
Nanoscale

PAPER

Cite this: Nanoscale, 2024, 16, 13516

Received 10th May 2024,
Accepted 26th June 2024

DOI: 10.1039/d4nr02032d

rsc.li/nanoscale

Size onset of metallic behavior in neutral
aluminum clusters†

Chase H. Rotteger, ‡a,b Carter K. Jarman, ‡a,b Shaun F. Sutton a,b and
Scott G. Sayres *a,b

The excited state lifetimes of neutral (Al)n clusters up to ∼1 nm in diameter in size, where n ≤ 43, are sys-

tematically measured with femtosecond time-resolved mass spectrometry. The onset of metallic behavior

is identified as a distinct change in the relaxation behavior initiated with single ultraviolet (400 nm) photon

excitation. The experimentally measured excited state lifetimes gradually decrease with size for small

molecular scale clusters (n < 10) before becoming indistinguishable for larger clusters (n > 9), where the

measurements are comparable to electron–lattice relaxation time of bulk Al (∼300 fs). Particularly

intense, or magic, Aln clusters do not exhibit any significant excited state lifetime behavior. Time-depen-

dent density functional theory quantify the excited state properties and are presented to show that

dynamics are strongly tied to the excited state charge carrier distributions and overlap, rather than

detailed changes related to changes in the cluster’s electronic and geometric structure. The consistency

in excited state lifetimes for clusters larger than n = 9 is attributed to the hybridization of the s- and

p-orbitals as well as increasing delocalization. Al3 exhibits unique temporal delay in its transient behavior

that is attributed to a transition from triangular ground state to linear structure upon excitation.

1. Introduction

Al is the third most abundant element in the Earth’s crust
(∼8%) making it an economical metal for use in many indus-
tries. When refined, it exhibits several useful properties,
including non-magneticity and high conductivity, making it a
critical material for use in electronic applications.1 It rapidly
forms a corrosion resistant oxide layer, making it a staple
material utilized in aerospace, microelectronics,2 semi-
conductor,3 metallurgical, anticorrosion,4 and packaging
industries. Al is utilized as a back surface in photovoltaic cells,
improving efficiency due to carrier recombination hindrance.5

Al is also utilized in modern optics as soft XUV transmission
filters for blocking vis/IR light.6 Its low weight density makes
its energy density higher than most organic compounds. Its
high affinity for oxygen also enables it to be utilized as a

nanoenergetic material for propulsion, pyrotechnics, and
explosives.7,8

Bulk Al is considered a free electron metal, enabling the
excess energy from optically produced excited states to initially
relax on the sub-100 fs timescale due to strong electron–elec-
tron scattering. The electron thermalization time in Al is faster
than in other metals, measured on the few fs timescale (11 fs
with 800 nm excitation).9 The conversion to nuclear motion
(e-phonon) occurs roughly an order of magnitude slower (with
a lattice response of ∼300 fs).6,10

Scientific interest in the electronic properties of Al has only
increased in recent years with the discovery of plasmon reso-
nances in the ultraviolet region arising at the nanoscale,11,12

which may be employed for nanophotonics, photocatalysis,
and optoelectronic applications involving wide bandgap semi-
conductors. Al has a negative dielectric constant at UV wave-
lengths and a minimal loss coefficient, as opposed to the more
established noble metal plasmon nanoparticles, which lose
metallic character in the UV due to interband absorbance.13

Nanometer sized Al particles support plasmon resonances that
are tunable over the UV-vis-NIR range by adjusting their
size.14,15 Nanostructures as small as 2.2 nm diameter have
been synthesized16 and the onset of plasmonic activity is
suggested to be between 3 and 4 nm.16 Phonon–phonon coup-
ling is on the longer ps timescale.17 Al lacks d-band electrons,
making the interband transitions greater than the Fermi
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energy of the metal, enabling plasmon resonances spanning
the UV spectrum.

To maximize activity, a modern frontier of material science
is aimed at creating ever-decreasing sizes of materials, which
drives new demands to understand the electronic properties
down to the molecular (cluster) scale. The structures and pro-
perties of small Aln clusters have been the subject of many
theoretical investigations18–22 and demonstrate its spec-
troscopy and reactivity are enriched by the potentially multi-
valent character of the bonding which involves both 3p and 3s
atomic character. Therefore, the stable clusters identified
through mass spectrometry generally do not align with the
well-known jellium model.23 Molecular scale properties
deviate from the bulk, and adjustment on the atomic level can
drastically affect geometric structure, chemical properties, or
electronic capabilities. Clusters provide opportunities for the
production of new materials that possess properties different
from the bulk.

Understanding the size transition between insulator and
metallic character for Al clusters is of long-standing interest,24

and particularly valuable to the semiconductor industry.
However, it is not possible to apply standard measurements of
metallic behavior, such as their reflectivity or conductivity, in
clusters containing only a few atoms so alternative approaches
are required. The transition between semiconducting and
metallic behavior has been attributed, using photoelectron
spectroscopy (PES), to the cluster size in which hybridization
between the s- and p-orbitals occurs in various metal clusters,
including Mgn,

25 Hgn,
26 and Aln.

27 Another physical property
measurement that distinguishes between bulk and metallic
and non-metallic properties is identified as different relaxation
behavior in optically excited states.28–30 A strong interaction
between delocalized electrons in metallic systems enables
Auger-like electron–electron scattering on the fs timescale. In
contrast, the lower density of states and weaker coupling
between electronic states is characteristic of semiconductors
and results in slower relaxation. However, molecular sized
clusters may contain either discrete electronic energy levels
which extend excited state relaxation mechanisms or contain a
high density of states and present metallic behavior. Thus,
sub-nanometer clusters have been measured to exhibit both
metallic and semiconducting properties, and even transition
between the two extrema with atomic precision.31–37

Although the measurement of a physical property of a
single cluster size is not always particularly valuable, a wealth
of information is obtained by observing changes in behavior
as the clusters grow in size. Here, we present a method for
identifying the onset of metallic behavior in metal clusters by
systematically measuring the excited state lifetimes of small
neutral (Al)n clusters as the they grow through a distinct
change in their excited state relaxation behavior. We show that
the excited state lifetimes are similar for n > 9, suggesting the
onset of metallic behavior, in agreement with previous
measurements of s/p hybridization,27 as well as exhibiting
relaxation lifetimes similar to bulk scale measurements.11,12 A
transition in excited state charge carrier distributions for the

clusters is found to correlate with the metallicity noted from
the relaxation dynamics.

2. Methods
2.1. Cluster production and detection

Al clusters were produced using laser vaporization in a high
vacuum chamber. The neutral clusters were skimmed and
measured using a previously described Wiley–McLaren type
time-of-flight mass spectrometer (TOF-MS) coupled to a femto-
second laser source which ionizes the clusters for detection by
a microchannel plate (MCP) detector.38,39 Briefly, a translating
Al rod is exposed to the second harmonic (532 nm) of a pulsed
Nd:YAG laser for ablation. A synchronized pulse of 120 psi He
gas is introduced for supersonic expansion. The resultant
plasma plume is confined within a 1 × 60 mm collision cell to
aid in the formation of clusters. This approach of laser vapori-
zation efficiently produces cationic, anionic, and neutral clus-
ters simultaneously. The clusters traverse a charged (−500 V)
2 mm diameter skimmer, which deflects the ionic clusters and
allows only the neutral species to enter the femtosecond laser
interaction region of the mass spectrometer. Neutral clusters
are ionized by a well-defined sequence of femtosecond laser
pulses and accelerated toward the detector by a 4.2 kV electro-
static field. With the skimmer charged, no ion signal is
recorded without the presence of the femtosecond ionizing
laser. In contrast, the cation distribution produced directly
from the laser ablation can be measured by grounding the
skimmer and pulsing the grids associated with the extraction
region of the mass spectrometer at the appropriate time delay.
An Einzel lens focuses the cluster beam as they traverse the
105 cm field-free region and separate in time based on their
mass/charge ratio. A vacuum pressure of 5 × 10−7 Torr is main-
tained at the detector by three turbo pumps during the experi-
ment. Laser pulses, gas pulses, and TOF discharges are syn-
chronized using pulse generators.

2.2. Pump–probe spectroscopy

Excited state dynamics are detected with pump–probe spec-
troscopy. By sending the principal beam (800 nm) through a
frequency doubling crystal, the second harmonic (400 nm) is
generated. These two beams are spatially separated using a
dichroic mirror, and the 800 nm beam traverses a programma-
ble optical delay stage which varies the pulse in time with
respect to the 400 nm beam. A single 400 nm photon (3.1 eV)
“pumps” or excites the clusters to an intermediate excited
state, and the 800 nm beam (1.55 eV) “probes” or ionizes the
clusters for detection. The optical delay stage is translated in
50 fs increments from −600 fs to +4 ps and an average of 1000
laser shots are recorded for each mass spectrum. The spatially
combined 400 nm and 800 nm beams are focused with a
50 cm focal lens to laser intensities of 1.4 × 1014 W cm−2 and
5.6 × 1014 W cm−2, respectively. Individual laser intensities are
kept to a minimum to reduce the possibility of ionization from
either individual beam and promote signal enhancement
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through beam synergy. A pulse width of 35 fs for the principal
beam was determined by auto correlation. By scanning the
intensities of mass spectra at differing time delays between the
two laser pulses, the excited state lifetimes are determined.
The intensity of the clusters in the mass spectrum at each time
delay is related to the population remaining in the excited
state. The transient signal is fit with a combination of a
Gaussian function and an exponential decay function convo-
luted with a Gaussian instrumental response function. The
fitting coefficients are extracted to represent the excited state
lifetime (τ) and presented in Table S1.† No signal was recorded
if the 800 nm beam served as the pump pulse (negative time
delays).

2.3. Computational methods

Previously calculated structures from published literature
sources18,19,21,40 were employed as starting structures for our
calculations on neutral Aln clusters. The lowest energy struc-
ture for each Aln cluster is optimized at the density functional
theory (DFT) level using CAM-B3LYP41 and the 6-311++G(3d2f,
3p2d) basis set within the Gaussian software suite. The long-
range correction of CAM-B3LYP has proven essential to calcu-
lating the absorption spectra of pure metal clusters.42 The
lowest energy clusters adopt a low spin state, except for n = 2–4
(Fig. 5), in general agreement with previous studies.21 There is
experimental evidence that small clusters containing an even
number of atoms have magnetic moments suggesting spin tri-
plets, while clusters larger than n = 10 are low spin.43 Small
clusters are planar, transitioning to 3D structures at n = 6, and
contain a central atom at n = 13. The vertical IPs are deter-
mined as the difference in energy between the neutral and
cation electron configurations at identical (ground state) struc-
ture. The calculated IPs are in excellent agreement with pre-
vious calculations,21 and experimental measurements.44–46

Time dependent (TD)-DFT calculations are performed to
gain insight into the excited states for each cluster and inter-
pret the role of the electron–hole interactions upon photo-
excitation. The excited state selected for analysis contained the
highest oscillator strength at the pump photon energy (3.1 eV).
Several topological descriptors are calculated to quantify the
spatial properties of the charge carriers, including the d (dis-
tance between centroid of the electron and hole densities), σ
(root-mean-squared-deviation of the electron and the hole), Λ
(percent overlap of the electron and hole wavefunctions), and
total delocalization index (TDI). The formulas used for such
calculations are provided in the ESI.†

3. Results and discussion

The neutral cluster distribution acquired through strong-field
ionization of the neutral cluster beam by the fs laser (Fig. 1a)
is different than the cation cluster distribution recorded
directly from laser ablation (Fig. 1b). The cations produced
directly from laser vaporization generally present a Gaussian-
like distribution, but the neutral cluster distribution reveals a

variety of prominent cluster sizes, in agreement with previous
reports of neutral cluster distributions.45–47 Both distributions
reach a maximum cluster size of up to ∼n = 50, corresponding
to a size of ∼1 nm diameter. Peak enhancements, compared to
the nearest neighboring peaks, indicate high cluster stability,
and highlights magic clusters. Both neutral Al7 and Al14 clus-
ters are enhanced compared to their nearest neighboring
peaks and are an indication of magic behavior. For the Al7

+

cluster, enhanced stability is seen as a result of containing 20
valence electrons, aligning with the jellium model. However,
the jellium model generally fails to explain the relative stability
in the neutral Al cluster distribution. Instead, changes in the
ionization potential (IP) becomes a dominant factor for ion
yield as a lower IP generally correlates to larger peak intensity.
Post ionization evaporative effects can also play a role in the
intensity variations. Our approach of strong-field ionizing
neutral clusters demonstrates a strong sensitivity to IPs, corres-
ponding to electron-shell openings and accounts for the rela-
tive stability of the clusters labeled in Fig. 1. The IPs decrease
with cluster size,45,46 meaning that the signal does not decay
exponentially as is typical of direct cation distributions.

Transient dynamics for the neutral clusters are measured
through time-resolved mass spectrometry. Experimental
measurements for small Aln clusters (n ≤ 18) are presented in
Fig. 2. Table 1 presents the measured excited state lifetimes (τ)

Fig. 1 Typical Aln cluster distributions (a) acquired through femtose-
cond ionization of neutral Al clusters and (b) cation distribution Aln clus-
ters obtained directly through laser ablation. The Al3O arises from the
high affinity of Al to oxygen. The intensities are normalized to the Al+ in
each respective spectra.
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and calculated charge delocalization properties for Aln clusters
n ≤ 18. The measurements for larger clusters are similar and
are presented in Fig. S1, S2 and Table S1.† Nearly all transient
signals exhibit a maximum near the temporal overlap of the
two laser pulses due to non-resonant ionization and decay

back to their baseline signals on the femtosecond timescale.
Only atomic Al+ contains a long-lived (≫10 ps) transient
signal, reflecting the lack of an excited state coupling mecha-
nism for relaxation in atomic systems. The lowest excited state
of the Al atom corresponding to a 3s23p (2P) to 3s24s (2S) tran-
sition is resonant with 400 nm (3.1 eV) and has a ns lifetime.48

Al2 exhibits a long decay (τ = 1.461 ± 0.099 ps). Al2 spec-
troscopy is well known.49 The ground state of Al2 arises from
σπ electronic configuration to give rise to a 3Πu term, consist-
ent with pσ bonding favored over pπ bonding. Only two elec-
tronic states are accessible upon 3.1 eV absorption, including
the B state and the 23Πg state. Excitation to the B state is
highly vibrationally excited but has roughly double the bond
strength of the ground state. Multiple bonding is possible
because of promotion of a 3s electron to 3p shell, giving a π2

configuration, and one σ bond, giving 2 bonds. In inert
matrixes, the 3Πu term is recorded. The lack of this state in
vacuum may be attributed to rapid predissociation and its
short lifetime limiting fluorescence. Both states are likely to be
predissociative with 13Πg state which is repulsive to 2P0 and
2P0. Thus, the ps lifetime measured is attributed to the wave-
packet traversing an avoided crossing and fragmenting to
ground state neutral Al atoms. At higher photon energies (∼3.4
eV), a long fluorescent lifetime (τ = ∼30 ns) has been measured
for the E state,50 demonstrating a lack of nearby available state
crossings.

The anomalous transient behavior of Al3 reaches a
maximum that is delayed in time with respect to the other
cluster sizes (Fig. 2). The temporal delay in signal for the Al3
indicates a significant structural change between the neutral
and cation forms, with an excited state character that tran-
sitions to align with the cation structure. Most clusters retain a

Fig. 2 Transient dynamics of pure (Al)n clusters with n < 16 following
ultraviolet absorption. The vertical black dashed line is centered at t0 to
highlight the shift in signal for Al3.

Table 1 Experimental excited state lifetimes (τ) and calculated pro-
perties for (Al)n clusters

a

(Al)n τ (fs) Λ d (Å) σav (Å
3) TDI (Å−3) IP (eV)

2 1461 ± 99 0.85 0.00 2.47 1.71 6.34
3 555 ± 26 0.74 0.42 2.75 1.74 6.37
4 512 ± 70 0.79 0.00 2.57 1.78 6.26
5 468 ± 112 0.64 0.45 3.09 1.57 6.56
6 556 ± 131 0.81 0.00 3.00 1.33 6.59
7 400 ± 80 0.74 0.32 3.04 1.25 6.16
8 424 ± 89 0.64 0.24 3.34 1.16 6.47
9 372 ± 60 0.68 0.06 3.35 1.13 6.50
10 325 ± 45 0.65 0.55 3.51 1.01 6.24
11 333 ± 40 0.64 0.49 3.74 0.92 6.29
12 316 ± 37 0.60 0.37 3.54 1.04 6.27
13 317 ± 42 0.72 0.00 3.58 0.96 6.62
14 329 ± 48 0.66 0.04 3.59 1.08 6.00
15 299 ± 65 0.61 0.26 3.84 0.86 6.01
16 337 ± 75 0.58 0.25 3.68 0.91 6.00
17 316 ± 65 0.50 0.00 3.69 1.03 6.01
18 353 ± 67 0.62 0.28 4.46 0.87 6.04

a Topological descriptors for describing the character of the excited
state: charge transfer character (Λ), distance between electron and hole
density (d ), average root mean standard deviation of the electron and
hole (σav), total delocalization index (TDI), and vertical ionization
potential (IP).
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nearly identical structure upon ionization as revealed by minor
relaxation energy from vertical and adiabatic IPs,44 with the
exception of Al3 as suggested by the temporal delay in the
maximum transient signal recorded herein. The structure of
neutral Al3 is well known to be triangular with nearly degener-
ate 2A1 and 4A2 ground states.20,51,52 Due to the small differ-
ence in energy, both are likely present in the cluster distri-
bution. However, several excited states of the Al3 cluster have
been suggested to be linear,53 matching the structure
suggested for the cation’s ground state.51 Using visible light,
microsecond fluorescent lifetimes were recorded for relaxation
back to the ground state, and attributed to a nearly linear Al3
excited state.53 No long-lived plateau is recorded herein,
suggesting that a different mechanism occurs. The photo-
electron spectra recorded for Al3

− contains broadened peaks,
which are attributed to poor Franck–Condon coupling to
excited states associated with a geometry change.54 The tem-
poral shift in Al3

+ signal presents a shift in the cluster pro-
duction, and a maximum signal occurs at a temporal delay of
150 fs recorded in Al3 that likely represents a transition from
the triangular ground state neutral structure into linear form
on the excited state that aligns with the cation structure. The
subsequent decay of τ = 555 ± 26 fs is attributed to nonadia-
batic coupling, or internal conversion, that returns the system
to its vibrationally excited ground state.

Al4 is particularly weak in the mass spectra compared to its
neighbors, in agreement with other experiments.55 The geome-
try of neutral Al4 is planar and spin triplet, arising from
bonding of the four p electrons.21,22,40,56,57 The measured life-
time of Al4 is shorter than the smaller clusters (τ = 512 ± 70 fs),
and is likely due to the increased degrees of freedom and
higher density of states.40,58 In fact, the measured excited state
lifetimes slowly decrease as the clusters grow from n = 3 (τ =
555 ± 26 fs) to n = 9 (τ = 372 ± 60 fs) with a nearly linear
change of −28 fs per atom (obtained from the slope of a best
fit line of their lifetimes). Al6 slightly departs from the trend,
with a lifetime, τ = 556 ± 131 fs, longer than neighboring clus-
ters. However, the deviation does not appear to be significant
and fits within experimental error.

A distinct transition in the electronic relaxation behavior is
identified at a cluster size of n = 9 (Fig. 3). The gradual
decrease in lifetime aligns with changes in the density of elec-
tronic states revealed through photoelectron
spectroscopy.27,54,59 Smaller Al clusters (n < 9) exhibit signifi-
cant energy spacings between well-defined atomic orbitals,
leaving the singly occupied p orbital as the valence band. As
atoms are added to the cluster, the 3s and 3p derived energy
ranges broaden and overlap, where hybridization mixes their
orbitals and lose distinct 3s and 3p identities at a cluster size
of n = 9.27 The measured lifetimes are consistent (τ ∼ 327 fs)
for all larger clusters (n = 10 to 43), and are in agreement with
previous values measured for bulk Al.11,12 This consistent life-
time suggests the onset of metallic behavior occurs at n = 9,
and that metallic scattering processes dominate the relaxation
mechanism even in such small clusters. The orbital hybridiz-
ation of larger clusters creates a large density of unoccupied

states that enable rapid electron scattering processes, similar
to the bulk. The energy separation between the unoccupied
states is small, enabling fast e–e scattering and the relaxation
operates as metallic for n > 10.

The nearly linear decrease in lifetimes measured for small
neutral clusters and consistent values recorded for the larger
Aln clusters (n > 10) is unexpected given the distinct changes in
physical properties that occur upon addition of each atom.
These trends suggests that the strong differences in properties
such as IP and cluster geometry as they grow in size play only a
minor role in relaxation dynamics. Further, despite the cluster
distribution demonstrating particularly intense and stable
clusters, such as Al7

+ and Al14
+, all clusters relax similarly to

their nearest neighbors and do not show a particular magic
lifetime behavior. We note that the error bars may hide subtle
differences that may be related to cluster stability. For
example, Al6 exhibits a slightly longer lifetime compared to its
neighboring clusters, although the reason for this is not yet
clear. It is possible that the lifetime is slightly enhanced by its
high Oh symmetry group or the agreement of the neutral
cluster with the jellium model closing of 18 electrons.
Furthermore, although only a limited number of clusters were
previously examined,59 the excited state lifetime measure-
ments for anionic Aln clusters are in excellent agreement with
our measurements. The larger anions, including the particu-
larly intense superatom Al13

−, also achieve a similar value of
∼300 fs. The nearly identical lifetimes between neutral and
anion clusters suggests that an additional electron does not
perturb the system significantly. These results also suggest
that high stability attributed to the electronic or geometric
symmetry of certain clusters doesn’t affect their photo-
excitation relaxation dynamics.

For molecular scale clusters, the energy gap between elec-
tronic states is often larger than the typical phonon energy,
creating a bottleneck for the relaxation process.60 The surpris-
ingly fast electron–hole recombination recorded in these
aluminum clusters, has been previously rationalized through a

Fig. 3 Excited state lifetimes of Aln (n = 3–43) decrease with size for n
< 10, and then plateau for larger clusters reaching an average value of
327 fs. The black trend line corresponds to the fit of Al3–Al10, whereas
the blue line is the fit of Al11–Al43.
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Jahn–Teller like geometric distortion that brings excited states
together and enables nonradiative relaxation.61 This similarity
in excited state lifetimes suggests that minor changes in elec-
tronic structure (addition of an extra electron) may not contrib-
ute to their relaxation dynamics if there are a large density of
states in the frontier orbitals. Larger clusters have not been
explored spectroscopically and detailed theoretical insights
into their electronic structure are not available. Therefore, we
limit our interpretation to understanding their excited state
carrier distributions. Absorption of a 400 nm pump photon
creates an electron–hole pair that strongly interact leading to
the rapid relaxation. We perform TD-DFT calculations to
examine the excited state charge carrier distributions following
photoexcitation. These calculations suggest that dynamics are
strongly tied to the excited state charge carrier distributions
and overlap, rather than detailed changes of the electronic and
geometric structure. Photoexcitation involves several molecular
orbitals, making transition densities an efficient representa-
tion of the location and distribution of holes and electrons
(Fig. 4). Deeper insights into the electronic distributions of the
Aln clusters are obtained through analysis of their topological
properties (Table 1). The distance between electron and hole
density centroids (d ) is nearly zero in all clusters, indicating
that both the electron and hole are centered on the cluster and
delocalized in all directions. The Λ index quantifies the spatial
overlap of electron and hole wavefunctions,62 and ranges
between 0 and 1 to describe wavefunctions that share no
common space or completely overlap, respectively. All Λ values
are >0.5 in Aln clusters, highlighting a strong overlap between
electron and hole distributions as would be expected in such
homogeneous systems.

Excited state charge carrier delocalization values have been
shown to align with changes in the excited state behavior of
transition metal oxides.31,39,63,64 Here, we quantify the spatial
distribution of the charge carriers upon photoexcitation
through the total delocalization index (TDI), or average of the
electron/hole delocalization indexes. Smaller TDI values rep-
resent larger delocalization of the charge carriers. The TDI
values calculated for Al3–10 decrease with size, equating to
increased charge delocalization spreading across the entire
cluster as they grow in size (Fig. 5). A change in the trend of
delocalization occurs at ∼Al10, and the TDI remains nearly con-
stant for the larger clusters (∼0.7). This transition in TDI be-
havior with cluster size is in excellent agreement with the

Fig. 4 Lowest energy structures and spin states of neutral (Al)n clusters calculated with DFT using CAM-B3LYP. The numbers in parenthesis corres-
pond to the spin state of the cluster. Charge carrier transition densities of the hole (blue) and electron (green) for the excited state accessed with
the pump (3.1 eV) photon. As the charge carriers spread over larger distances, the presented isovalue also decreases (0.002 for clusters Al2–Al4,
0.001 for Al5–Al9, 0.0005 for Al10–Al17, and 0.0004 for Al18) for representation.

Fig. 5 The total delocalization index for Aln, (n < 18). The black trend
line fits Al3–Al10, whereas the blue trend line fits Al11–Al20.
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trends recorded in excited state lifetimes and demonstrates a
strong connection between the excited state charge carrier dis-
tributions and the excited state relaxation rates.

Below n = 10, the clusters retain a molecular character, and
the changing TDI values reveal that as the cluster size
increases, the charge carriers become increasingly delocalized.
This result shows a significant change in the electronic behav-
ior from photoexcitation in smaller clusters comparatively to
larger clusters and highlights the onset of metallicity as cluster
size increases. The clusters are sufficiently small such that
electrostatic interactions between the hole and the electron are
efficient for relaxation. Delocalization enables shorter excited
state lifetimes and similar electronic relaxation pathways, a
feature of metallic electron behavior.

Photoelectron spectra explored (Al)n
− clusters up to n = 75,

and suggested the ground state clusters adopt a fcc structure
rather than a spherical jellium shell.65 A wide variety of low-
lying isomers may be present for neutral clusters, particularly
for n > 13.66 It has been suggested that the hybridization
between the atomic s-and p-states is independent of cluster
structure.65 Therefore, it is unlikely that the inclusion of
higher energy isomers will significantly change the calculated
trends found in the TDI values. Furthermore, TD-DFT calcu-
lations become computationally cost prohibitive for larger
clusters, and our calculations cover the size range found to be
experimentally interesting and therefore provides insight to
the transition in trend noted at n = 9. The metallic behavior
noted in the relaxation dynamics aligns well with the TDI and
therefore highlights delocalization of the charge carriers and
related cluster diameter as an important feature for driving
excited state relaxation in such homogeneous clusters.

4. Conclusions

The excited state dynamics of neutral Aln clusters are measured
through ultrafast time-resolved mass spectrometry and shown
to align with two distinct trends. We demonstrate the power of
this approach to highlight a sharp change in the collective
electronic properties at a surprisingly small cluster size. The
lifetimes recorded for small clusters (n < 10) decrease nearly
linear with size and are attributed to molecular character,
whereas the lifetimes of larger clusters are nearly identical
(∼300 fs) and align with electron–lattice measurements in bulk
Al and therefore suggests the onset of metallic behavior. These
trends align with the charge carrier delocalization properties
identified through TD-DFT calculations. These results demon-
strate the evolution of electronic properties in small clusters
and suggests the onset of metallic behavior occurs at the small
cluster size of n = 9. The relaxation dynamics are independent
of the detailed changes in the ground state electronic and geo-
metric structure of the clusters as they change in size, enabling
particularly stable clusters to exhibit nearly identical excited
state dynamics as their nearest neighbors.
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