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ABSTRACT: One of the most recent developments at the forefront of nanotechnology is
the attempt to exploit quantum phenomena in nanometer scale materials, exploring novel
applications of quantum effects. An effective exploitation of quantum phenomena must
necessarily pass through a deep understanding of how to generate, manipulate, and
characterize coherent superposition of quantum states in the nanosystems. However,
despite the lively interest in this topic, the study of coherent effects in nanomaterials still
represents relatively unexplored territory. Here we report an investigation on the ultrafast
coherent dynamics of colloidal CdSe quantum dots (QDs) by the mean of two-
dimensional electronic spectroscopy (2DES). The time evolution of specific coherent
superpositions of fine structure levels in these nanomaterials is clearly demonstrated. The
obtained results represent an important step forward toward a deeper understanding of
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quantum properties of nanomaterials.

B INTRODUCTION

The capability of exploiting quantum coherent phenomena in
nanometer scale materials is at the forefront of the most recent
applications in quantum technology. The development of this
technology, however, is strongly dependent on a deep
understanding of how to generate, manipulate, and character-
ize a coherent superposition of quantum states in the
nanosystems." This is a particularly compelling subject,
because the investigation of quantum phenomena occurring
in matter at nanometer-length scales and femtosecond time
scales challenges the currently available state-of-the-art
experimental and theoretical methodologies. Therefore, it is
of crucial importance to start building a solid base of
knowledge about the quantum coherent dynamic behavior of
nanosystems.2

Among the wide wealth of nanomaterials considered so far
for quantum applications, semiconductor nanocrystals (quan-
tum dots, QDs) have become a widely trialed choice in recent
years” because of their exceptional electronic and optical
properties arising from quantum mechanical effects of spatial
confinement.” The technological exploitation of QDs is
nowadays an already mature field ranging from applications
in solar cells, to spintronics and photonics, nonlinear optics
and lasers.”™”

Extensive spectroscopic and theoretical investigations on
colloidal QDs, especially CdSe, resulted in a good under-
standing of the main properties of the electronic states and the
dynamic process in which they are involved. The simple

-4 ACS Publications  © 2019 American Chemical Society

particle-in-a-sphere (PS) model has been demonstrated to be a
very handy model for the interpretation of the optical
responses, able of capturing the major features of absorption
spectra, Coulombic coupling in multiexciton states, population
relaxation, and trapping dynamics.'® While this model justifies
the major features of the optical responses, recent ultrafast
coherent multidimensional experiments suggested that it needs
to be refined to account for more detailed properties. Ultrafast
spectroscopies indeed revealed a much more complex and
richer level structure, the “fine structure”,'’ particularly
relevant in the coherent dynamic response in the ultrafast
time regime.lz_14 The dense manifold of states arising in the
fine structure are predicted in the framework of the effective
mass approximation (EMA) where spin—orbit coupling (SO),
exchange interaction, and crystal field mix the PS states and lift
their degeneracy.'” The fine structure is often not directly
recognizable in the absorption spectra of colloidal QDs, and
even more advanced nonlinear techniques struggle to fully
decipher the nondegenerate fine structure states within
excitonic bands. For this reason, despite its significance, the
study of exciton fine structure in colloidal QDs has been
mainly hampered by experimental challenges. Also from the
theoretical point of view, despite the considerable amount of
efforts paid to obtain a thorough description of the fine
structure energy levels in QDs,"® several aspects remain still
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Figure 1. Computed fine level structure for CdSe nanocrystals of 3.3 nm (a) and 4.4 nm (b) diameter, based on EMA approximation supplemented
by SO, exchange interactions, and crystal field splittings, as in ref 13. Colored double arrows exemplify intramanifold (blue), interband 2S;,,—1S, ,
(yellow), interband 1S;/,—2S;/, (red), and intraband 1S;,,—1S,/, and 2S;/,,—2S,,, (green) energy gaps (see SI for more details). “F” is the
projection of the total momentum. An intra (inter)-band coherence is defined as a coherent superposition of fine structure levels lying on the same

(different) exciton bands.

unclear, such as the interplay between Coulomb and exchange
interactions, spin—orbit coupling, interband mixing and crystal
field splitting and their possible size dependence, as well as the
coupling to phonon modes.

In view of using QDs as candidates for quantum technology
devices, the time evolution of coherence superpositions of fine
structure levels lying on the same (intraband) or on different
(interband) exciton bands (Figure 1) are of fundamental
interest not only to understand the mechanisms of dephasing
but also to harness the quantum nature of the coherent
phenomena in devices. Toward this aim, in this work, we
studied the coherent dynamics of colloidal suspensions of
CdSe nanocrystals, looking in particular at the evolution of
coherent superpositions of fine structure states.

Although the first investigations on the ultrafast coherent
dynamics in semiconductors date back to the 1980s,"*™"® when
it comes to the detection of coherent dynamics, 2D electronic
spectroscopy (2DES) is one of the most mighty techniques.
Indeed, 2DES is capable of mapping the evolution of coherent
superposition of states at different coordinates in 2D
frequency—frequency correlation maps.'” Despite the note-
worthy recent advancements in data acquisition and analysis
techniques, the experimental reports about coherent super-
positions of different excitonic bands in QD samples remain
limited,"””°™** and the debate about their effective exper-
imental detection is still open.”* Here we made a step further
in the discussion, reporting clear evidence for coherent
electronic dynamics.

B METHODS

Sample Preparation and Characterization. The syn-
thesis of CdSe colloidal quantum dots (QDs) was carried out
by properly modifying a reported procedure.”>*® All solvents
were of the highest purity available and used as received; CdO
powder, trioctylphosphine oxide (TOPO; technical grade
90%), hexadecylamine (HDA, 90%), and oleic acid (90%).
CdSe QDs were synthesized under nitrogen flux by
decomposition at high temperature of CdO in the presence
of a mixture of ligands (TOPO, HDA, and OLEA). Typically,
CdO (0.127 g, 1 mmol) and 1 mL of OLEA were put at 90 °C
in a three-necked flask under vacuum to eliminate moisture
and then heated up to 260 °C under nitrogen to completely
decompose the CdO red powder into the Cd—oleate complex
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(pale yellow solution). The Cd—oleate mixture was then
cooled down to 85 °C and kept under nitrogen. TOPO (9 g,
23 mmol) and HDA (9 g, 37 mmol) were left at 110 °C under
vacuum for 1 h, cooled down to 85 °C, and transferred into the
Cd—oleate flask. The temperature was then increased up to
300 °C and 2 mL of TBP were injected at 280 °C, followed by
the Se precursor solution (0.394 g of Se, S mmol, dissolved in
4.5 mL of TBP) injection at 295 °C (injection temperature).
Soon after the injection, the temperature was brought down to
270 °C (growth temperature), and the flask was allowed to
stay at this temperature under stirring for the QDs growth. The
desired QD size was achieved by subsequent growth at 270 °C
for a variable reaction time. The reaction mixture was finally
cooled down to 100 °C and allowed to stay at this temperature
for 1 h for the annealing step. Then the QD sample was
purified from the unreacted reagents and side products by the
addition of methanol as nonsolvent and centrifugation. The
collected precipitate was redispersed in 4 mL of hexane.

In order to obtain stable CdSe QD dispersion in water, a
surface functionalization was carried out by using mercapto-
carboxylic acids. Such bifunctional organic acids enable the
partial exchange of the pristine TOPO/HDA/Olea ligands by
SH-moiety, which has a high affinity with the QD surface. The
carboxylic functional groups point outward toward the QD
surface, enabling their stable dispersion in water. Two
mercapto-carboxylic acids were used, namely, mercaptopro-
pionic acid (MPA, HS-(CH,),-COOH) and mercaptounde-
canoic acid (MUA, HS-(CH,),,-COOH), differing for the
length of the alkyl chain, being MPA ~ 0.68 nm and MUA ~
1.71 nm.””*® In a typical capping exchange process, 0.5 mL of
the as-synthesized QDs (nearly 107> M) were diluted 1:3 with
chloroform, and the new ligand MUA or MPA (10 mg/mL)
was added. The solution was stirred overnight. It became
turbid upon addition of a small amount of organic base
(TBAH). At this stage, the QD solution is collected by
centrifugation at 3000 rpm and dissolved in carbonate buffer.
Repeated centrifugation and dialysis are carried out to remove
the insoluble particles and the free ligand molecules,
respectively, from the solution.

2DES Measurements. 2DES measurements were con-
ducted with the setup described in ref 29. Briefly, the output of
an 800 nm, 3 kHz Ti:sapphire laser system (Coherent Libra) is
converted into a broad visible pulse in a noncollinear optical
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Figure 2. (a) Experimental (black) and simulated (blue) absorption spectra of CdSe QDs diameter 3.3 nm, capped with MUA and dispersed in
water (CS3.3-MUA). Normalized photoluminescence (PL) spectra (dotted lines) are also reported. The blue bars indicate the position and the
intensity of the calculated transitions, according to Figure 1, and the blue line is the convolution with a Gaussian (fwhm = 0.08 eV). The shaded red
areas depict the laser spectral profiles used for the excitation in 2DES experiments. (b) Transmission electron microscopy (TEM) micrograph
(scale bar 20 nm) and (c) size distribution (6% = 10%) of CS3.3-MUA. (d—f) Same as (a)—(c) for CdSe QDs diameter 4.4 nm, capped with

TOPO and dispersed in hexane (CS4.4-TOPO).

amplifier (Light Conversion TOPAS White). The spectrum
was tuned to cover the two main transitions appearing in the
absorption spectra of the QDs samples. The transform-limited
condition for the pulses at the sample position is achieved
through a prism compressor coupled with a Dazzler pulse
shaper for the fine adjustment. The pulse duration, optimized
through FROG measurements (Figure S2.1), is 9 fs for the
pulse in Figure 2a (CS3.3.-MUA and CS3.3-MPA) and 8 fs for
the pulse in Figure 2d (CS4.4-TOPO). The pulses energy at
the sample position is reduced to S nJ per pulse by a
broadband half-waveplate/polarizer system. The 2DES experi-
ment relies on the passively phase stabilized setup, where the
laser output is split into four identical phase-stable beams
(three exciting beams and a fourth beam further attenuated of
3 orders of magnitude and used as Local Oscillator, LO) in a
BOXCARS geometry using a suitably designed 2D grating.
Pairs of 4° CaF, wedges modulate time delays between pulses.
One wedge of each pair is mounted onto a translation stage
that regulates the thickness of the medium crossed by the
exciting beam and provides a temporal resolution of 0.07 fs.
Delay times t; (coherence time between first and second
exciting pulses), t, (population time between second and third
exciting pulses), and f; (rephasing time between the third
exciting pulses and the emitted signal) are defined. Rephasing
(R) and nonrephasing (N) spectra can be acquired suitably
changing the pulse sequence. The total (purely absorptive)

signal (T) is obtained by a sum of the R and N signals. The
outcome of the experiment is a 3D array of data describing the
evolution of 2D frequency—frequency correlation maps, where
the two frequencies ®w; and w; are obtained Fourier
transforming t, and t;, respectively, as a function of t,. For
the CS3.3-MUA and CS3.3-MPA samples, the 2DES spectra
were acquired for population times ranging from 0 to 800 fs in
5 fs increments. For the CS4.4-TOPO sample, we performed a
first scan with ¢, from 0 to 250 fs, with steps of 7.5 fs, to put the
attention on possible coherent and ultrafast dynamics; and a
second scan with t, from 0 to 2 ps with steps of 60 fs, to
explore the dynamics at longer times. For all the samples, each
experiment repeated at least four times to ensure reproduci-
bility.

Theoretical Simulations. The excitonic level structure is
parametrized as a function of the QD size using the PS model
and the effective mass approximation for the hole and the
electron and the spectroscopic data of ref 30 on the 1S;,—
283, transition. In order to obtain the fine structure levels, we
include the spin—orbit, exchange, and crystal field couplings, as
in ref 13. The values of the parameters for the exchange and
crystal field coupling are taken from ref 13 and are assumed to
be the same for the 1S and 2S bands. The value of the SO
coupling is set to be 220 meV, smaller than the bulk value (~
418 meV). Because of the small dot size, one expects a
decrease of the SO coupling compared to the bulk value. Band
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Figure 3. 2DES measurements on CS3.3-MUA suspended in water. (a, b) Examples of total (purely absorptive) 2DES maps at two selected values
of population time £, (more maps available in SI). Dashed lines indicate the position of the bright fine level structure states, as estimated in the
simulations, in agreement with Figure la. (c) Decay traces extracted at diagonal (17300, 17300 cm™) coordinates (circle) and at off-diagonal
(18300, 17300 cm™) coordinates (square). Black: experimental data; red: fitting trace obtained from the global fitting analysis. The inset shows a

zoom at early times of the decay trace at off-diagonal coordinates.

mixing®' could also play a role since the 1S, sn—1S, state is
known to be mixed with a D envelope function, but was not
included in this study. Additional details are reported in the
Supporting Information and Methods. The model is found to
be adequate to elucidate the role of the fine structure levels in
the fast oscillating electronic coherences (x50 fs period)
identified in 2DES spectra. As discussed below, the slower
coherent electronic oscillations (%150 fs period) that arise
from the fine structure levels will be coupled to the phonon
modes through nonadiabatic interactions. These nonadiabatic
interactions are not taken into account in the model since we
focus here on characterizing the fast, tens of fs, oscillating
electronic coherence. The electron—phonon coupling, which
arises from coupling between the electronic and the nuclear
motion, typically manifests itself on a longer ps time scale. It
can be described by atomic scale computations,””**~> which
uncover a much more complex and dense electronic and
phonon level structure. This was shown to lead to a complex
relaxation dynamics for the Cdj;Se;; whose different time
scales can be scaled to describe ps relaxation dynamics in larger
size Q_DS.ZZ’M’36

B RESULTS AND DISCUSSION

The main reasons that complicate the detection of coherent
dynamics in QDs samples are (i) the inhomogeneous
broadening, intrinsically affecting QDs samples and resulting
in a quick ensemble dephasing (“fake decoherence™”) and (i)
the contribution of the nonresonant response of the solvent
affecting the dynamics at short time delays (coherent artifact)
and contributing also at longer times through impulsive Raman
modes.””**** Guided by theoretical predictions and
supported by materials science techniques, these two hindering
effects have been overcome through a suitable choice of size
dimensions, ligands, and solvent.

First, different from previous 2DES investigations mainly
focused on QDs with diameters in the range 5—7 nm,”%*>%3
we considered here smaller dots (diameter 3.3 nm, labeled
CS3.3) with polydispersity around 10%. The splitting between
levels increases as the QD size decreases, thus exciton energy
gaps among fine structure states are wider and the emerging
bands of states are not overlapping like in bigger dots (see also
Figures S1.1—S1.3).*" In this way, the possibility to selectively
excite specific superpositions of states and follow their

coherent dynamics is easier and the fake decoherence effect
is mitigated.

Second, to avoid solvent interference, we modified the native
capping layer of CdSe QDs to be dispersible in water. Previous
2DES investigations on QDs suspensions have been performed
in organic solvents, toluene and chloroform
mainly,”****~*%** both characterized by a strong nonresonant
optical Kerr effect and by several Raman active modes that
hinder the weaker oscillatory features due to possible coherent
dynamics of the QDs. Water is instead the ideal solvent
because it has very low polarizability and no relevant Raman
modes below 1600 cm™. To stabilize water suspensions of
QDs, we functionalized them with mercaptoundecanoic acid
(MUA) or mercaptopropionic acid (MPA) that, because of the
presence of a carboxylic group, guarantee water solubility in a
basic environment.

For comparison, we also considered a bigger size QD sample
(diameter 4.4 nm) functionalized with the native trioctylphos-
phine oxide (TOPO) ligand and suspended in hexane.
Differently from other organic solvents, such as toluene or
chloroform, hexane has a nonlinear response weak enough not
to overcome the QDs’ signal.

Figure 2 reports the linear and morphological character-
ization of the two QD samples. In panels (a) and (d),
experimental and simulated linear absorption spectra are
compared, whereas panels (b, e) and (c, f) report the
morphological characterization and the size distributions,
respectively. The stick spectra shown in Figure 2a,d have
been obtained using the spherical particle model and the EMA,
supplemented by SO, exchange interactions, and crystal field
splittings as in ref 13, see SI for details. The simulated spectra
show that the main transitions in the investigated spectral
window involve states of the 1S;,,—1S,, 2S;,,—1S,, and 1S, ,—
1S, manifolds for the two sizes, with the spacing between the
1S3/, and 2S;,, manifold being larger for the smaller dot size
(Figure 2a, 3.3 nm). For this smaller dot size, the 25, , and the
P;/, manifolds clearly fall out of the laser bandwidth and do
not contribute to the coherences characterized in the 2DES
spectra reported below.

The ultrafast dynamics of the samples have been
characterized by 2DES in BOXCARS configuration using
exciting laser profiles also shown in Figure 2a,d. Details about

DOI: 10.1021/acs.jpcc.9b11153
J. Phys. Chem. C 2019, 123, 31286—31293


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11153/suppl_file/jp9b11153_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11153/suppl_file/jp9b11153_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11153/suppl_file/jp9b11153_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11153/suppl_file/jp9b11153_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b11153

The Journal of Physical Chemistry C

the experimental apparatus and measurement conditions can
be found in ref 29.

Figure 3a,b shows examples of pure absorptive maps at
selected values of population time t, obtained for CS3.3
samples capped with MUA and dispersed in water.
Qualitatively, the maps present the typical “square” pattern
(two diagonal peaks and two strong cross-peaks) already
observed in several previous 2D studies on different QD
samples.”******* In these previous works, according to the PS
model, diagonal peaks have been attributed to ground state
bleaching and stimulated emission of the 1S;,,—1S, and 2S;,,—
1S, transitions. These optical transitions share a common
ground state, and therefore, strong cross-peaks between the
main diagonal peaks are typically observed.”* Based on the
calculated exciton level scheme presented in Figure 1, we can
take a step further and recognize within the inhomogeneously
broadened peak also the broadening effect of the fine structure.

The evolution of the 2DES maps along ¢, has been analyzed
through recently proposed global data analysis method-
ologies.*”** The inspection of the nonoscillating population
dynamics highlighted kinetic decay constants in agreement
with previous studies on similar samples.*”*>** The 2DES
signal decay can be well fitted with three time constants: (i) an
ultrafast time constant of the order of tens of fs that can be
attributed to ultrafast processes such as hot carrier relaxation,
spectral diffusion and scattering phenomena; (ii) a second
component associated with interband relaxation and/or surface
related relaxation channel due to presence of thiol ligands; and
(iii) a long time component (>>1 ps) describing the overall
decay of the maps following relaxation processes happening in
time scales well beyond the investigated experimental time
window. All these dynamic processes have been already widely
documented in the literature.”™>**>*>*¢ Table $2.1 in the SI
summarizes the exact values of the time constants for the
samples considered in this work.

Much more interesting is the oscillating dynamics associated
with the evolution of coherent superposition of states. The
presence of a lively oscillating coherent dynamics is witnessed
by the representative decay traces extracted at relevant
coordinates and plotted in Figure 3c. In the decay traces at
the two positions reported, one clearly distinguishes
coherences with beating periods of the order of 150 fs and
faster ones of the order of 50 fs. The main components
contributing to the overall beating behavior of the whole 2D
maps can be initially checked looking at the Fourier spectrum
of coherences (FSC), obtained Fourier-transforming the 2DES
maps along t, after integration over the excitation and emission
frequencies. It is worth highlighting that only the main
components can survive to the integration along the two
frequency dimensions, and therefore, beatings arising from
artifacts appearing only at specific coordinates should be
averaged over.

In Figure 4a, we report the FCS obtained applying
Fourier transform only until ¢, = 250 fs to highlight the
contribution of quickly damped oscillations shown in the lower
trace in Figure 3c and in the inset. The figure also shows as
vertical bars all the possible values of energy gaps involving
superpositions of intramanifold (blue), interband (yellow and
red), and intraband (green) fine structure levels, obtained by
the simulations and defined as in Figure 1 and Figures S1.4 and
S1.5 in SI. The comparison with the experimental data reveals
a fairly good agreement with the calculated fine structure
levels.
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Figure 4. Beating analysis for the 2DES measurements on CS3.3-
MUA suspended in water. (a) Fourier spectrum of coherences (FSC)
obtained applying a Fourier Transform along ¢, until 250 fs and then
integrating along @, and w; frequency axes. Vertical bars highlight the
energy gap values estimated by the simulations, see also Figure S1.4 of
the SI. The transitions are color-coded as in Figure 1. (b) Amplitude
distribution map (absolute value CAS®°) obtained from the global
fitting of the rephasing signal relative to an oscillation with central
frequency 1120 cm ™" and damping time 21 fs. (c) Same as (b) for the
nonrephasing signal. (d) Time-frequency transform of the trace at
coordinates (18300, 17300) cm™" (labeled with a square in Figure
3a).

The first relevant component is at about 225 cm™'. This
component has a frequency compatible with the excitation of
the longitudinal optical (LO) phonon typical of CdSe

47,48 : .
nanocrystals, but also with the energy gaps corresponding
to coherences between the intramanifold 1S;,, and 2S;), fine
structure states (blue). The possibility of distinguishing
between the two contributions has been already explored,
and an approach based on the analysis of the tilt of the signal in
the corresponding Fourier map has been proposed.*” However,
the investigation of the amplitude distribution of this
component revealed a complex behavior and its dynamics,
characterized by a dephasing time of about 400 fs, does not
fully agree with the ps dynamics expected for a LO

22,36,50 r . .
phonon.”””>”" This suggests more complex interactions and
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a mixing of nuclear and electronic degrees of freedom, possibly
leading to the formation of stable polarons.””*" Several
theoretical and experimental investigations have already been
devoted to the investigation of the coupling between the
electronic and nuclear motion (see, for example, refs 22, 33,
36, 52, and 53). However, a thorough investigation of this
phenomenon would require measurements on a time window
possibly longer than the one explored in this work and will be
the object of future studies.

Additional higher frequency modes have been detected at
about 700, 1100, and 1900 cm™, all characterized by relatively
short dephasing times (<25 fs) and, also as a consequence of
the time-frequency resolution limit of the Fourier transform, by
relatively broad frequency distribution. These coherent sub-
100 fs oscillations are mainly detected at cross-peaks positions
in the rephasing data and at diagonal positions in the
nonrephasing spectra, as shown in the amplitude distribution
maps in Figure 4b,c. They correspond to interband 2S;,—
1S,/, (yellow) and 1S;,,—28S;,, (red) coherences, as well as to
intraband coherences involving the two spin orbit bands 1S5,
and 1S,,, (green).

A more direct way to visualize dephasing times of beating
modes is to perform a time-frequency transform analysis
(TFT), an approach that allows overcoming the limitations of
conventional methods based on Fourier transforms, maintain-
ing both frequency and time resolution. A TFT spectrum,
indeed, shows on the ordinate the frequencies of the
components contributing to the beating pattern at a specific
coordinate of the 2D map, like a conventional Fourier
spectrum, and on the abscissa their time evolution.””> In
Figure 4d, we report the results of such analysis applied to the
beating trace extracted at the below-diagonal cross-peak
coordinates of the rephasing spectra pinpointed by a square
in Figure 3.

Since at these frequencies we can easily exclude solvent
contributions and CdSe phonon modes, we assign these
oscillations to the evolution of coherent superpositions of
electronic states. The localization of these components at off-
diagonal (diagonal) coordinates in rephasing (nonrephasing)
signal, as well as their fast dephasing time support this
attribution.

To generalize our approach to the characterization of
electronic coherent beatings between fine structure states and
exclude artifacts due to a particular sample, we repeated the
measurements also on two additional samples. First, we
considered QDs with the same size (3.3 nm) but function-
alized with a shorter alkyl chain ligand, namely mercaptopro-
pionic acid (MPA), with the aim to check for possible
modifications in the photophysical behavior due to the
presence of charges in closer proximity of the nanocrystal
core. 2DES measures on CS3.3-MPA provided completely
comparable results as for CS3.3-MUA, and no relevant
difference could be detected between these samples (data
provided in SI), proving that the presence of charged groups
on the ligands is not affecting the ultrafast coherent dynamics
of the CdSe cores.

In addition, we also performed 2DES measures on the
CS4.4-TOPO sample in hexane, whose linear and morpho-
logical characterization is reported in Figure 2d—f. The
relevant features emerging from measurements on CS4.4-
TOPO sample are summarized in Figure S (for the computed
level scheme and transition frequencies, see Figure 1b and
Figure SL1.5). In this case, the peculiarities of the QDs
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Figure 5. 2DES measurements on CS4.4-TOPO suspended in
hexane. (a) Example of a total (purely absorptive) 2DES map at ¢, =
300 fs (more maps available in SI). Dashed lines pinpoint the position
of the fine level structure states as estimated by the simulations as in
Figure 1b. (b) Fourier spectrum of coherences. Vertical bars highlight
the energy gap values estimated by the simulations with the same
color code as in Figure 1, see also Figure SL.S. (c) Time-frequency
transform of the trace at coordinates (17150, 16100) cm™},
pinpointed with a square marker in panel (a).

underlined before are less appreciable both because the larger
size leads to a smaller spacing between the bands and because
of possible contributions of the organic solvent. Nevertheless,
coherent dynamics could still be revealed and the agreement
between the calculated energy gaps among fine structure states
and experimental pieces of evidence is good.

B CONCLUSIONS

In conclusion, in this work we have documented how it is
possible to identify and follow the time evolution of coherent
superpositions of electronic fine structure states optically
generated in colloidal samples of QDs. Differently from
previous works, a suitable choice of dots’ size and solvent,
complemented by optimized data analysis procedures and
theoretical predictions, allow to clearly identify several
overdamped beatings in the time evolution of 2DES signals,
despite the intrinsic inhomogeneity and size dispersion of the
colloidal samples.

The demonstration that coherent dynamics can emerge even
from a large inhomogeneous ensemble is a particularly relevant
issue in view of quantum technology applications and coherent
control. Indeed, while in this field, a lot of attention has been
devoted to the coherent optical manipulation of spins and
excitons in single QD systems,”® the ability to coherently
address larger ensembles is the key toward the applicability of
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QD-based algorithms. Large ensembles of QDs are intrinsically
characterized by inhomogeneity and size dispersion, which
translate into a distribution of transition energies. Despite that,
we have demonstrated that 2DES can be used to identify fine
structure energy levels and follow the evolution of their
superpositions. Even when the inhomogeneous broadening
inhibits the resolution of different transitions in linear
measurements, it is still possible to generate and characterize
coherent superposition of quantum states.

Moreover, the results collected on different samples confirm
that the investigated coherent properties exclusively depend on
the CdSe core and are not particularly sensitive to the capping
ligand or solvent.

The comparison of the experimental results with calculations
allowed not only justifying the presence of all the main
electronic beating components appearing in the time evolution
of the 2DES signal, but it also provides their specific
attribution to intra or interband coherences. In the frequency
range between 700 and 1200 cm™' for the dots’ sizes
considered in this work, interband coherences among the
2S3/,—1S;,, and the 1S;,,—2S;/, bands are identified. The
possibility of untangling intraband and interband coherences is
crucial information in the perspective of more systematic
exploitation of coherent QDs optical properties in quantum
logic devices.
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