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Abstract

A wide variety of photoinduced electronic coherences are shown to be robust with respect to
dephasing in ensembles of quasi-homodimers assembled with sub-nm ligands from colloidal 3
nm CdSe quantum dots (QDs) with controlled 9% size dispersion, both in solution and in solid-
state. Coherence periods ranging from 40 to 300 fs are consistently characterized by multi-
dimensional electronic spectroscopy in the Vis range in solution and solid-state samples. A
theoretical model that includes size dispersion, spin orbit coupling, and crystal field splitting
supports the assignment of electronic coherences. Further, this model provides a guide for
optimizing the coherences by tuning the interplay between dimer electronic delocalization,
optical activity and size dispersion. The experimental persistence of many QD electronic
coherences at the level of the size dispersed ensemble in the solid-state and in solution opens
the way for building versatile bottom-up materials well suited to quantum technology

applications.
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Interdot delocalization of the electronic wave function, as a function of mean diameter D and
size dispersion, in a quasi-homodimers of colloidal CdSe QDs. Ensembles of D = 3nm /9%
size dispersion QD’s exhibit a wide range of electronic coherences observable by multi-
dimensional electronic spectroscopy in solution and the solid state, providing versatile building

blocks for quantum technologies



1.Introduction
Monodispersed semi-conducting nanometric QD materials have been extensively studied since
the 1990s for their size-dependent, tunable electronic and optical properties.!!"*! They have
recently received renewed attention as versatile materials for quantum technologies and
quantum information processing.’!”l Coherent exciton and phonon dynamics were
characterized in isolated QDs by 2-dimensional electronic spectroscopy (2DES)!'#241 and

transient absorption[?>-2¢]

which opens the way for applications exploiting coherent
superpositions of quantum states as targeted in the second quantum revolution.

Colloidal QDs can be organized in larger structures. The ability to achieve narrow size
dispersion in colloidal synthesis enables the engineering of self-assembly in superlattices.[2”-3"]
Recently, efficient electronic delocalization has been realized in fused colloidal core-shell
CdSe/CdS QD dimers with a large size (> 6 nm diameter).!]

Electronically coupled dimers can also be assembled from small (< 3.5 nm in diameter) CdSe
colloidal QD’s with narrow size distributions and short ligands to favor interdot coupling.[3-33]
However, achieving high levels of monodispersity remains a challenge for such small colloidal
CdSe QDs. For such small diameters, intrinsic size dispersions of between 5 and 10% remain
unavoidable. At the level of the ensemble, this inherent size dispersion is the source of a
dispersion in the electronic properties of the isolated QDs, which in turn leads to

20, 23, 25, 34-35

inhomogeneous broadening.! I This inhomogeneous broadening dominates other

sources of dephasing in ensembles of small diameter (< 3.5 nm) QDs.[!336-37]
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Figure 1 a) Schematics of the solid-state sample of CdSe QD quasi-homodimers (see SI for
details on the assembly procedure) b) Influence of the mean QD diameter and of the size
dispersion on the electronic interdot coupling. Quasi-dimers shaded in blue and yellow are not
effectively electronically coupled while quasi-dimers shaded in green are effectively coupled.
c) A TEM image of a quasi-homodimer assembled from 3nm QD’s as used in the solid-state
and solution samples. d) Sequence of three fs laser pulses as used in 2DES. e) 2D frequency
maps obtained by 2DES. The time intervals T1 and T3 are Fourier transformed to w, and w;
respectively and plotted as a function of T, which allows probing the periods of the electronic
coherences between excited states. f) 3D Fourier maps. The time-interval T> is also Fourier
transformed to w,, which provides a frequency mapping of the periods of the electronic
coherences along T, see SI section S2 for details on the experimental set-up.

We report on 2DES measurements on quasi-homodimers of CdSe QDs, with a mean diameter
(D) of 3 nm and a size dispersion of 9%, assembled by short propanedithiol ligands as described
in ref. [32], both in liquid and in solid phase, Figure 1a, b, ¢ and Figure S1 for the histogram of
the size distribution. As in our previous studies, 337) the sub-nanometric, = 0.5 nm, surface to
surface distance combined with the strong confinement effects of the QDs’ small sizes, ensures

an effective delocalization of the wave functions over the two QDs in the dimers of the



ensemble. While, in our previous work, the QD dimers were obtained from the deposition of
the QD monomers in multilayer films,*! in the assembly procedure used here, the dimers are
first prepared in solution by partially functionalizing the QD with propanedithiol. The dimers
are then deposited layer by layer in thin films, as shown in Figure 1a, using a long alkyl chain
molecule, as 1,16-hexadecanedithiol as spacer between the layers. Thereby, the dimers
maintain a high degree of individuality in the solid-state samples that can be directly compared
to the solution ones, see section S1 of the SI for more details. The size dispersion, = 9%, of the
QD’s used to assemble the dimers studied here is almost twice that of the ensembles studied in
our previous work.’%37) Nevertheless, our 2DES measurements on solution and solid-state
samples show that the electronic coherences remain robust and can be consistently
characterized at the level of the ensemble at room temperature. The novel point is that, because
of the larger inhomogeneous broadening due to the larger size dispersion, it is not possible to
separately resolve individual coherences in traces along T> at specific addresses on the 2D
frequency maps, see Figure le. Instead, because of the inhomogeneous broadening due to size
dispersion, several coherences between excited states contribute at roughly the same position
on the frequency maps, as shown schematically in Figure 2b. We unambiguously characterize
this richer and more complex dynamical behavior of QD dimer electronic coherences in the
liquid and condensed phase using advanced tools of 2DES data analysis supported by theory
and modeling. We show that the size dispersion and the mean diameter, D, of the QD’s in the
dimers govern the spectrum of electronic coherences that can be reliably observed and

subsequently exploited in bottom-up quantum devices at room temperature.

2. Theoretical modeling of ensembles of quasi-homodimers of size dispersed CdSe

QDs
At the level of the ensemble, the size dispersion leads to a band structure of the exciton energies
of the isolated QDs, and controls the widths of the distribution of transition frequencies.[!> 38!
In strongly electronically coupled QD dimers assembled with short sub-nm ligands, resonances
or quasi-resonances between the excitons of the two constitutive QDs favor the electronic

[15.36-38] Ty the case of

coupling and the delocalization of the electronic states over the two dots.
heterodimers, resonances between two excitonic bands can be tuned by adjusting the D of the
two QDsl!3:33:3839 g0 as to ensure an effective electronic coupling. For dimers assembled with
QDs of the same D, the excitonic bands of each QD are degenerate, which leads intrinsically to

a larger number of delocalized dimer states.’6-371 These are quasi-homodimers because,



although the D of the QDs constituting each dimer in the ensemble is the same, their actual
size is slightly different. In such quasi-homodimers, the electronic delocalization remains
strong because it takes place between electronic wave functions of states of the same nodal
pattern on each dot, leading to an intrinsically stronger electronic coupling than in
heterodimers. In either case, the strong confinement effects occurring in small diameter (D
<3.5nm) QDs used to assemble the dimers are necessary for ensuring an efficient overlap
between the wave functions on each dot. Increasing size dispersion increases the widths in
energy of the bands of excitonic states on each dot, which has a detrimental effect on the
efficiency of the electronic coupling by taking the excitonic levels off resonance as shown
schematically in Figures 1c and 2a and Figures S2 and S7 of the SI. A size dispersion of < 5%
is required to engineer electronically coupled heterodimers!!> *3-*1 because of the weaker
electronic coupling. In quasi-homodimers as studied here, the excitons of the two QDs are
quasi-resonant, meaning that the electronic coupling is also weakened by size dispersion, albeit
to a lesser extent than in heterodimers. In quasi-homodimers moderate size dispersions can
actually have a positive effect, because the optical selection rules of fully dark and fully bright

dimer levels of exact homodimers are broken.
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Figure 2: Comparison of the electronic properties of an ensemble of 4000 dimers of QDs with
D=2.8 nm and a size dispersion of 5% with those of an ensemble of dimers assembled with
D=3.0 nm QDs and a size dispersion of 9%. a) Energy levels of the 1S dimer exciton bands
taking crystal field splitting and spin-orbit and interdot Coulomb coupling into account (see SI,
section 2, and Tables S1 and S2 for the list of transition energies and associated inhomogeneous
widths). Dark or low dipole strengths are drawn in dashes. The transition frequencies of the
three types of electronic coherences are marked in azure, p;, green, p;; and red, p;;; (this color
code is used throughout). b) Inhomogeneous regions in the (w;, w3) maps corresponding to the
three types of coherences. ¢) Emission dipole strengths of the three types of electronic



coherences (see also Figure S8 of the SI). d) Interdot delocalization parameter (M) of the
dimer states of the 1S and the 2S bands. (M) = 2 corresponds to the fully delocalized limit and
(M) = 1 to the fully localized one, see Figure S3 for the SI.

Unlike in exact homodimers, in quasi-homodimers, the dipole strength is redistributed over all
the dimer excitons by the electronic coupling. This makes a larger number of electronic
coherences available for quantum technology applications. For sub-nm interparticle distances,
there is therefore a range of D values and size dispersion that maximizes the number and variety
of electronic coherences that can be reliably measured. For CdSe QD dimers assembled with
propanedithiol ligands, our work shows that this range is between 5 to 10% size dispersion for
quasi-homodimers of QDs with D ranging between 2.5 and 3 nm. We contrast the properties
of quasi-homodimers for the two ends of this range in Figure 2. The mean level structures of
ensembles of 4000 QD dimers with different mean diameters, D and size dispersion are

15,37 "see SI section 2. An effective mass- K.p model is used to

computed as described in ref. [
describe the electronic states of the isolated dots and includes the spin-orbit and Coulomb
coupling and crystal field splitting. The interdot Coulombic electronic interactions between the
two QDs assembled with a 0.5 nm surface to surface distance lead to delocalized dimer states.
Figure 2a compares the mean level structure of two kinds of the dimers: the D=2.8nm/5% size
disorder dimers studied previously*®37! and the D = 3 nm/9% investigated here (results for an
additional size/dispersion ensemble 2.8nm/9% are shown in Figures S3, S7 and S8). The effect

of the larger size is to decrease the energies of the excited states and to a lesser extent the

transition frequencies between them and that of a higher size disorder to broaden the bands.

In 2DES, frequency maps are obtained by Fourier transform (FT) of the first T; time interval
in the pulse sequence, which leads to the abscissa w;. Similarly the ordinate, ws, is the FT

40-411 (see Figure 1d, e, f, and SI for details on the computations and additional Figures).

along T3l
The inhomogeneous broadening of the ground state (GS) to excited state transitions is about
twice as large as in the 3nm/9% sample, which results in larger and overlapping regions of
addresses corresponding to a given type of coherence in the 2DES (w;, w3) frequency maps
(Figure 2b). This means that for larger amounts of size disorder, several interdot electronic
coherences will beat along T> at the same (w;, w3) addresses on the maps, with lifetimes
determined by the inhomogeneous dephasing times due to size dispersion. The larger amount
of size dispersion does not quench the interdot coupling and the electronic interdot
delocalization (Figure 2d). Figure 2¢ shows that more disorder in the ensemble leads to a more

even distribution of the emission dipole strengths of the electronic coherences in the quasi-

homodimer, this is because more dispersion takes us further away from the limit of the exact
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dimer, with its fully bright and dark states. Increasing the size disorder while preserving

sufficient interdot delocalization makes a larger set of electronic coherences observable.

3.Probing electronic coherences by multi-dimensional electronic spectroscopy
We show that the interdot electronic dynamics in the ensemble of quasi-homo dimers of CdSe
QDs of controlled size dispersion can be reliably characterized experimentally in 2D and 3D-
ES, both in the liquid and solid-state phase.
To uncover the complex dynamics of the electronic coherences, we also Fourier transform the
dimer response along the second time interval T2, (Figure 11)[4?-44 in the 2D (w,w3) frequency
maps. We then plot the localization of a given frequency, w,, in Fourier maps of the (w,w3)
plane. This Fourier analysis localizes the addresses in the (w;,w3) plane where particular
frequencies beat along T2.[*!: 43471 A given electronic coherence actually beats in a region of
addresses, not merely at a single point. This is because of the inhomogeneous broadening of
the GS to excited state transitions caused by the size dispersion of the QDs (Figure 2b).
Figure 3 compares computed Fourier maps to experimentally measured maps of the liquid and
solid phase samples. The computed maps are obtained by first computing the polarization of
the ensemble in the time domain!!'! for a sequence of three phase modulated pulses!*®! as a
function of the three time intervals between the pulses. The polarization is then Fourier
transformed along the phase modulations leading to the response in the different phase
matching direction, and along the time intervals, T1, T2 and T3, to obtain the Fourier maps. The
Liouvillian used for the time propagation of the ensemble density matrix explicitly includes
the dipolar coupling to pulses and the size dispersion of the QDs used to assemble the

dimers.!'>! Details about the computations of the maps are given in section S2 of the SI.

The periods of the three types of interdot electronic coherences fall in different ranges, see
Tables S1 and S2 for a list of the computed transition energies and inhomogeneous widths of
the electronic coherences. p; (t) (azure in Figure 2a) are electronic interdot coherences between
fine structure (FS) dimer states of the same excitonic band, which are characterized by long
periods in the 240-280 fs range (140 to 120 cm!) and long dephasing times. The p; periods are
longer than that of the longitudinal optical phonons (= 150 fs, 220 cm™) but shorter than that
of the acoustic ones (20 cm™)*’1. The periods of the p,;; (red, Figure 2a) and p;; (green, Figure
2a) interdot coherences are governed by the interplay between the spin-orbit coupling splitting

between the 1S% /1, and 155/2 bands, the interdot coupling strength and the spreading of the



bands due to the 9% disorder. The p;;; (red) type are interdot electronic coherences between
the higher energy states of the 15 /, band and the low ones of 155/2 and have periods =70 fs
(480 cm™). p; electronic coherences are intense for the 3 nm/9 % disorder dots studied here
because of the more even emission dipole redistribution (Figure 2¢). The p;; (green) higher
transition frequencies (= 850 cm!), shorter period (40 fs), interdot electronic coherences take
place between the low and the high energy states of the 1S§/2 band. Even faster beating
electronic coherences between states in the 1S§/2 and 1Sf/2 bands can be observed in the
calculated results. However, their characterization in the measured data is less robust as the
15/, band falls on the blue edge of the laser pulse bandwidth. See SI section 2 for

computational details and additional figures.

Figures 3 a, b, and ¢ show the computed Fourier maps for the frequency, w,, associated with
each type of coherences, p;, pi;, and p;; respectively. The maximum intensities appear at
specific addresses, (wo;, ), that are defined by the transition frequencies of the GS to the
two excited states, i and j, involved in the coherence p;;(t), as in conventional 2D frequency
maps. Due to the inhomogeneous broadening of the wy; and w,; transitions, there is actually a
region of addresses on the map where a specific coherence is expected to contribute. These are
marked on Figures 3a, b, ¢ with red ellipsoids, (see Table S2 for the values of the
inhomogeneous broadening) and because of the 9% disorder, they overlap. For this reason, the
most intense coherence, p;;; (Figure 3b), appears as a background in Figure 3a and 3c. These
background features cannot be resolved in the experimental maps because of extra sources of

inhomogeneous broadening due to environment effects.
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Figure 3: Top row (panels a, b, ¢): Computed Fourier maps in the (w,,w3) plane at three values
of w, corresponding to the three types of dimer electronic coherences identified in Figure 2a.
Middle row (panels d, e, f): Corresponding experimental maps for the solid-state (d) and the
solution (e, f) samples. Bottom row (panels g, h, 1): FTs along T> at the addresses marked by
triangles on the computed and experimental maps. The red ellipsoids on the top row indicate
the extension of inhomogeneous broadening of the transitions from GS to the excited states
involved in p; (a), py; (b) and py; ().

The Fourier map plotted in Figure 3a characterizes the type I coherence p;. These are interdot
coherences between delocalized FS dimer states within the lowest band, 15% /5 (see Figure 2a).

The position of the most intense beating of the p; coherence is marked as a triangle. The excited

states involved in this coherence are efficiently delocalized over the two QDs (Figure 2d). The
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small transition energy of 120 cm™! results in a long period of 280 fs, in a frequency range
distinct from the phonon frequency of = 220 cm!. There is a very good agreement between
overall patterns of the coherence in the computed (Figure 3a) and solid-state maps (Figure 3d).
The background pattern, seen in the computed map (Figure 3a), comes from the patterns of the
P coherences shown in Figure 3b, which is the most intense coherence. Figure 3g shows the
excellent agreement between the computed and solid-state FTs of traces at the addresses shown
by the triangles in Figure 3a and d. Note that at this address, the beating of the phonon
(frequency = 220 cm!) appears as a small shoulder on the measured 120 ¢cm™ peak. The
presence of a background due to the overlap with other coherences leads to the less intense
peaks of Figure 3g, the frequencies of which correspond to the other types of coherences that
also contribute at these positions. While not being the most intense, the p; type interdot
coherences have the longest inhomogeneous dephasing times (750 fs). This means that their
beatings appear distinctly at longer times in calculated and solid-state sample traces along T»,
as shown in Figure 4a, computed at addresses close to the triangles on Figures 3a and d. The
p; long period coherences are effectively decoupled from the environment in the solid-state
phase sample. The FT of the traces along T> computed for the solution sample is compared
with the solid-state and calculated ones in Figure S13. In the solution sample, the optical
phonon frequency is dominant and the p; frequency is less intense. The p; low frequency also
appears as a shoulder in the FT of the trace of the solution sample taken at the address of the
pi coherence (Figure 31), see below.

The Fourier maps of the p;;; electronic coherences are shown in Figures 3b and 3e. These
coherences have shorter periods than the p; type, in the range of 70 fs (transition energies
~480 cm™). p;;; coherences are clearly identified in the liquid phase (Figure 3¢) and solid-state
samples. The region of the most intense p;;; coherence beating is marked in Figures 3b and 3f
with triangles. The FTs of the computed and experimental solution traces along T> at the
address of the triangles are compared in Figure 31, with excellent agreement. There is also an
excellent agreement with the FT of the solid-state sample shown in Figure S14. The peak at
low frequency (= 220 cm™) on the experimental FT plot for the solution corresponds to the

optical phonon mode, which is not included in the computations.

12
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Figure 4: Comparison between the computed and measured traces extracted at coordinates
close to triangles in figures 3b and e a)(18566cm™t, 18324 c¢m™1) and (18203 cm™1,
17573 cm™1), b) (19163 cm™1, 18808 cm™Yand (17905 cm™1, 17018 cm™1). One clearly sees
the effect of the dephasing times of the three types of coherence (marked with azure, red and
green arrows) whose characteristic regions of addresses overlap because of size dispersion.

Figures 3c, f and 1 characterize the p;; interdot coherences. These coherences have shorter
periods of = 40 fs (850 cm™) with inhomogeneous dephasing times of approximately 275 fs.
This dephasing time is between those of the p; coherences, = 750 fs, and the p;;; coherences,
~ 115 fs. Figures 3¢ and 3f show the computed and experimental solution maps, respectively.
The most intense beating of p;; occurs at the same position on both maps, marked with
triangles. There is an excellent agreement between the patterns of the computed and measured
maps which is confirmed by the FT transforms of the traces along T at these points, compared
in Figure 3i. At this address, the p;; coherence dominates the signal in the FT. In Figure 31,
satellite peaks are also distinguishable at slightly lower and higher frequencies. These

correspond to other coherences between states of the 155/, band. The FT of the solid-state

sample is also in excellent agreement as shown in Figure S15. Note that on Figure 3i, the low
frequency of the p; coherence appears as a shoulder in the FT of both the computed and the

experimental solution signals. In the solution signal, one also sees the optical phonon

13



frequency. The low p; frequency also appears very clearly in the FT of the solid sample shown
in Figure S15. This is a consequence of the overlap of the regions specific of each type of
coherences due to inhomogeneous broadening.

The fact that several coherences can beat at the same address in the (w;,w3) plane is
emphasized in Figure 4, which compares T traces of the computed and measured samples at
specific frequency addresses. The beating periods of all three coherence types can be clearly
distinguished in the traces on Figure 4a taken at addresses in the vicinity of the triangles in
Figures 3a and 3d. Figure 4a unambiguously confirms that the p;, p;; and p;;; coherences beat
in the measured solid-state trace with distinctive periods of 280 fs, 40 fs and 70 fs respectively.
Figure 4b compares traces in the (w;,w3) plane in the vicinity of the triangles in Figures 2b
and 2e for the solution sample. The 70 fs period of the p;;; coherence appears very clearly in
the calculated and measured solution traces at short times, but is replaced at longer times by
the 40 fs period of the p;;. This behavior is due to the relative values of the dephasing times of
prr and py;. In general, the comparison between the calculated and measured traces in solution
and in the solid-state is excellent, which confirms that the individuality of the dimers is well

preserved in the multilayered thin films.

4 Conclusions

We have shown that it is possible to reliably characterize interdot electronic coherences
measured by 2DES in ensembles of CdSe QD quasi-homodimers, assembled from small 3nm
QDs with 9% size disorder, in the liquid and solid phase. Provided that effective interdot
electronic delocalization is ensured by using small (< 3.5 nm) sizes and that the dimers are
assembled at sub-nm distance, higher amounts of disorder have the beneficial effect of breaking
the optical selection rules and leading to a wider range and larger number of observable
electronic coherences. In the 3nm/9% ensemble of quasi-homodimers, more than one type of
interdot electronic coherence will beat at specific addresses on the 2D frequency maps leading
to richer and more complex electronic coherence dynamics. These disorder controlled features

open up new prospects for exploitation in quantum technologies.
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