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ABSTRACT: Fully leveraging the remarkable properties of low-dimensional semiconductors 0.1ps 1ps 100p
requires developing a deep understanding of how their structure and disorder affect the flow of el W
electronic energy. Here, we study exciton transport in single crystals of the two-dimensional : @ )
superatomic semiconductor CsRe¢Segl;, which straddles a photophysically rich yet elusive [ [

coherent = incoherent

Imaging coherent
.and incoherent

intermediate electronic-coupling regime. Using femtosecond scattering microscopy to directly
image exciton transport in CsRe4Segl;, we reveal the rare coexistence of coherent and incoherent
exciton transport, leading to either persistent or transient electronic delocalization depending on
temperature. Notably, coherent excitons exhibit ballistic transport at speeds approaching an
extraordinary 1600 km/s over 300 fs. Such fast transport is mediated by J-aggregate-like
superradiance, owing to the anisotropic structure and long-range order of CsRe¢Segl;. Our results
establish superatomic crystals as ideal platforms for studying the intermediate electronic-coupling
regime in highly ordered environments, in this case displaying long-range electronic delocalization, ultrafast energy flow, and a
tunable dual transport regime.

tomically precise clusters' > are unique superatomic similar deduction can be reached by noting that the magnitude
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building blocks for designing semiconductors with diverse
electronic, magnetic, and chemical properties.4_9 These
superatoms can be synthetically and postsynthetically modified
to introduce desired functionality, and linked into ordered
networks, enabling control over the resulting collective
properties with exquisite precision.'’”'* The realization of
macroscopic single crystals of van der Waals (vdW)
superatomic semiconductors that can be exfoliated to the
two-dimensional (2D) limit provides an additional tuning
knob for controlling electronic transport and light—matter
interactions through dimensionality reduction,'*~" providing
a robust route to accelerate the development of new
optoelectronic technologies.

A key objective of research in low-dimensional materials is
to improve our understanding of the transport of excitons
(coulomb-bound electron—hole pairs). Exciton transport is
typically described in two limiting regimes: incoherent,
thermally activated hopping associated with spatially localized
(Frenkel-like) excitons, often observed in molecular semi-
conductors with weak electronic coupling or disorder-induced
localization,'®™*' and coherent, band-like transport associated
with delocalized (Wannier-like) excitons, typical of inorganic
semiconductors, wherein transport is described as ballistic
motion interrupted by scattering with phonons and impur-
ities.”*™*” Superatomic semiconductors display electronic and
structural features between those of molecular and inorganic
semiconductors,””® in a regime where the Bohr radii (~1-2
nm) and binding energies (~100 meV) of excitons are
intermediate between Frenkel and Wannier pictures.”” A
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of the exciton transfer integral is similar to site energy disorder
(Supporting Information Section 1), placing superatomic
crystals in the intermediate-coupling regime as defined in the
molecular exciton literature.”® This regime, often associated
with macroscopically disordered systems such as photo-
synthetic organisms and polymer networks,”* > has proven
a rich but still little-understood ground for complex exciton
photophysics. 2D superatomic semiconductors, which we
synthesize and exfoliate as macroscopic single-crystal flakes,
represent some of the best-controlled systems to study this
elusive electronic regime.

Here, we study exciton transport in CsRegSegl;, a 2D
superatomic semiconductor in which octahedral Re4Seg
clusters®** are connected through intercluster Re—Se linkages
along the a-axis and across Re—I—Re bridging ligands along
the c-axis, creating 2D sheets with strong in-plane anisotropy
(Figure 1a).” The sheets stack through vdW interactions along
the b-axis and can be exfoliated (Figure 1b, Supporting
Information Section 2). CsRegSegl; is structurally related to
RegSegCl,”" % which was recently found to exhibit super-
conductivity’® and record-breaking exciton mean free paths.’’
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Figure 1. Exciton transport in CsResSegl; at S K. (a) Crystal structure of CsRe,Segls. (b) Optical microscopy image of a 12.5 nm thick CsRe4Segl,
crystal (the height profile measured by atomic force microscopy is overlaid). The scale bar is S ym. (c) StroboSCAT microscope: The pump pulse
is focused on the sample. At controllable time delays after the pump, reflected and scattered light from a widefield probe pulse are imaged on a
camera or imaging spectrometer. More details are given in Supporting Information Section 2. (d) StroboSCAT time series at 5 K obtained with S15
nm pump and 730 nm probe. Each image is plotted on a normalized contrast scale. The scale bar is 1 ym. (e) Mean squared displacement (msd)
extracted from data in panel d. i, ii, and iii refer to the three transport regimes discussed in the text. The red line is from a numerical model
describing a ballistic-to-diffusive transition of the initially coherent exciton. The blue line is from a numerical model combining a fast, short-lived
species with a slow, long-lived species (see text for details). Error bars are one standard deviation. (f) Transient reflectance spectra obtained with
515 nm pump and probing with polarization perpendicular to the g-axis at 5 K.

The added complexity of asymmetric bonding in CsRe,Segl;
introduces strongly polarized light—matter interactions.” By
directly imaging exciton transport in CsResSegl;, we reveal
coherent, ballistic exciton transport within the first picosecond,
followed by antidiffusion and slower, thermally activated
transport. Temperature-dependent analysis of this transport
behavior and its anisotropy reveals that this exotic behavior
stems from a mixture of localized and coherently delocalized
excitons in CsResSegl;. Remarkably, long-range coherent
exciton transport is maintained up to 200 K, promoted by
the unique, rigid J-aggregate-like structure of CsRe4Segl,
suggesting a new design rule to drastically enhance electronic
energy flow in low-dimensional semiconductors.

To directly image exciton propagation in CsRegSegl;, we
leverage the few-nanometer spatial sensitivity and femtosecond
temporal resolution of stroboscopic scattering microscopy
(stroboSCAT, Figure lc and Supporting Information Section
2),"#*%* a nonlinear version of interferometric scattering
microscopy.”*' A ~100 fs, above-gap diffraction-limited
pump generates bound excitons. At controllable time delays,
a wide-field probe with a central wavelength of 730 nm, close
to the exciton resonance, images the sample with and without
the pump pulse in a backscattering geometry. The pump-
induced change in the reflected light intensity, AR/R, reports
on the spatiotemporal evolution of excitons. Figure 1d shows a
representative stroboSCAT data set on a 12.5 nm thick
CsRegSegl; flake (Figure 1b) taken at S K. The positive signal
due to photoinduced bleaching of the lowest-energy transition
represents the spatial distribution of the pump-induced exciton
population. Close to time-zero, an exciton distribution with a
Gaussian width of 6(0 ps) = 285 nm is obtained, close to the
expected time-zero profile of 242 nm according to the pump—
probe spatial cross-correlation (Figure S1). By 1 ps, this
distribution has expanded to (1 ps) = 786 nm, indicating a
rapid exciton migration away from the excitation spot. This
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expansion is followed by an unusual apparent contraction of
the spatial profile from 2 to 100 ps.

To quantitatively analyze exciton transport, we extract the
mean squared displacement msd = ¢*(t) — 6*(0), where ¢*(t)
is the variance of the spatial distribution extracted from the
average of a 2D Gaussian fit to each stroboSCAT image
(Supporting Information Section 3). The msd can be modeled
as msd = 2Dt% where D is the diffusivity. For normal (Fickian)
diffusion, we expect @ = 1. a = 2 is associated with ballistic
transport, and subdiffusive transport exhibits 0 < @ < 1 or more
complex behavior.”***~** Figure le displays the msd from 0
to 500 ps. Three distinct transport regimes are observed, which
we discuss below sequentially: (i) ultrafast ballistic expansion
over the first 300 fs; (ii) a short contraction period in the range
400—650 fs followed by normal diffusion up to 1 ps; and (iii)
apparent negative diffusion up to 500 ps.

In transport regime i, the population profile expands ~0.24
um? within 300 fs, corresponding to a migration length of 480
nm at an extraordinary velocity of 1600 km/s. The msd over
the first 300 fs is ballistic (@ = 2, Figure S2), suggesting
wavelike (coherent, scatter-free) expansion of the exciton
population. Even on subpicosecond time scales, the clear
observation of wavelike energy transport in ultrafast micros-
copy is rare. Related time-resolved observations of ballistic
transport thus far are typically in materials excited far-from-
equilibrium® and in polaritonic systems.***° In our results,
the msd depends weakly on pump energy and fluence, showing
ultrafast expansion even upon band-edge excitation (Figures S3
and $4), indicating that the observed transport is unlikely to be
affected by hot carrier effects,”' thermal gradients® or
phonon winds.”>** Furthermore, the results are reproducible
in a range of flake thicknesses (from 12 to 250 nm) and is thus
not related to self-hybridized polaritons.”>>> We therefore
deduce that ballistic transport in the first 300 fs is mediated by
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Figure 2. Exciton delocalization and anisotropy in CsRe4Segl;. (a) Evolution of population (N) profiles used to model negative effective diffusion.
The stroboSCAT signal combines contributions from slow-moving and long-lived excitons undergoing diffusive transport (red) and fast-moving
but short-lived excitons undergoing a ballistic-to-diffusive transition (blue). The sections labeled i, ii, and iii refer to the regimes discussed in the
text and labeled in Figure le. (b) Evolution of the coherent and incoherent exciton populations as a function of space and time. (c) Fit of the two-
state numerical model (solid line) to the exciton transport msd at S K. The line coloration indicates the relative population contribution of the fast-
moving state. Error bars are one standard deviation. (d) Anisotropy of the stroboSCAT signal at S K: normalized Gaussian variance plotted as a
function of angle from the g-axis. At early times, transport is enhanced along an angle ~70° from the g-axis. At later times, the population profile
preferentially expands apprommately parallel to the ag-axis. (e) Projection of the transition dipoles for the two lowest (black dashed) and third

lowest (blue) transitions.”

coherent delocalization of the exciton wave function, discussed
in more detail below.

In transport regime ii, the population profile slightly
contracts between 400 and 650 fs, followed by an expansion
recovery until 2 ps (Figure le). A short contraction period was
also observed for hot carriers in transition metal dichalcoge-
nides® and excitons in quantum wells.*”*® The latter case was
explained by a loss of coherence associated with the first
exciton—acoustic phonon scattering event. In line with this
interpretation, we model our data using a ballistic — diffusive
transition over an ensemble of photoexcitations (Supporting
Information Section 4). Our model closely reproduces the
experimental msd (red line in Figure le, detail in Figure S2).
The transition at ~300 fs can thus be assigned to a
phenomenological scattering or decoherence time of the
initially coherent exciton population.>”

In transport regime iii, the population appears to contract on
itself over 500 ps, indicating negative effective diffusion. This
intriguing effect has been observed and predicted in a variety of
systems including 2D materials®~°" and molecular crystals®”
and is explained by competing spatio-kinetic effects when
multiple photoexcited species are present. Transient reflec-
tance spectra of CsRegSegl; (Figure 1f), which displays a
dominant response due to photoinduced bleaching of the
lowest optical transition, support the notion that several
species or competing processes are present: three components
with subtly different spectral contributions and lifetimes of
~0.3, 11, and 440 ps are required to model the spectral
evolution via global analysis (Figure S5). Similar to recent
studies,’® we model the observed antidiffusion using numerical
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simulations of a population mixture combining two distinct
excitonic species (Figure 2a and Supporting Information
Section 4). One species corresponds to the coherent excitons
discussed above that are responsible for transport regimes i and
ii, which propagate rapidly and are short-lived (blue in Figure
2a). The second species is a slow-propagating, diffusive species
that is long-lived (red in Figure 2a). The model thus combines
two distinct populations that are excited by the pump pulse in
parallel and evolve independently from one another (Figures
2b). This model closely reproduces the overall msd extracted
from stroboSCAT (Figure 2c). Thus, the apparent anti-
diffusion of transport regime iii likely stems from the presence
of at least two species evolving independently over different
spatiotemporal scales, both contributing to the overall exciton
transport behavior in CsRegSegl;. We speculate that the two
species correspond to momentum-direct (bright) and
momentum-indirect (dark) excitons, as proposed in Handa
et al,’ though further work is needed to confirm these
assignments.

To understand the nature of the slow- and fast-moving
species, we now turn to distinguishing their behavior by
analyzing their degree of transport anisotropy and their
temperature dependence. Given the anisotropic bonding in
the ac plane of CsRe4Segl;, we expect corresponding
anisotropy in exciton transport. Close inspection of the
stroboSCAT data in Figure 1d reveals a subtle spatial
asymmetry during the fast expansion and slow contraction
stages. To quantitatively extract this anisotropy, Figure 2d plots
o (9 t) / ¢%(0,0)
(i) OO 0)
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Figure 3. Temperature dependence of exciton transport in CsRe,Segls. (a) Msd’s extracted from stroboSCAT data at temperatures spanning S to
290 K (Figure S7). Dashed lines are to guide the eye. Error bars are one standard deviation. (b) Cross section of stroboSCAT signal with 515 nm
excitation and 730 nm probe, measured at temperatures spanning S to 290 K. Contrast is normalized at each time delay to emphasize spatial
spreading over time. (c) Spacetime transient reflectance (STR) spectra at 1 ps pump—probe time delay, measured at temperatures spanning S to
290 K. Horizontal lines across panels b and ¢ emphasize that incoherent species (which remain around the pump excitation region at 0 ym) have
slightly different spectral signatures than fast-moving species (which propagate ~1 ym beyond the pump region within a picosecond). (d) Spectra
at 0 + 0.25 ym (labeled incoherent excitons) and at 1 + 0.25 ym (labeled coherent excitons, offset for clarity) from the pump excitation spot at 1
ps pump—probe time delay, measured at temperatures spanning 5 to 290 K. The stroboSCAT probe wavelength used for data in panel b is

indicated with the vertical gray lines in panels ¢ and d.

is the angle from the crystal a-axis and 6, is the angle along
which the smallest width is observed in the 2D Gaussian
distribution. During the period of fast expansion and negative
diftusion, i.e,, in the range 0—100 ps, the normalized Gaussian
variance is largest around € = 70°, suggesting that exciton
expansion of the short-lived species occurs primarily along this
direction. Between 200 and 1000 ps, the dominant axis
switches to € & 5° from the ag-axis and remains there until full
population decay. These results indicate that the fast, short-
lived excitons and the slow, long-lived excitons adopt different
preferential transport axes.

To relate the observed anisotropy to the electronic structure
of CsRe4Segl;, we compare our results against time-dependent
density function theory (TD-DFT) calculations reported in
Handa et al,” which were shown to accurately capture the
temperature-dependent polarized absorption and photolumi-
nescence properties of the material. Calculations show that the
transition dipoles for the two degenerate lowest-energy direct
transition are oriented at an angle of ~70° with respect to the
a-axis (black dashed arrows in Figure 2e), identical with the
experimentally inferred preferential transport direction of fast-
propagating excitons. The approximately head-to-tail arrange-
ment of these transition dipoles are reminiscent of J-
aggregates.”””**~%> Molecular J—aggregates are widely associ-
ated with microscopic superradiance,®”®” wherein the dipoles
at individual sites oscillate in-phase and constructively add to
form a delocalized state with large transition dipole moment
and short radiative lifetimes.”*”"* This delocalization corre-
spondingly gives rise to enhanced, coherent exciton trans-
port,”>~"" particularly in low-disorder systems. The aniso-
tropic, ultrafast exciton expansion we observe in the first
picosecond in CsRegSegl; is consistent with such J-type
coherent delocalization of the excitonic wave function.
Additional indicators reported in Figure S6 such as the
anisotropy of the oscillator strength and temperature-depend-
ent peak shifts are all consistent with our assignment of the
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lowest-energy direct transition to a J-aggregate-like state
exhibiting microscopic superradiance.”””%*~%°

At later times (¢ > 100 ps, Figure 2d), once the fast excitons
have decayed and only the slow species are left, we observe a
preferential transport axis aligned approximately along the a-
axis of CsRegSegl;. This orientation is consistent with the
calculated transition dipole orientation of the third-lowest
direct transition’ (blue arrows in Figure 2e). The apparent
slow-moving nature of these excitons at 5 K suggests that they
are fairly localized (Frenkel-like) incoherent excitons.

To support our assignment of coexisting coherent and
incoherent excitons in CsRe4Segl;, we perform temperature-
dependent stroboSCAT measurements. The msd’s at 5, 100,
200, and 290 K are shown in Figure 3a. Corresponding
stroboSCAT images from which msd’s are extracted are shown
in Figure S7, and population profile cross sections as a function
of time are shown in Figure 3b. The data exhibit dramatic
differences above 100 K compared to S K. First, the contrast in
Figure 3b changes from a positive signal at 5 K to a primarily
negative signal above 100 K. This change occurs because the
optical gap red-shifts at higher temperatures, and the
stroboSCAT probe wavelength switches from primarily
preresonant to above-gap (Figure S6). Second, Figure 3b
shows that the dominating dark contrast at a temperature
higher than 5 K maintains a relatively narrow spatial
distribution in the first 100 ps, suggesting this contrast is
associated with the slower-moving species. Nevertheless, at
100 and 200 K, the dark contrast is surrounded by a bright
“halo” at early times, suggesting that some excitons with a
slightly different optical resonance have rapidly expanded; we
explore this spectral dependence in more detail below. The
spatial width of the bright halo at 1 ps decreases slightly with
increasing temperature. We assign this bright contrast to the
same coherently expanding excitons as those observed at 5 K,
suggesting that some degree of exciton delocalization is

https://doi.org/10.1021/acs.jpclett.3c02286
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maintained even in the presence of dynamic disorder at
temperatures up to 200 K.

The msd’s for the slow excitons at 5, 100, and 200 K exhibit
increased diffusion lengths with increasing temperature (Figure
3a), characteristic of thermally activated (incoherent) trans-
port, supporting our hypothesis of a dual transport regime in
CsRegSegl;. Although subdiffusive fits (i.e,, msd = 2Dt* where
0 < @ < 1) cannot describe the observed msd (Figure S8), we
can estimate an effective diffusivity D4 = msd(7)/27 over 1 ns
of 2.5 cm?/s at 100 K and 3.65 cm?/s at 200 K, with even
higher diffusivities at early times (Figure S8). These
diftusivities are remarkably high for thermally activated exciton
transport, which is typically limited to much less than 1 cm?/
5./@182278 A plausible mechanism for the excellent transport
properties of incoherent excitons in CsResSegl; is transient
exciton delocalization, whereby weakly localized excitons
temporarily access delocalized states through thermal fluctua-
tions. This process enables Frenkel-type excitons in inter-
mediate-coupling systems to reach diffusivities exceeding 1
cm?/s.3379782 Energetic and long-range structural order are
both considered crucial prerequisites to enable such transient
delocalization.”” The extended crystalline framework, low
static disorder, and intermediate regime of excitons in
CsRegSegl; make the latter an ideal candidate to observe and
study this intriguing transport regime.

Surprisingly, stroboSCAT data at 290 K show an almost
completely static distribution (Figures 3a,b and S8): neither
coherent nor thermally activated transport is evident. This
observation is also likely to be consistent with transient
delocalization. The temperature dependence of exciton
transport in the transient delocalization regime remains
unstudied,”” but likely exhibits a nonmonotonous trend:
thermal fluctuations are required to access delocalized states,
but excess disorder at high temperatures may entirely prevent
delocalization, resulting in reduced diffusivities. In this
scenario, the temperature trend of exciton diffusivities would
exhibit a bell shape, similar to our observations.

As aforementioned, stroboSCAT data at 730 nm probe
wavelength exhibits both bright and dark contrast depending
on temperature, suggesting a switch from preresonant to
above-gap probing as the optical gap redshifts with increasing
temperature. To understand the effect of spectral shifts on
stroboSCAT, and to tease out the different spectral
contributions of the slow and fast species across different
temperatures, we performed Spacetime Transient Reflectance
(STR) microscopy (Supporting Information Section 2). STR
is analogous to performing stroboSCAT experiments at many
different probe wavelengths, albeit with lower signal-to-noise-
ratio. We recently introduced this method®” to enable directly
correlating the transport properties of different energy carriers
to their transient spectra. Figure 3c displays STR data from $§
to 290 K at a 1 ps pump—probe time delay; the y-axis is the
spatial coordinate (with the pump centered at 0 #m), and the
x-axis spectrally disperses the transient reflectance signal.
Simultaneous spatial and spectral resolution allows distinguish-
ing the coherent and incoherent species: At 1 ps pump—probe
delay, only the coherent excitons have migrated beyond the
diffraction-limited excitation region, whereas incoherent
excitons are stationary over this time scale. The spectral
weight and propagation distance of coherent excitons decrease
with increasing temperature, consistent with stroboSCAT data.
The horizontal lines stretching across Figure 3b,c emphasize
that the coherent excitons (propagating to the blue dashed line

in 1 ps) possess slightly different spectra compared with the
incoherent excitons near 0 um. This spectral dependence
explains the bright “halo” at elevated temperatures in Figure
3b; for example, at 100 K, the stroboSCAT probe (vertical
dashed line in Figure 3c) is preresonant with the coherent
species resulting in bright contrast (positive AR/R), but on-
resonance with the incoherent species resulting in dark
contrast (negative AR/R). Therefore, STR allows independent
tracking of the evolution of different species. These results
confirm that the temperature dependence of the msd’s in
Figure 3a are not due to stroboSCAT preferentially probing
different species due to spectral shifts; instead, the trend in
msd’s are driven by a progressive loss of coherent
delocalization and to radically different incoherent exciton
transport as temperature is raised.

Figure 3d extracts the transient spectra from STR at 1 ps of
the incoherent (stationary) vs coherent (moving) species by
plotting spectral line-cuts at 0 ym vs 1 ym away, respectively,
from the excitation spot. The coherent excitons exhibit a peak
~15-25 meV blueshifted from the incoherent excitons.
Assuming this spectral difference approximately translates to
an equivalent difference in the exciton state energies, we
speculate that localized, incoherent excitons can transiently
access the coherently delocalized state at temperatures >100 K
(~9 meV) through thermal fluctuations, enabling high average
diffusivities on long time scales. At 5 K (~0.4 meV), localized
excitons are not able to access the delocalized states;
incoherent and coherent excitons in this case evolve
independently, explaining the fast expansion at early times
followed by apparent negative diffusion, as discussed above.
Overall, these results provide a concrete framework to explain
both persistent (at S K) and transient (at 100—200 K) exciton
delocalization in CsRegSegl; and illustrate the power of
combining energy- and temperature-dependent spatiotempor-
ally resolved microscopy for disentangling the complex
transport dynamics of multicomponent excitonic systems.

Overall, we have observed the coexistence of coherent,
delocalized excitons exhibiting ballistic transport and incoher-
ent, localized excitons exhibiting thermally activated transport
in the 2D superatomic semiconductor CsReSegl;. The
coherent excitons, mediated by wave function delocalization
through J-aggregate-like microscopic superradiance, propagate
over half a micron ballistically (i.e., with no scattering losses) at
~1600 km/s at 5 K and survive up to at least 200 K. Although
coherent exciton delocalization in molecular J-aggregates has
been the subject of intense study for its potential to mediate
long-range energy transport, the direct observation of ballistic
exciton transport mediated by this process is, to our
knowledge, unprecedented. Furthermore, we demonstrate
that, although incoherent species in CsRegSegl; exhibit the
characteristic thermally activated transport properties of
localized excitons, their very high diffusivities exceeding 1
cm?/s suggest a novel transport regime such as transient
delocalization, likely facilitated by the inherent long-range
order and rigidity of our single-crystal superatomic framework.
Our study thus establishes 2D superatomic semiconductors as
an ideal platform to study the rich intermediate electronic-
coupling regime including complex transport dynamics
mediated by superradiance and transient delocalization. Future
material designs will seek to enhance coherent exciton
delocalization and energy transport through incorporation of
anisotropic superatoms in asymmetric bonding frameworks
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favoring one-dimensional head-to-tail alignment of transition
dipoles.
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