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Section 1: 
Thinking about new opportunities based upon classical 

concepts



Random thoughts during my end of my PhD. 
1998 graphics here!



The 1st decision in Quantum Mechanics: 
The choice of representation

(x) = (k) = 

(x) = (k) = 



The 2nd decision for QM and spectroscopy:
frequency domain or time domain?

I()  C(t)
FFT



A new decision for the nature of material used in electronics: 
covalent and ordered perfection vs ionic and glassy disorder

https://www.pv-
magazine.com/2019/11/12/orderly-disorder-
cambridge-scientists-make-surprising-
perovskite-discovery/

(k) vs (x)!

I() vs C(t)!



The problem at hand: 
Resolving the excitonic structural dynamics of X & MX in electronic materials



A new problem arises in ionic, glassy, disordered materials:
Fluctuations and Correlations in Liquids & Glasses

Fluctuation-Dissipation 
and Onsager’s 

Regression Hypothesis!



Section 2: 
Building a Better Microscope, as it were

Don Eigler, IBM Almaden ~1994
Presently sailing a boat, it appears…



Approach 1: 
time-resolved photoluminescence (t-PL)



The solution: picosecond Streak Camera detectors

Simultaneous time and wavelength 
measurement

TCSPC + PL spectrum

Down to 3ps time resolution 13

Entrance slit



Approach 2: 
State-Resolved Pump/Probe  (SRPP) 

or Transient Absorption (TA) spectrosocpy



Moving to the femtosecond domain requires some 
thought about shutters and timing

Laser beam width 5 mm
Laser pulse duration desired 100 fs
Shutter speed required 5 mm / 100 fs 
= 5 x 10^10 m/s

Speed of light = 3 x 10^8 m/s
Speed of sound = 3.4 x 10^2 m/s



Thinking about moving to the femtosecond domain 
or how to make fs laser pulses by Fourier Transform principles 

aka Mode Locking
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Generic pump/probe or Transient Absorption 
Spectroscopy
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State-Resolved pump/probe spectroscopy
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Approach 3: 
Two-Dimensional Electronic (2DE) Spectroscopy



Why move from 1D to 2D spectroscopy?



The hows and whys of 2DE

Couplings 
Relaxation
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𝐸 : Excitation energy

𝐸 : Detection energy

𝑡 : Population time
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Thinking about the three types of signals in 
TA and 2DE spectroscopy



A more serious look requires a change of 
mindset from photons to fields
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Lineshapes in 2DE

Fast dephasing

𝐶 𝑡 = 𝛾𝛿(𝑡) 𝐶 𝑡 = 𝜎 𝐶 𝑡 = 𝜎 exp −
𝑡

𝜏

Static inhomogeneity Exponential decorrelation (« Kubo »)



Anatomy of our 2DE spectrometer implemented via 
non-classical optics
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Ti:Sapph CPA
800nm, 1kHz
130 fs

White light generation
Hollow core fiber (2.5m)

Dispersion management
GRISMs

Pulse generator
Dual AOPDF

Spectrometer
Sample



An overview of 2DE data as movies



Section 3:
New materials that interpolate between limits as a long-standing theme of 

investigation… From CdSe Quantum Dots to Metal Halide Perovskites



Introduction to semiconductor 
metal halide perovskites 
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• Perovskite: Material with A1+B2+X1-
3 

• Remarkable Solar PV efficiency 
- 25% vs. 26% in Si, 28% in GaAs

• Tunable chemistry at all three sites

B
X

A



2

Why study perovskites? Energy. 
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Why study perovskites? Liquid / Solid duality. Phonon glass / 
electron crystal. Structural dynamics
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Why study perovskites? Liquid / Solid duality. Phonon glass / 
electron crystal. Structural dynamics



Section 4:
Applying SRPP, 2DE, and t-PL spectroscopy to unravel 
exciton-lattice interactions in metal halide perovskite 

nanocrystals… Towards a Quantum Drop?
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State-Resolved Pump/Probe (SRPP) spectroscopy 
of CsPbBr3 P NC and CdSe QD NC

Breaking Phonon Bottlenecks 
through Efficient Auger Processes in 
Perovskite Nanocrystals
ACS nano 17 (4), 3913-3920

Polaronic quantum confinement in 
bulk perovskite crystals revealed by 
state-resolved pump/probe 
spectroscopy
Physical Review Research 3 (2), 
023147
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Optical bleach dynamics reveals remarkable behavior in P NC
• Cold exciton lineshape

dynamice reveal linewidth 
and peak energy trajectories

• Early time (fs) blueshifting 
and broadening. 

• Late time (ps) redshifting and 
narrowing

• CdSe is solid as a rock!
Breaking Phonon Bottlenecks 
through Efficient Auger Processes in 
Perovskite Nanocrystals
ACS nano 17 (4), 3913-3920

Polaronic quantum confinement in 
bulk perovskite crystals revealed by 
state-resolved pump/probe 
spectroscopy
Physical Review Research 3 (2), 
023147
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Dynamical confinement via polarons rationalizes the dynamics

Exciton-polaron coupling?
or 

Exciton solvation dynamics



With complex electronic structural dynamics… 
why not move from 1D to 2D spectroscopy?

Exciton–polaron interactions in metal halide 
perovskite nanocrystals revealed via two-
dimensional electronic spectroscopy
The Journal of Chemical Physics 159 (18), 
2023



Thinking about 2DE signals in the case of spectral diffusion and cooling

Spectral diffusion

Exciton relaxation / cooling

Diffusion and relaxation



2DE spectra of MHP NC reveals a previously unobserved doublet / 
splitting in 15 nm diameter CsPbI3 and CsPbBr3



2DE enables observation of hot exciton 
cooling



2DE enables energy resolved analysis to reveal 
cooling and exciton-polaron coupling



Anti-diagonal linewidth trajectories reveal 
liquid-like Brownian dynamics

Ratio I/BrCsPbBr3CsPbI3

𝑅= 1.2679.9126.9Atomic mass (amu)
1.25300375Spectral diffusion 

timescale (fs)

Exciton–polaron 
interactions in metal 
halide perovskite 
nanocrystals revealed 
via two-dimensional 
electronic spectroscopy
The Journal of Chemical 
Physics 159 (18), 2023



Deeper investigations into coherence and 
motivations for Coherence Mapping
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1. The system is excitonic with no coherent phonons but 
strong coupling to incoherent polarons

2. The polaronic motion like solvation results in fluctuations 
which dissipate energy and result from strong coupling 
between electrons and the ionic glassy lattice

3. But if there are excitons and they are fluctuating, is there 
coherence in their fluctuations? 



Motivations for Coherence Mapping

2



Evaluating coherence is not so simple

2



Quantum beats: electronic or vibronic?



Quantum beats: electronic or vibronic?a)
Fig 2



Quantum beats: electronic or vibronic?



Quantum beats: electronic or vibronic?



Quantum beats: electronic or vibronic?



Ultrafast Photoluminescence Spectroscopy Reveals the 
Excitonics of Light Emission from Metal Halide 

Perovskite Nanocrystals



Steady-state spectroscopic characterization of light 
emission in metal-halide perovskite nanocrystals.



a)

b)
c)

Improving from 100 ps to 3 ps time resolution enables 
observation of spectral dynamics 

and moving from kinetics to dynamics



Kinetics vs Dynamics? Words matter!



Nanocrystals and quantum dots have electronic structure due to 
excitons (X) and multiexcitons (MX), of which the biexciton (XX) is the 

simplest. 

Observing strongly confined multiexcitons in bulk-like CsPbBr3 nanocrystals
The Journal of Chemical Physics 158 (15)



The pump fluence dependence reveals the 
kinetics of MX populations. 

Observing strongly confined multiexcitons in bulk-like CsPbBr3 nanocrystals
The Journal of Chemical Physics 158 (15)



Spectrally and temporally resolving MX from X. 

Enhancing Multiexcitonic
Emission in Metal-Halide 
Perovskites by Quantum 
Confinement
ACS nano 17 (24), 24910-
24918



Observing hot exciton thermalization through 
ultrafast t-PL measurements. 

Hot Excitons Cool in Metal 
Halide Perovskite 
Nanocrystals as Fast as 
CdSe Nanocrystals
ACS nano 18 (1), 1054-1062



Spectral dynamics of PL linewidth and their temperature dependence 
reveals rich spectroscopy due to a complex cascade of processes. 

Light Emission from CsPbBr3 Metal Halide 
Perovskite Nanocrystals Arises from Dual Emitting 
States with Distinct Lattice Couplings
Nano Letters 23 (23), 11330-11336



The spectral dynamics of the linewidth trajectories arises from 
a delicate interplay of kinetics and thermodynamics. 

Light Emission from CsPbBr3 Metal 
Halide Perovskite Nanocrystals Arises 
from Dual Emitting States with Distinct 
Lattice Couplings
Nano Letters 23 (23), 11330-11336



Deconstructing PL into radiative and non-radiative recombination paths 
and the implications upon spatial delocalization. 

Excitonic Quantum Coherence in Light Emission from CsPbBr3 Metal-Halide Perovskite Nanocrystals
Nano Letters 24 (1), 61-66



The radiative and non-radiative rate constants for X and XX have 
temperature dependences that reveals insight into mechanisms. 

Excitonic Quantum Coherence in Light Emission from CsPbBr3 Metal-Halide Perovskite Nanocrystals
Nano Letters 24 (1), 61-66



AIMD theory (O Prezhdo, USC) 
reproduces experiment quantitatively

Excitonic Quantum Coherence in Light Emission from CsPbBr3 Metal-Halide Perovskite Nanocrystals
Nano Letters 24 (1), 61-66



Ultrafast measurements enable moving from 
measurements of kinetics to dynamics. 

Breaking the Condon Approximation for Light Emission 
from Metal Halide Perovskite Nanocrystals
The Journal of Physical Chemistry Letters 14 (50), 11281-
11285



Experimental observation of t-PL dynamics. 

Breaking the Condon Approximation for Light Emission 
from Metal Halide Perovskite Nanocrystals
The Journal of Physical Chemistry Letters 14 (50), 11281-
11285



AIMD (O Prezhdo, USC) reproduces experiment quantitatively by 
excitation induced structural dynamics

Breaking the Condon Approximation for Light Emission 
from Metal Halide Perovskite Nanocrystals
The Journal of Physical Chemistry Letters 14 (50), 11281-
11285



Summary
1. MHP NC are interesting and important materials with remarkable properties
2. 1D TA spectroscopy provides an initial glimpse into exciton-polaron coupling 

or solvation dynamics in glassy solids
3. 2DE spectroscopy directly reveals glassy lattice structural dynamics
4. 2DE spectroscopy reveals exciton-polaron coupling – the possibility of a new 

quasiparticle or a new state of matter a quantum drop?
5. 2DE spectroscopy on different sizes of NC reveals unexpected splittings. 

These splittings produce an excitonic coherence that is long lived
6. t-PL spectroscopy reveals excitonic spatial coherence at low temperature
7. t-PL spectroscopy reveals a breakdown of the Condon approximation due to 

strong structural dynamics in these glassy solids


