubov excitations, and
this is reduced with increasing n1/3aB, since the Bogoliubov
dispersion changes from quadratic to linear at low momentum.
Thus, the phase space for the scattering processes is also
reduced at low momentum, and this decreases the spectral
weight around zero energy.
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We investigate the many-body states of exciton-polaritons that can be observed by pump-probe
spectroscopy. Here, a weak-probe “spin-down” polariton is introduced into a coherent state of
“spin-up” polaritons created by a strong pump. We show that the # impurities become dressed by
excitations of the " medium, and form new polaronic quasiparticles that feature two-point and three-
point many-body quantum correlations, which, in the low density regime, arise from coupling to the
vacuum biexciton and triexciton states respectively. In particular, we find that these correlations
generate additional branches and avoided crossings in the # optical transmission spectrum that
have a characteristic dependence on the "-polariton density. Our results thus demonstrate a way to
directly observe correlated many-body states in an exciton-polariton system that go beyond classical
mean-field theories.

While the existence of Bose-Einstein statistics is
fundamentally quantum, many of the properties of
Bose-Einstein condensates can be understood from the
phenomenology of nonlinear classical waves (see, e.g.,
Ref. [1]). In particular, the physics of a weakly interact-
ing gas at low temperatures can generally be described
by mean-field theories, involving coherent (i.e., semiclas-
sical) states. Exceptions to this arise when the strength
of interactions becomes comparable to the kinetic energy
of the bosons. Here, one has correlated states and even
quantum phase transitions, e.g., between superfluid and
Mott insulating phases [2, 3]. For condensates comprised
of short-lived bosonic particles such as magnons [4], pho-
tons [5], and exciton-polaritons (superpositions of exci-
tons and cavity photons) [6], the possibility of realizing
correlated states su↵ers a further restriction: the inter-
action energy scale must exceed the lifetime broadening
of the system’s quasiparticles. For these reasons, observ-
ing quantum correlated behaviour with such quasiparti-
cles remains a challenging goal. In the case of exciton-
polaritons, there has been recent progress in achieving
anti-bunching in emission from fully confined photonic
dots [7, 8]. However, there is ongoing controversy over
the strength of the polariton-polariton interaction [9–11],
and there is as yet little known about many-body corre-
lated polariton states.

In this Letter, we propose to engineer and probe
quantum correlations in a many-body polariton system
through quantum impurity physics. Here, a mobile im-
purity is dressed by excitations of a quantum-mechanical
medium, thus forming a new quasiparticle or polaronic
state [12, 13] that typically defies a mean-field descrip-
tion. Quantum impurity problems have been studied ex-
tensively with cold atoms, where one can explore both
Bose [14–16] and Fermi [17–23] polarons (corresponding
to bosonic and fermionic mediums, respectively). These
studies have yielded insight into the formation dynamics

FIG. 1. Spectroscopic signature of a two-point many-body
correlated state in the probe photon transmission T (k,!) (see
text and [31]) as a function of momentum and energy. (a) In
the absence of pumping. The upper (UP) and lower (LP)
polaritons are shown as solid lines, while the dotted lines cor-
respond to the bare photon (C) and exciton (X) dispersions.
(b) With a �+ pump resonant with the LP at zero momentum.
Resonant coupling to a biexciton (X2) at ! + !LP0 ' �EB

(dashed line) causes a splitting of the bare lower polariton
into attractive and repulsive branches, as well as a blue-shift
of the upper polariton. For this illustration, we take the �+

polariton density n = mX⌦R/8⇡, detuning � = �⌦R/3, and
EB = ⌦R.

of quasiparticles [22, 24, 25], and the impact of few-body
bound states on the many-body system [26, 27]. Fur-
thermore, in the solid-state context, the Fermi-polaron
picture has recently led to a better understanding of ex-
citons immersed in an electron gas [28, 29], as well as the
relation of this to the Fermi-edge singularity [30].

Here we will investigate correlated states of exciton-
polaritons using the Bose polaron, which is naturally re-
alized by macroscopically pumping a polariton state in a
given circular polarisation ("), and then applying a weak
probe of the opposite (#) species (Fig. 1). Indeed, ex-
perimental groups have already carried out polarization-
resolved pump-probe spectroscopy in the transmission

ar
X

iv
:1

80
6.

10
83

5v
1 

 [c
on

d-
m

at
.q

ua
nt

-g
as

]  
28

 Ju
n 

20
18

EMMA LAIRD et al. PHYSICAL REVIEW B 106, 125407 (2022)

En
er

gy
 (e

V)

Angle (deg)

 

−25 −20 −15 −101.490

1.492

1.494

1.496

1.498

1.500

1.502

1.504

Angle (deg)
−25 −20 −15 −10

Angle (deg)
−25 −20 −15 −10

Angle (deg)
−25 −20 −15 −10

Angle (deg)
−25 −20 −15 −10

In
te

ns
ity

 (a
rb

. u
ni

ts
)

1.1
1.2
1.3

B = 0.0 T B = 0.8 T B = 1.3 T B = 1.8 T B = 2.5 T(a) (b) (c) (d) (e)

FIG. 10. Angle-resolved photoluminescence spectra of exciton-polaritons in a magnetic field taken from Ref. [11], where our theory has
been overlaid. The white and orange dashed lines, respectively, correspond to the bare photon and 2s-exciton dispersions, which anticross at
high emission angles to form the two measured polariton branches. The red solid lines are given by the eigenvalues of a three-level coupled
oscillator model (38) that is based on our numerically exact values for E1s,2s and !1s,2s at the selected magnetic field strengths. Full image
credit: Mateusz Król.

lariton modes fit the photoluminescence data perfectly at all
fields considered, B = 0–2.5 T. Furthermore, this comparison
makes it very clear that our theory consistently yields the cor-
rect minimal (Rabi) splittings between the polariton branches
for the 2s state.

B. Polaritons in the very strong light-matter coupling regime

The regime of very strong light-matter coupling occurs
when the Rabi frequency ! becomes comparable to the
1s-exciton binding energy R. In this limit, the light-matter
coupling nonperturbatively modifies the electron-hole wave
functions, effectively hybridizing the Rydberg series of exci-
tons [13,14] (also refer to the fully microscopic calculation of
Ref. [15]).

We now compare our theory to an experiment which
demonstrated this effect by applying a magnetic field and
determining the diamagnetic shifts of the upper and lower po-
laritons in a GaAs quantum-well microcavity—see Ref. [16].
Measurements were performed on two different microcavity
samples: one comprising a single quantum well (1 QW), and
another comprising 28 quantum wells (28 QWs) placed in
stacks of four quantum wells in the seven central antinodes
of the cavity light field. All quantum wells were 7-nm-wide
GaAs layers with 4-nm-wide AlAs barriers. Polariton energies
and linewidths were obtained by fitting Lorentzian functions
to the peaks observed in reflectance spectra. Note, the use of
multiple quantum wells embedded into the microcavity allows
one to increase the Rabi splitting roughly by a factor ∼

√
N ,

where N is the quantum-well number.
Figure 11 shows the diamagnetic shifts, "E = E (B) −

E (B = 0), of the lower and upper polaritons at a magnetic
field of B = 5T (ωc/R ≈ 1/2) as a function of the zero-field
detuning, δ. The triangular plot markers correspond to the
experimental data taken from Ref. [16], while the solid lines

correspond to our numerically exact theory (35). The input
parameters for the latter were the zero-field 1s-exciton binding
energy (R = 13.5 meV) and Rabi couplings (! = 1.9 meV
for 1 QW and ! = 8.7 meV for 28 QWs), as reported in
Ref. [16].

For the 28-QW sample, the agreement between theory and
experiment shown in panel (b) is quantitatively very close,
which validates our microscopic calculation. For 1 QW, the
agreement shown in panel (a) is mainly qualitative; how-
ever the experimentalists state that there are considerable
uncertainties in their measurements for this sample [16], pos-
sibly with a misestimate of the 1s-exciton diamagnetic shift,
E1s(B) − E1s(B = 0). Moreover, the linewidth ∼2–5 meV is

FIG. 11. Diamagnetic shifts of the upper and lower polaritons
at B = 5T as a function of zero-field detuning. Results for the 1
quantum-well sample (!/R ≈ 0.14) are shown in panel (a), while
those for the 28 quantum-well sample (!/R ≈ 0.64) are shown in
panel (b). The triangular markers correspond to the experimental
data from Ref. [16] and the solid lines correspond to our numerically
exact theory. The dashed lines are the results of a two-level COM
(38) in (a) and a three-level COM in (b), which treat the light-matter
coupling as a perturbation. On the other hand, the dotted lines in both
panels are obtained by treating the magnetic field perturbatively.
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