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• Two-point measurement protocol for work
- Work probability distribution
- Characteristic function and counting statistics

• Adiabatic dynamics
- Master equation
- Counting statistics

• Beyond weak reservoir coupling 
- Polaron approach 

• Why polaron? 
- Experiments on controlled quantum dots

• Work counting statistics examples
- Landau-Zener protocol
- Weak-coupling vs polaron

• Future directions
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Strong-coupling thermodynamics
• Here we focus on calculating the full work 

distribution for a driven open system
• Standard approaches generally assume 

system-reservoir interactions play negligible 
role

• Determining statistics of work in strong 
coupling regimes is a formidable task
• Requires calculation of full 

eigenspectrum of system and reservoir
• We will circumvent this issue using a unitary 

polaron transformation
• Maps our open system to a new frame 

where a weak-coupling-like theory can 
be applied

• Application to a Landau-Zener protocol
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Example open quantum systems
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Semiconductor Nanostructures Molecular Nanojunctions

• Strong coupling to phonons
• Weak coupling to the 

electromagnetic field

Ahsan Nazir - Quantum coherence in adverse settings: from biology to quantum technology

I. Introduction and vision

Noise, arising from the fluctuating forces exerted on any
quantum system by its surrounding environment, is convention-
ally seen as a fundamental obstacle to creating, maintaining, and
exploiting quantum coherence in a multitude of experimental
settings. It leads to dissipation and dephasing of the system
of interest, and hence often to a complete loss of the fragile
coherences that are necessary for viable quantum technologies.
However, by its very nature as a dynamical process, it is conceiv-
able that noise could conversely be harnessed to drive a system
to a desired state, either in cooperation with an external coherent
influence, or by its own accord. It is therefore of vital practical
significance to explore the potential for designing processes
that directly incorporate noise into the robust preparation and
manipulation of a quantum system.

In fact, there are surprising indications that natural systems
may perform precisely such a task in a related context. Re-
cent experiments have demonstrated astonishingly long-lived
coherences in the excitation transfer dynamics of certain pigment-
protein complexes, raising the question of whether they naturally
exploit a trade-o↵ between coherence and noise to promote
e�cient and robust energy transport. If so, it is crucial to
understand what lessons can be learnt for the design of artificial
solar energy conversion devices, and for the manipulation of
noisy quantum systems more generally. At the same time, the
well-established capability that exists to tailor and probe the
behaviour of artificial nanosystems could provide testable insights
into the functional roles of coherence and noise in natural settings.

With these points in mind, the research I propose here is
motivated by the following intriguing and important question:

To what extent can we exploit the interplay of coher-
ence and noise to engineer robust quantum states and
enhance energy transport in many-body quantum systems?

In short, I aim to challenge the prevailing view that noise
is primarily a hindrance to observing and using quantum e↵ects
in the lab. While others are also beginning to think along these
lines, much of the existing work in this nascent field resorts to the
vastly simplifying, and potentially unjustified, assumption of weak
system-environment interactions. These studies have been key in
establishing the potential for noise to assist in various quantum
processes and operations. However, it is in the strong coupling
regime that harnessing noise should be of the most fundamental
use, and therefore of the greatest interest, as in this situation
generating and maintaining coherence by conventional means
may fail. Besides, to fully understand the interplay of coherence
and noise in any quantum system, consistent theories are required
that can treat both coherent and incoherent dynamics on an equal
footing. Hence, a crucial underpinning aspect of this proposal is:

The development and application of new techniques
to e�ciently treat the dynamics of open quantum sys-
tems, from weak to strong system-environment coupling.

I have recently pioneered a new theoretical approach to
modelling open quantum systems beyond weak environmental
coupling. However, as described in more detail below, this is
only the first step in a much more ambitious plan to transform
the description of open quantum systems in the strong coupling
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FIG. 1: Schematic of a double quantum dot embedded in a bulk solid-
state environment, under external illumination and observation. This
kind of system provides a feasible prototype in which the basic physics
relevant to all themes of this proposal could be explored experimentally.

regime. In the wider context, there is currently significant interest
in experimentally simulating strong-coupling physics in open
system models, e.g. in superconducting circuits and ion traps.
As such, this is a highly topical and timely area of research, and
new theoretical methods have the potential for profound impact.

II. Aims, approach, and research plan

Based on the above broad vision, I shall now briefly outline
three interrelated themes that will guide my research, as well as
summarise the main theoretical techniques I plan to develop.

Quantum state generation facilitated by noise. The
idea here is conceptually simple. If we can engineer a system
such that its steady-state is a useful and interesting (perhaps
entangled) quantum state, then dissipative processes should
naturally drive our system to this desired outcome. Thus, we
may benefit from an interplay between static coherence (in
the steady-state) and noisy dynamical processes to perform
useful quantum operations. Most existing work in this area has
concentrated on proof-of-principle arguments based on simple
models [1]. One of my key aims is therefore to propose practical
schemes that exploit noise to drive realistic multi-qubit
systems into robust entangled states. Solid-state systems
(such as the quantum dots shown schematically in Fig. 1) are
particularly attractive in this respect as their properties can
generally be tailored, allowing engineering of the interactions
with their surroundings. Besides, solid-state qubits naturally
su↵er rather badly from noise, which has hindered experimental
progress in demonstrating such states by conventional means.

Biomolecular energy transport. The transfer of informa-
tion and energy is a ubiquitous phenomenon in quantum
physics. Perhaps one of the most fascinating examples exists
in the remarkably robust and e�cient energy transport of light-
harvesting photosynthetic complexes, a process which exploits the
(quantum) delocalised nature of excitonic states. Furthermore,
under coherent laser-excitation conditions, dynamically evolving
coherences can be created between di↵erent excitonic (or vi-
bronic) states, and have been observed to persist on timescales
long-enough to impact upon the energy transport process [2].
Such observations lend further credence to the view that quantum
e↵ects may play an important role in optimisation of energy
transport. However, the noisy and complex protein environments
in which these systems function renders commonly employed
weak system-environment coupling approximations dubious at

• Strong coupling to vibrations
• Weak tunnel coupling to the leads

junction conductance of single molecules,44,45 and
expands the number of molecular families that have
made careful and statistically relevant junction
conductance measurements. Oligo°uorene molecu-
lar wires can be synthesized with high e±ciency and
high purity, and can be easily incorporated into
single molecule circuits under the conditions of so-
lution phase, ambient temperature and pressure.
Using scanning tunneling microscopy-based break-
junction method (STM-BJ), the molecular conduc-
tance of ¯ve newly synthesized oligo°uorene
molecules were measured, as shown in Fig. 2. Their
lengths are di®erent (monomer, dimer or trimer),
bridge carbon chemistry is di®erent (dimethyl,
dihexyl or didecyl), and reference molecule 2,7-dia-
mino°uorene (DAF). DFT calculations were carried
out on the separated oligo°uorene and analog
molecules, as well as Au2-clusters have been per-
formed to study their structures and electronic
properties and to compare them with junction
conductance measurements. It is found that the
conductance in the oligomeric °uorene molecular
junction occurs through tunneling, and the tunnel-
ing attenuation constant ! is 0.31 per !A, or equiv-
alent to 2.6 per °uorene unit, which is consistent
with other "-conjugated molecular wires. Compare
with prototype lines of extended "-electronic states,
such as low-polystyrene acetylene (OPE) and low-
polystyrene acetylene (OPV), oligomeric °uorene
molecular wires show higher conductivity, and there
is a correlation between conductivity trend and gap
between the HOMO and LUMO.46–51 Simple tunnel
coupling calculation of Au2-oligo°uorene molecular
cluster models is reported to verify the experimental

conductance measurement. In addition, it has been
determined that the conductance is controlled by
the orientation of the bond formed between the
sulfur atoms of the gold and methyl sul¯de linking
groups with respect to the °uorene series "-system,
which is consistent with previous work.52 Due to the
relatively °at torsional potential energy surface
rotating around the gold–sulfur bond and the
strong orientation e®ect of conductance through
the "-coupled state, it is observed that the molecu-
lar conductance distribution of methyl sul¯de-
terminated low °uorene is very wide. The quantum
chemical calculation models using isolated mole-
cules and simple Au2-clusters show remarkable
robustness in plotting the possible sampled
torsional potential energy surface under experi-
mental conditions and verifying the molecular con-
ductance measured by STM-BJ method. It is also
con¯rmed by experiments and calculations that the
substituents on the bridge carbon of °uorene
monomer are indeed isolated from the "-system of
°uorene. In addition, the role of contact in molec-
ular junction formation and conductance is further
clari¯ed. It is found that the conductance of oligo-
meric °uorene is strongly dependent on the confor-
mational °uctuation within a given junction
con¯guration, as seen in previous studies on aro-
matic "-coupled molecules with methyl sul¯de
linking groups.52–54 This work broadens the knowl-
edge base of known high quality and accurate single
molecule conductance data and supports the exist-
ing evidence on reasonable dependence between
molecular structure and function in single molecule
circuits. In the future, it would be interesting to
further explore the relationship between the mono-
molecular conductance of small molecules of low
°uorene, their electronic properties in bulk phase
and their longer counterparts. In addition, a more
complete computational evaluation of the model
oligo°uorene molecular junction would be useful to
provide additional insight into its conductivity
properties, such as con¯rmation of the density of
states near the Fermi level and the orbit responsible
for dielectric charge transfer, and to determine what
role (if any) torsional motions along the molecular
skeleton play in the conductivity distribution. This
can also determine the cause of the slight deviation
observed between the measured/calculated molec-
ular conductance of oligo°uorene and the expected
value based on the measured/calculated junction
conductance of 1,4-biaminobenzene.51

Fig. 2. The oligo°uorenes synthesized and studied in this
work, along with a cartoon of molecular junction formation and
measurement using the STM-BJ method.
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Single Molecule-Based Electronic Devices: A Review
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Non-additivity of multiple environments



Work: two-point measurement
We characterise (stochastic) work via the two-point measurement protocol 
• Consider projective energy measurements performed on combined system 

and environment, which is closed and evolves unitarily under the action of 
an external force 
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Work probability density
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Work done on system is measured energy difference, leading to probability density



Work characteristic function

For practical purposes, it is easier to work with the characteristic 
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Contains all statistical information about the work performed on our 
closed system+environment
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Characteristic function can be written in terms of a counting-field 
dependent density operator 
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With reduced density operator (which we look to approximate) 
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Work counting statistics

Counting-field dependent density operator obeys an equation of 
motion of the form

With a transformed Hamiltonian
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H(�, t) = H(t) + i@t(e
i�H(t)/2)e�i�H(t)/2

Reduced density operator obeys a generalised master equation

Form of the Liouvillian depends on the approximations made, e.g.
• Weak coupling
• Slow time dependence (adiabatic)

M. Esposito, U. Harbola, and S. Mukamel, Rev. Mod. Phys. 81, 1665 (2009), 
Rev. Mod. Phys. 86, 1125 (2014)
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Adiabatic Markovian master equations

Dealing with arbitrary time-dependence can be difficult, so we will 
consider the adiabatic limit of slow external driving and static interactions 

Following Albash et al. we can derive a Markovian Lindblad master 
equation under the Born-Markov-secular approximations:

Applying the same approximations to the counting-field dependent density 
operator, and ignoring interaction contributions to energy measurements, 
we obtain an adiabatic weak-coupling form 

Albash et al., New J. Phys. 14 123016 (2012)
F. Liu, Phys. Rev. E 90, 032121 (2014)
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H(t) = HS(t) +HB +HI
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⇢̇s(t) = Lad(t)⇢S(t) = �i[HS(t) +HLS(t), ⇢S(t)] +D(t)⇢S(t)
<latexit sha1_base64="1a+1eoeMI5weABv2l3OAmhOtKKc=">AAAC0XicfVJdi9QwFE3rx67j16iPvhQHYRbWoV0G1xdhQR98EFlZZ3dhUsttJm3DJm1JboUhVMTX/Xf75j/wZ5jOVJn9wAuBk3POzU3uTVpLYTAMf3n+rdt37m5t3xvcf/Dw0ePhk6fHpmo04zNWyUqfpmC4FCWfoUDJT2vNQaWSn6Rn7zr95BvXRlTlF1zWPFaQlyITDNBRyfA3VYAFA2nft2PcobqokiMH3lLTqMRSkHUBNO UIbc9Uiuduk4NScNkwXmsue4dKnuH841/7bm/YKLChrY5ov1q6gDznurO9opkGZqPW7rXU/t97Q5Xdf2VoS7XIC4yT4SichKsIroOoByPSx2EyvKCLijWKl8gkGDOPwhpjCxoFk7wd0MbwGtgZ5HzuYAmKm9iuJtIGLx2zCLJKu1VisGI3MywoY5Yqdc6u/+aq1pE3afMGszexFWXdIC/ZulDWyACroBtvsBCaM5RLB4Bp4e4asAJcL9F9goFrQnT1ydfB8d4kej2Zfp6ODqZ9O7bJc/KCjElE9skB+UAOyYww75OHXut994/8pf/D/7m2+l6f84xcCv/8Dwhn5D4=</latexit>

D(t)⇢S(t) =
X

↵�

X

!

�↵�(!(t))


L!,�(t)⇢S(t)L

†
!,↵(t)�

1

2
{L†

!,↵(t)L!,�(t), ⇢S(t)}
�

<latexit sha1_base64="BSooFWfdUyUEyl8wVoNbiNonOpk=">AAACLXicbVDLSgMxFM34rPU16tJNsAgVpMxIURGEgi5cuKhoH9CpJZOmbWjmQXJHKMP8kBt/RQQXFXHrb5hpi9TWA4HDOedyc48bCq7AsobGwuLS8spqZi27vrG5tW3u7FZVEEnKKjQQgay7RDHBfVYBDoLVQ8mI5wpWc/tXqV97YlLxwH+AQciaHun6vMMpAS21zGunHUDsyF6QtOL7JO/QHj+Go8vY8Qj0KBH4NnnUvodJ+9dN49PplpmzCtYIeJ7YE5JDE5Rb5pteSyOP+UAFUaphWyE0YyKBU8GSrBMpFhLaJ13W0NQnHlPNeHRtgg+10sadQOrnAx6p0xMx8ZQaeK5OpjeoWS8V//MaEXTOmzH3wwiYT8eLOpHAEOC0OtzmklEQA00IlVz/FdMekYSCLjirS7BnT54n1ZOCfVoo3hVzpYtJHRm0jw5QHtnoDJXQDSqjCqLoGb2iIfowXox349P4GkcXjMnMHvoD4/sHu5ioXQ==</latexit>

⇢̇S(�, t) = Lad(�, t)⇢S(�, t)



Moving beyond weak coupling: solid-state 
quantum optics

How do we modify standard quantum optics to 
model solid-state devices?
• e.g. what effect do lattice vibrations (phonons) 

have on system properties?
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news & views

a surface code11. Notably, this model can 
bene!t hugely if the nodes consist of small 
clusters of coupled qubits, such as those 
now demonstrated. ❐

John J. L. Morton and Jeroen Elzerman are  
at the London Centre for Nanotechnology  
and Department of Electronic & Electrical 

QUANTUM DOTS

Electrifying cavities
A design that allows electrical contacts to be created on semiconductor microphotonic structures brings quantum 
networks based on semiconductor single photon sources one step closer.

Ruth Oulton

The ideal photonic quantum network 
would have access to a large supply of 
single photons. We could imagine a 

chip that contains a large array of devices, 
with each of them producing exactly one 
photon when triggered electrically or 
optically. Single photons from each source 
must be indistinguishable in wavelength, 
polarization and bandwidth1. 

Reporting in Nature Communications, 
Pascale Senellart and co-workers from 
the Laboratoire de Photonique et de 
Nanostructures, CNRS, France, Université 
Paris Diderot, and attocube systems AG, 
Munich demonstrate a signi!cant step 
towards the practical realization of an array 
of single photon sources2. "ey have realized 
a semiconductor quantum dot (QD) single 
photon source that allows an electric !eld to 
be applied to the QD without impeding the 
path of single photons.

Self-assembled QDs have long been 
considered viable practical single photon 
sources. Each dot can be populated by 
an electron and a hole, and when these 
recombine to emit a photon, the QD empties 
and emits no further photons at the same 
wavelength until it gets populated again. 
Key to the success of QD technology is that 
a QD may be embedded in a distributed 
Bragg re#ector (DBR) cavity structure that 
allows e$cient out-coupling of the photons 
(Fig. 1). Etching a pillar structure in a 
DBR con!nes the light, via total internal 
re#ection, to a small volume. In the past 
decade, improvements in pillar design 
and fabrication have allowed physicists 
to replicate in the solid state many of the 
cavity quantum electrodynamic e&ects 
observed !rst with atoms. Careful design 
and fabrication of QD pillars has led to a 

bright source of identical (indistinguishable) 
photons3 and entangled photons4 ready for 
integration into a quantum chip.

Further progress in micropillar design 
has been hampered by the signi!cant 
di$culties in applying an electric !eld to 
the micropillar. Application of an electric 
!eld is an important functionality if QDs 
are to be a viable quantum technology. "e 
self-assembly process produces QDs with 
almost-perfect quantum e$ciency. But 
it is not possible to control the position 

at which the QDs form in the pillar, and 
even knowing the precise location of the 
QDs is challenging. "is makes it di$cult 
to fabricate a pillar with a QD placed in 
the middle of the cavity. Moreover, the 
QDs are not homogeneous in size, which 
means that the light emitted may not match 
the cavity wavelength exactly. An electric 
!eld can be used to !ne-tune the photon 
wavelength, overcoming the problem of 
size inhomogeneity to produce an array 
of indistinguishable photon sources. 

5 μm

Photon
emission

a b

QD

DBR layers

λ/2

Figure 1 | Dot in a pillar. a, Schematic of a QD emitter embedded in the centre of a micropillar cavity. 
Alternating quarter-wavelength layers of GaAs/AlAs, known as DBRs, cause destructive interference, 
which allows them to e!ectively act as mirrors. A GaAs cavity of depth λ/2 allows confinement of light 
with wavelength λ, with further confinement achieved by etching the DBR into a pillar a few micrometres 
in diameter. Individual QDs incorporated in the centre of the cavity are identified spatially and spectrally 
using spectroscopy, allowing a pillar of a suitable mode wavelength and position to be fabricated. 
b, A scanning electron microscopy image of a set of fabricated micropillars. Panel b reproduced with 
permission from ref. 8, © 2009 AIP.

Engineering, University College London,  
London WC1H 0AH, UK. 
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Model
• two-level system 
• coherent manipulations through external laser 

addressing (adiabatic)
• excitation of single electron from valence to 

conduction band 
• oscillations damped by phonon interactions R. Oulton, Nature Nano. 9, 169 (2014)
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Phonon interactions

Lattice displaces in response to changes 
in charge configuration
• polaron formation – new boundary
• we incorporate this physics into our 

master equation via a unitary 
transformation

• allows strong electron-phonon 
interactions

• direct expt-theory comparisons

Topical Review: AN and D. P. S. McCutcheon, JPCM 28, 103002 (2016)
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Phonon interactions

Lattice displaces in response to changes 
in charge configuration
• polaron formation – new boundary
• we incorporate this physics into our 

master equation via a unitary 
transformation

• allows strong electron-phonon 
interactions

• direct expt-theory comparisons

Topical Review: AN and D. P. S. McCutcheon, JPCM 28, 103002 (2016)

Damping of coherence

A. Brash et al.,  Phys. Rev. Let. 123, 167403 (2019) 

HP = e
S
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These studies highlight the importance of phonon
coupling in the incoherent resonance fluorescence regime,
where there is a definite change of charge configuration in
the QD. It is perhaps natural to presume that phonon
coupling is eliminated in the coherent scattering regime,
since there is vanishing exciton population and therefore no
change in charge configuration. This would imply that, in
accordance with prior work [3–5], one may adopt the
atomlike picture of Eq. (1), where the coherent fraction
tends towards unity for excitation far below saturation and
transform-limited coherence. However, recent theoretical
work predicts the presence of PSBs even at vanishingly
weak resonant driving [30].
Here, we experimentally verify that PSBs persist in the

coherent scattering regime and demonstrate additionally
that phonon processes also cause large deviations from
atomlike physics when driving off resonance. By extending
the theory presented in Ref. [30] to include an optical
cavity, we fully model our solid-state nanocavity system,
providing an intuitive picture that attributes the PSB to
phonon dressing of the optical dipole moment. This leads to
a finite probability that the vibrational environment changes
state during a scattering event, implying that all optical
spectral features will have an associated PSB. While a QD
is studied here, the physics and methods apply to a diverse
range of SSEs, including diamond vacancy centers [34,35],
carbon nanotubes [36], and defects in hexagonal boron
nitride [37,38].
We study a neutral exciton (jXi) in a self-assembled

InGaAs QD that is weakly coupled (ℏg ¼ 135 μeV) to a
photonic crystal cavity (linewidth ℏκ ¼ 2.51 meV). A
previous study of this device [26] established T2 ¼ 2T1

under weak resonant excitation and a Purcell factor

FP ¼ 43 when the QD transition was centred on the cavity
mode. Here, the transition is detuned 0.4 meV to higher
energy, reducing FP to ∼37 corresponding to T1 ¼ 25 ps
[26]. As well as Purcell enhancement, the cavity also
acts as a weak spectral filter; this combination reduces the
PSB component of the emission [31,33]. Figure 1(a)
illustrates the experiment: The sample is held at T ¼
4.2 K and excited by a tuneable laser that is rejected by
cross-polarized detection (typical signal to background
>100∶1). The coherence of the scattered light is studied
either in the time domain by measuring fringe contrast vðτÞ
with a Mach-Zehnder interferometer or in the frequency
domain using a spectrometer or a Fabry-Perot interferom-
eter (FPI) (details in the Supplemental Material [39]).
We begin with a high resolution time-domain measure-

ment, exciting resonantly below saturation (S ¼ 0.25)
where coherent scattering is expected to dominate. The
measured fringe contrast vðτÞ is proportional to the envelope
of the first-order correlation function gð1ÞðτÞ [39]. The result
in Fig. 1(b) departs significantly from the monoexponential
radiative decay predicted by atomic theory (dashed line);
a rapid decay of coherence occurs in the first few pico-
seconds, comparable to phonon dynamics observed in
pulsed four-wave mixing measurements of InGaAs QDs
in the incoherent regime [40–42], suggesting that the rapid
loss of coherence we observe originates from electron-
phonon interactions.
To describe this behavior, we account for the microscopic

nature of the QD-phonon coupling [43] by applying the
polaron transformation to the full system-environment
Hamiltonian. This dresses the excitonic states of the system
with phonon modes, allowing derivation of a QD master
equation (ME) that is nonperturbative in the electron-phonon

(b)(a)

FIG. 1. (a) Schematic of the experiment: BS, beam splitter; CCD, charge-coupled device (camera); FPI, Fabry-Perot interferometer;
LP, linear polarizer; SM, single mode fiber; SPAD, single photon avalanche diode; Δϕ, phase shift; τ path length difference.
(b) Measurement of the first-order correlation function [gð1ÞðτÞ] at S ¼ 0.25 with ΔLX ¼ 0. The emission contains a phonon sideband
(F PSB), incoherent resonance fluorescence (F inc), and coherently scattered (FCS) fractions. Experimental measurements of fringe
contrast (red circles) agree well with a calculation using the polaron master equation (solid red line) where the phonon coupling strength
α and cutoff frequency νc are the only free parameters. A pure dephasing model (dashed red line) decays monoexponentially and cannot
capture phonon dynamics. Inset: An experimental spectrum (blue triangles) measured simultaneously is also well reproduced by the
polaron model (blue line) with the same parameters. The calculated spectrum is convolved with the spectrometer instrument response in
order to reproduce the observed ZPL width.
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Phonon interactions

Lattice displaces in response to changes 
in charge configuration
• polaron formation – new boundary
• we incorporate this physics into our 

master equation via a unitary 
transformation

• allows strong electron-phonon 
interactions

• direct expt-theory comparisons

Topical Review: AN and D. P. S. McCutcheon, JPCM 28, 103002 (2016)

Damping of coherence

A. Brash et al.,  Phys. Rev. Let. 123, 167403 (2019) 
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These studies highlight the importance of phonon
coupling in the incoherent resonance fluorescence regime,
where there is a definite change of charge configuration in
the QD. It is perhaps natural to presume that phonon
coupling is eliminated in the coherent scattering regime,
since there is vanishing exciton population and therefore no
change in charge configuration. This would imply that, in
accordance with prior work [3–5], one may adopt the
atomlike picture of Eq. (1), where the coherent fraction
tends towards unity for excitation far below saturation and
transform-limited coherence. However, recent theoretical
work predicts the presence of PSBs even at vanishingly
weak resonant driving [30].
Here, we experimentally verify that PSBs persist in the

coherent scattering regime and demonstrate additionally
that phonon processes also cause large deviations from
atomlike physics when driving off resonance. By extending
the theory presented in Ref. [30] to include an optical
cavity, we fully model our solid-state nanocavity system,
providing an intuitive picture that attributes the PSB to
phonon dressing of the optical dipole moment. This leads to
a finite probability that the vibrational environment changes
state during a scattering event, implying that all optical
spectral features will have an associated PSB. While a QD
is studied here, the physics and methods apply to a diverse
range of SSEs, including diamond vacancy centers [34,35],
carbon nanotubes [36], and defects in hexagonal boron
nitride [37,38].
We study a neutral exciton (jXi) in a self-assembled

InGaAs QD that is weakly coupled (ℏg ¼ 135 μeV) to a
photonic crystal cavity (linewidth ℏκ ¼ 2.51 meV). A
previous study of this device [26] established T2 ¼ 2T1

under weak resonant excitation and a Purcell factor

FP ¼ 43 when the QD transition was centred on the cavity
mode. Here, the transition is detuned 0.4 meV to higher
energy, reducing FP to ∼37 corresponding to T1 ¼ 25 ps
[26]. As well as Purcell enhancement, the cavity also
acts as a weak spectral filter; this combination reduces the
PSB component of the emission [31,33]. Figure 1(a)
illustrates the experiment: The sample is held at T ¼
4.2 K and excited by a tuneable laser that is rejected by
cross-polarized detection (typical signal to background
>100∶1). The coherence of the scattered light is studied
either in the time domain by measuring fringe contrast vðτÞ
with a Mach-Zehnder interferometer or in the frequency
domain using a spectrometer or a Fabry-Perot interferom-
eter (FPI) (details in the Supplemental Material [39]).
We begin with a high resolution time-domain measure-

ment, exciting resonantly below saturation (S ¼ 0.25)
where coherent scattering is expected to dominate. The
measured fringe contrast vðτÞ is proportional to the envelope
of the first-order correlation function gð1ÞðτÞ [39]. The result
in Fig. 1(b) departs significantly from the monoexponential
radiative decay predicted by atomic theory (dashed line);
a rapid decay of coherence occurs in the first few pico-
seconds, comparable to phonon dynamics observed in
pulsed four-wave mixing measurements of InGaAs QDs
in the incoherent regime [40–42], suggesting that the rapid
loss of coherence we observe originates from electron-
phonon interactions.
To describe this behavior, we account for the microscopic

nature of the QD-phonon coupling [43] by applying the
polaron transformation to the full system-environment
Hamiltonian. This dresses the excitonic states of the system
with phonon modes, allowing derivation of a QD master
equation (ME) that is nonperturbative in the electron-phonon
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FIG. 1. (a) Schematic of the experiment: BS, beam splitter; CCD, charge-coupled device (camera); FPI, Fabry-Perot interferometer;
LP, linear polarizer; SM, single mode fiber; SPAD, single photon avalanche diode; Δϕ, phase shift; τ path length difference.
(b) Measurement of the first-order correlation function [gð1ÞðτÞ] at S ¼ 0.25 with ΔLX ¼ 0. The emission contains a phonon sideband
(F PSB), incoherent resonance fluorescence (F inc), and coherently scattered (FCS) fractions. Experimental measurements of fringe
contrast (red circles) agree well with a calculation using the polaron master equation (solid red line) where the phonon coupling strength
α and cutoff frequency νc are the only free parameters. A pure dephasing model (dashed red line) decays monoexponentially and cannot
capture phonon dynamics. Inset: An experimental spectrum (blue triangles) measured simultaneously is also well reproduced by the
polaron model (blue line) with the same parameters. The calculated spectrum is convolved with the spectrometer instrument response in
order to reproduce the observed ZPL width.
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Temp. dependence in resonance fluorescence



Polaron transformation

We perform a unitary polaron transformation to our Hamiltonian to 
identify a new perturbation term 

System now couples through raising and lowering operators to environmental 
displacements.

Following the same adiabatic, Markovian procedure in the polaron frame we 
obtain a generalised polaron mater equation
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This leads to a non-perturbative temperature and coupling strength 
dependent renormalisation of system driving
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Benchmarking – Landau-Zener

Spectral density – 
system-bath coupling strength 
weighted by bath density of states
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Work distributions
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Jarzynski fluctuation relation also 
reproduced, consistent with laws of 
stochastic thermodynamics
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Effects of renormalisation
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Peak positions incorrectly 
independent of coupling strength in 
weak-coupling theory

Polaron theory captures 
renormalisation of the energy gap, 
leading to peak shifts



Work average and variance

Polaron – solid lines
Weak-coupling – dashed lines

Weak-coupling theory tends to underestimate the average work done 
and its variance, except at very small couplings
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Summary and future work

Polaron transformation Adiabatic work probability distribution

Ongoing
- How do we probe these work distributions experimentally?
- Extension to non-adiabatic, periodically driven systems
- Shortcuts to adiabaticity
- Reaction coordinates and other non-perturbative theories

arXiv:2302.08395
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Aside: Heat

Heat can be characterised in a similar manner
• Consider projective energy measurements performed only on the 

(static) environment
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