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Sub-nanometer neutral chromium oxide clusters were produced in the gas phase through laser ablation and their low-lying
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excited state lifetimes were measured using femtosecond pump-probe spectroscopy. Time-dependent density functional

theory calculations relate the trends in experimental lifetimes to the cluster’s electronic structure. The photoexcited (CrO,),

(n <5) cluster transients with the absence of up to four O atoms (Cr,0,,., X < 5) exhibit a ~¥30 fs and sub-ps lifetime, attributed

to instantaneous metallic e-e scattering and vibrationally mediated charge carrier relaxation, respectively. A long-lived (> 2

ps) response is found in both small and clusters with low O content, indicating that terminal Cr=0 bonds facilitate efficient

excited state relaxation. The ~30 fs transient signal fraction grows nearly linearly with oxidation, matching the amount of O-

2p to Cr-3d charge transfer character of the photoexcitation and suggesting a gradual transition between semiconducting

and metallic behavior in chromium oxide clusters at the molecular level. The results presented herein suggest that the

photocatalytic properties of chromium oxides can be tunable based on size and oxidation.

1 Introduction

Chromium oxides are widely studied materials for their
interesting magnetic and catalytic properties. They have been
recently examined for solar cells,* CO, dissociation,? activation
of methane,?® and magnetic and spintronic devices.* One of the
common bulk forms of chromium oxide, CrO,, has a rutile
structure and unusual metallic and ferromagnetic
characteristics compared to most metal oxides, which are
nonmetallic and antiferromagnetic. The well-established half-
metallic property and highest spin polarization of CrO, over any
other material>7 has attracted strong interest for spintronics
and data storage. The half-metallic properties of CrO, arise
from a direct band gap of 1.8 eV in a spin-down configuration
and metallic behavior in spin-up configurations.” The other
stable bulk oxide, Cr,03, has a more stable stoichiometry,
assumes a corundum-type structure with octahedral metal
centers forming t,; and e, bands, and is a wide bandgap
antiferromagnetic insulator (E; = 3.4 eV).3° Below the
absorption edge, two other weak optical transitions appear at
~2 and ~2.6 eV,'9' ysually attributed to d-d transitions. The
partially filled, spin-polarized 3d shell makes chromium oxide
materials interesting and has led to numerous investigations on
the manipulation of electronic and magnetic states.

Controlling and inducing magnetic states requires in-depth
information on both the oxygen-dependent electronic states
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and the different mechanisms for which they transport energy.
Ultimately, the timeframe to induce magnetic and chemical
change relies on the ability to produce excited states which
survive for long periods of time and may be examined with
atomic precision using clusters. Clusters of specific atomic
composition allow for investigations on the effects of atomic
changes to electronic properties. In addition, chromium oxide
clusters may be uniquely suitable for spintronics due to an array
The magnetic
superexchange interactions in many clusters can reach extreme

of energetically competitive spin isomers.
magnetic values, such as a high total spin magnetic moment of
up to 11 pg for Cr305*.12 This antiferromagnetic coupling
weakens with oxidation and is expected to eventually quench
when fully coordinated in the (CrOs), stoichiometry. Therefore,
the suboxide clusters exhibit the most interesting phenomena.

Chromium oxides have electronic configurations that arise
from a unique mixing of half-filled Cr s- and d-orbitals with O 2p-
orbitals. The electronic bonding and states of Cr and O have
been extensively explored in Cr0.13-1® Photoelectron
spectroscopy (PES) revealed multiple excited states of CrO,!820-
22 and supported by theory.?324 In particular, Cr,0, clusters have
been heavily studied both experimentally and theoretically,25-2°
showing large changes in electronic structure with oxygen
content via photoelectron spectroscopy (PES),2>2%2° and
structures in agreement with vibrationally
spectroscopy.39-32 Only a few measurements have determined

resolved IR

the properties of chromium oxide clusters containing several
metal atoms.812,33-37

Our recent work on the transient dynamics of Cr,0, (n < 5)
clusters revealed an increased metallic-like relaxation
mechanism with higher O content,?® related to the percent
ligand-to-metal charge-transfer (LMCT) of the

photoexcitation.3® However, larger chromium oxides need to be

character
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examined to elucidate the connection between excited state
lifetimes and electronic transitions as chromium oxides grow in
size to explore their potential for material applications. Here,
we report the transient dynamics of CrO,, Cr;0, and Cr,O,
clusters and show how their behavior is nearly consistent with
increases in cluster size. This simple study of sequential
oxidation and growth of chromium oxide materials reveals new
insights into excited state relaxation mechanisms, such as
electron-electron (e-e) scattering and metallic behavior, which
impact their development as tunable materials for
photocatalysis, spintronics, and other industrial applications.

2 Methods

2.1 Cluster Production and Detection

Excited state dynamics of chromium oxide clusters were
measured using a home-built Wiley-McLaren3® type time-of-
flight mass spectrometer (TOF-MS) coupled to a femtosecond
(fs) laser, discussed in detail previously.4%41 Briefly, a pulsed 532
nm laser was used to ablate a pure 1/4" Cr rod. The plasma
plume was directed by pulsed expansion of 100 psi of He gas
seeded with 9% O,, confined to a 1 x 60 mm collision region,
and then skimmed to a collimated molecular beam diameter of
2 mm. The cations and anions were deflected prior to ionization
of the neutral molecular beam by traversing a skimmer charged
to +500 V. Clusters were ionized by fs laser pulses and then
accelerated by a ~4 kV pulse on the TOF grids. The neutral
clusters that were ionized by the sequence of fs laser pulses
were focused onto the MCP detector using an Einzel lens and
separated in time through a field-free region. Internal pressure
of ~7.5 x 10°® Torr was maintained using three high-vacuum
turbo pumps and precise synchronization of the laser pulses,
pulsed valve, and TOF grids were controlled using two pulse
generators in tandem.

2.2 Pump Probe Spectroscopy

A series of fs laser pulses from a Ti:sapphire laser were
employed to ionize the neutral clusters for detection through
mass spectrometry. A single 400 nm (3.1 eV) pump photon
initiates a charge transfer relaxation mechanism in neutral
clusters that is probed through ionization by a synchronized
strong-field 800 nm (1.55 eV) probe beam. The 800 nm laser
pulse was sent through an optical delay-stage and scanned in 40
fs increments from -600 fs to +2.5 ps with respect the 400 nm
pump pulse, with an average of 800 spectra collected at each
time-delay. All spectra and dynamics were recorded using a 400
nm pump laser intensity of 4.81 x 104 W/cm? and 800 nm probe
intensity of 3.27 x 10> W/cm?. The powers of both beams were
kept at a minimum to reduce ionization from an individual laser
pulse and to suppress fragmentation. The pulse width of the
800 nm beam was measured through autocorrelation to be <35
fs. The instrumental response function (Gaussian function) is
measured to be < 50 fs (FWHM) using the non-resonant
ionization signal of O, that matches the cross correlation.

The excited state dynamics of neutral chromium oxide
clusters are measured by scanning the optical delay of the
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probe beam with respect to the pump pulse and tracking the
change of intensity from each ion signal. The transient signal of
the clusters is a convolution of the cluster response and the
cross-correlation of the two laser beams. Therefore, the
maximum intensities of the ion signals are recorded ~50 fs after
the temporal overlap of the two laser pulses (time zero) and the
temporal shift is proportional to the lifetime of the cluster.
Transient ion signals were fit using a series of exponential
decay functions convoluted with a Gaussian function as
described in detail previously.3840-42 Two decay functions were
used to account for a fast signal (t; = 30 fs) and a sub-picosecond
signal lifetime (t3). The instantaneous decay (on the time scale
of the laser pulse) is attributed to e-e scattering and is shown to
be related to the LMCT, or excitation from the O-2p orbitals to
the Cr-3d orbitals. The sub-ps relaxation is attributed to
vibrational relaxation of the initially formed charge-transfer
state (electron-vibration relaxation). A plateau function
represents the long-lived signal from an excited state that has a
lifetime surviving beyond the scope of this experiment (> 2.5
ps). The fractional amplitude coefficients for the fast (30 fs)
fitting function (k;), sub-ps lifetime component (k,) and plateau
(6) functions of the total signal are compared across clusters
with changes in oxidation to reveal trends in the nature of the
intermediate excited state and its relaxation mechanism.

2.3 Computational Methods

The ground state geometries of Cr,O, clusters were
optimized at the density functional theory (DFT) level within the
Gaussian16*3software suite using the GGA functional uBPW9144
with the standard 6-311G+ (d) basis set [15s11p6d1f/10s7p4d1f
for Cr and 12s6p1d/5s4pld for O], which has been shown to be
highly accurate for the structures and energies of chromium
oxide clusters.?327.30 The clusters recorded in this distribution
avoid both Cr-Cr and O-0O bonds. Thus, the clusters with (CrO),
stoichiometry form ring-like structures, with additional O atoms
attaching to the periphery as Cr=0 bonds.

The minimum state geometries were used as input for single
point time-dependent density functional theory (TD-DFT)
calculations to account for the excited state characteristics.
However, excited state energies and charge-transfer characters
are strongly dependent on the choice of exchange-correlation
(XC) potential. A well-known charge transfer (CT) problem exists
in TD-DFT, where XC potentials with low percentages of
Hartree—-Fock-like exchange fail to correctly account for the
excitation energies of CT states.*> The Coulomb attenuating
method (CAM)-B3LYP*® balances the local excitation and CT,
and has been shown to give accurate results for the excited
state energies of TiO,,4748 Cr,0,38 and pure metallic*® clusters.
Thus, the excited states of each cluster were calculated using
TD-DFT with unrestricted CAM-B3LYP using the ground state
geometries determined from uBPW91 as input. Only spin-
conserved (dipole-allowed) transitions were considered. An
excited state population analysis was performed to determine
the elemental contributions to the excited state. The
photoexcited state CT character for all excited states below 4.0
eV are presented in Fig. S1-S4. The maximum LMCT character
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increases linearly with O content, in agreement with the trend
in experimental fitting coefficients. The valence orbitals are Cr-
3d dominated, with O-2p orbitals becoming important only for
high energy excitations or in clusters containing many O atoms.
In general, the excited states within a narrow energy range
involve similar molecular orbitals. Thus, although the broad
bandwidth of the ~35 fs pump pulse and large density of states
make it difficult to definitively assign the accessed photoexcited
state and relaxation pathways, we select the excited state with
the largest LMCT value near 3.1 eV for comparison to
experimental results.

3. Results and Discussion
3.1 Neutral Cr,0,, Cluster Distribution

The neutral Cr,O, distribution sampled through fs ionization
from the combined 400 nm pump and 800 nm probe beam at
temporal overlap is shown in Fig. 1. We report the first neutral
Cr,On, cluster distribution, which demonstrates a preference to
form (CrO,;), clusters and suboxides with the absence of up to
four O atoms. Chromium oxides of the composition Cr,0,, to
Cr,O,n4 are observed up to n = 6. In this neutral cluster
distribution, CrO has the highest intensity. The neutral
chromium oxide cluster distribution contains several
stoichiometries of Cr,O;n (n < 7, x = 0-4) with Cr,0,,., clusters
being dominant. For example, Cr,0,, Cr304, and Cr O¢ are all
particularly intense peaks in the cluster distribution compared
to their neighbors.
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Figure 1: lonized neutral mass spectrum of chromium oxide clusters at temporal overlap
of the pump and probe pulse. The figure inset shows a zoom (50x) of the heavier clusters
for clarity.

Typically, gas-phase chromium oxide anion®283337 and
cation3>%0 cluster distributions contain up to the fully
(Cr0O3),, stoichiometry, which are not recorded
here. Such clusters are also considered to be extremely stable
and rigid,3* suggesting an upper bound to the cluster’s oxidation
state. Further, highly oxidized clusters, such as Cr30;* and
Cr;040*, have been found to be the dominant stable fragments
from the photodissociation of larger clusters.3> The absence of

coordinated
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Table 1: Sub-ps lifetimes (1), total fitting function fraction of
the fast (k4), sub-ps (k;), long-lived (8) dynamic, and percent
LMCT for all neutral Cr,O;,. (n < 5) cluster species.

Series n T, (fs) K1 Kz 5 LMCT (%)
0 395+ 38 0.00 0.72 0.28 0
CrO, 1 373+39 0.54 0.37 0.09 68
2 333+52 0.68 0.28 0.04 68
0 346 £ 43 0.00 0.72 0.28 0
1 620 £ 60 0.33 0.49 0.18 18
Cr,0, 2 499 + 28 0.56 0.34 0.10 31
3 413 £31 0.70 0.26 0.04 50
4 512 +48 0.84 0.16 0.00 63
3 770 £ 95 0.56 0.41 0.03 5
CrO0, 4 582 +58 0.71 0.25 0.04 37
5 557 +72 0.70 0.28 0.02 33
6 530+ 94 0.83 0.17 0.00 46
4 720 £ 127 0.03 0.90 0.07 5
5 781+73 0.34 0.52 0.14 6
Cr,0, 6 491 +29 0.63 0.32 0.05 11
7 458 + 74 0.69 0.27 0.04 15
8 948 + 311 0.80 0.18 0.02 30

such highly oxidized clusters here is attributed to the low
concentration of O, employed and not due to fragmentation.
Further, the fragmentation energies of the Cr,0, clusters (n = 1-
6)is >4 eV,?” and are stable to photoexcitation of the pump (3.1
eV) beam. The dissociation energy of CrO, is > 5 eV24 supporting
the absence of significant fragmentation during the ionization
mechanism by the fs lasers used herein.

3.2 Oxidation Effect on Transient Dynamics

In both bulk metals and pure metal clusters,>»3 excess
energy dissipates through e-e scattering within 10s of fs due to
strong interactions between delocalized electrons. In contrast,
electron-hole excitations in semiconductors are typically
characterized by longer lifetimes. Sub-nanometer sized systems
often contain a large energetic splitting of the molecular
orbitals (lower density of states), which greatly reduces
relaxation rates and leads to longer lifetimes. However, metallic
scattering can dominate if there are many delocalized electrons
and a sufficiently high density of states, such as the case in even
small clusters. Complete electron transfer is commonly
assumed in transition metal oxides, meaning that each O atom
removes two d-electrons from the metal atoms. Therefore,
adjustments to the cluster’s overall oxidation is an effective
method to transition between metallic and insulating behavior.

Here, the transient dynamics recorded for chromium oxide
clusters demonstrate a strong change in behavior with the
addition of O atoms. Specifically, the instantaneous O-2p to Cr-
3d e-e scattering processes (k; contribution) increases with
oxidation and suggests that chromium oxide clusters become
more metallic with increasing oxidation. This counterintuitive
result can be understood by considering that the clusters are
approaching the stoichiometry of the bulk half-metal, CrO,.
Each of the chromium oxide cluster series will be described in
detail below. All lifetimes and fitting coefficients are presented
in Table 1.

J. Name., 2013, 00, 1-3 | 3
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The three clusters measured within the CrO,, series (n = 0-2)
show similar lifetimes of ~370 fs (Fig. 2) and a k; contribution
that matches the percent LMCT closely. Cr has no O content,
resulting in 0% LMCT and has no k;. CrO and CrO, both show
LMCT increases to over 60% and results in a fast function
contribution of 54% and 68% in CrO and CrO,, respectively.
Although the LMCT character of the photoexcited state is the
same for CrO and CrO, (68%), the additional terminal O atom in
CrO, facilitates its faster relaxation resulting in a slightly larger
K; (0.68 for CrO, and 0.54 for CrO). The LMCT projects electron
density back onto the Cr-3d orbitals and induces a rapid
scattering on the few-fs timescale similar to metallic behavior
of bulk metals. PES experiments on CrO, (n = 1-5) clusters
reveals broad excitations in the region ~3.1 eV above the
neutral ground state.?® This high density of excited states are
attributed to O 2p-dervied orbital contributions,?® and in
agreement with our calculations that show a strong LMCT
character.

Signal Intensity (a.u.)

L A

500 1000 1500

Probe Delay (fs)

2000

Figure 2: Transient signals of the ionized neutral CrO, clusters (n < 3) with total fit in black
and sub-ps lifetime (t;) shown next to each cluster.

We previously reported the transient signals of Cr,O,, (n < 5)
clusters collected using identical experimental conditions.3®
Photoexcitation with a 3.1 eV pump photon shifts from d-d
transitions between Cr atoms toward more LMCT behavior in
Cr,0, clusters as they become more oxidized. The Cr, cluster
transient response shows only a sub-ps and long-lived response.
As O atoms are added, the relative amplitude of the ~30 fs
response (ki) grows nearly linearly, matching the increase in
LMCT character of the cluster’s excited state. The transient
dynamics of Cr,04 contains 84% k1. The nearly linear changes to
the various fitting coefficients with addition of O atoms suggests
that the ultrafast transient dynamics can be tuned through the
oxidation state of the Cr atoms. This system also hinted to the
presence of the terminal O atoms being important in driving the
LMCT response associated with k;. For example, Cr,04 contains
two terminal O atoms?’” and its transient dynamics are
dominated by k.

4| J. Name., 2012, 00, 1-3
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Figure 3: Transient signals for the ionized neutral Cr30, clusters (n = 3-6) with total fit in
black and sub-ps lifetime (t;) shown in each cluster frame.

The transient dynamics and stable structures of Crs;0,
clusters (n = 3-6) are presented in Fig. 3. The lowest energy
structures for Cr30, (n < 7) clusters are consistent with previous
investigations,23% with Cr;03; forming a ring structure and
additional O binding externally to each Cr in planar structures.
Upon sequential addition of O atoms in the Cr;0, series, the
relative k; and k, contributions change, and forms an almost
linear trend (Fig 4a). However, the long-lived plateau (6)
component reaches a maximum relative contribution for Cr30,.
Similar to Cr,0,,38 Cr30¢ possesses predominantly a LMCT from
the O p-orbital to Cr d-orbitals and large relative contribution
(83%) of the fast (30 fs) fitting component (k). Cr3Og contains
three tri-coordinated Cr atoms and three terminal O atoms.
Cr30s5 has only two terminal O atoms, resulting in a lower LMCT
character. The photoexcited state in Cr303 has only a 5% LMCT
component and its dynamics show a relatively small k;
contribution (0.51). The excited states of Cr;03; near 3.1 eV show
strong d—>p and d->s excitation on the Cr atoms instead of a
strong LMCT character, inconsistent with the moderate k; value
(0.56). It is likely that the energies of the LMCT states are
overestimated. At a slightly higher absorption energy
(calculated at 3.47 eV), there is a 37% LMCT in Cr30,4 that agrees
with the increased experimental k; value (0.71) and is likely
accessed. Cr;0s5 and Cr3Og both have significant LMCT character
of 33 and 46%, respectively, and is reflected in a high proportion
of k4 (0.70 and 0.83 respectively). Both the LMCT and k; values
are slightly larger for Cr3Og than for Cr;0s, in agreement to the
described trend.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4: The fractional change in total signal contribution of separate functions for the
fast lifetime (k;), sub-ps lifetime (k,) and the plateau function (8) for a) Cr30, and b) Cr,0,
clusters.

Transient signals and structures of Cr;0, (n = 4-8) clusters
are presented in Fig. 5. With four Cr atoms, the lowest energy
structures for the clusters transition from a planar configuration
associated with the smaller clusters into a compact 3D
structure. These clusters also avoid Cr-Cr bonding and do not
contain terminal O atoms until Cr;05, consistent with previous
calculations.’? The lowest energy geometry of neutral Cr;07 and
Cr,Og contain one and two terminal O atoms, respectively,
resulting in tetracoordinated Cr atoms. This significant change
in structural motif is also accompanied by a stark decrease in
the relative k; fraction (Fig 4b) obtained for the clusters
containing few O atoms (Cr;04.6) compared to the smaller Cr;0,
clusters. However, the general trend reported in the relative
amplitudes of the fitting coefficients for the smaller clusters
continues, showing that as the O content increases, the
photoexcitation shifts toward increasing LMCT character. The
transient signal for Cr,0,4is dominated by the T, fitting function
(k2 =90%). CryOsis also dominated by k;, (0.52), but also contains
a large k; component (0.34). The relative k, contributions
decrease almost linearly with O content, while the § component
remains relatively negligible. Cr,0; and Cr;Og have a larger
relative k, and & contribution that is consistent with the smaller
clusters.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5: Transient signal of neutral Cr,0, (n = 4-8) following pump-probe ionization, with
stable geometries and lifetimes above each signal.

Although the oxidation state in Cr,0, clusters changes by
integer values with sequential addition of each O atom, the
change in oxidation state of each Cr with each O in larger
clusters is smaller (non-integer values). This experiment
confirms that the trend reported in Cr,0, clusters38 extends into
larger sizes, despite the LMCT component of the excited state
transition for the Cr,0, series is not as pronounced as it is for
the smaller clusters. This suggests that photoexcitation for
larger clusters may be more of a d-d transition, and therefore
not exhibit as strong of an e-e scattering mechanism. Therefore,
the extremely fast e-e scattering relaxation phenomenon may
be most pronounced in planar structures.

3.3 Size Effects on Excited State Lifetimes

Following vertical photoexcitation, the clusters undergo
adiabatic relaxation, where additional degrees of vibrational
freedom may improve the larger cluster’s propensity to return
to the ground state as vibrationally hot species. Only the
smallest clusters of CrO, and Cr,0, contain a significant
population attributed to a long-lived excited state, while the
larger sized clusters (Cr30,and Cr;0,) do not and likely dissipate
the electronic energy into additional degrees of vibrational
motion. The relative 6 values decrease with increased size,
showing that long-lived excited states are increasingly accessed
in smaller clusters.

The sub-ps excited state lifetimes (t,) recorded for all
neutral clusters are compared in Fig. 6. The CrO,, clusters slightly
decrease with oxidation from 395 + 38 fs for Cr to 333 + 52 fs
for CrO,, suggesting that the presence of O atoms enables a
faster relaxation. Like the CrO,, cluster series, the sub-ps excited
state lifetimes of the Cr30, (n = 3-6) clusters slightly decrease in

J. Name., 2013, 00, 1-3 | 5
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lifetime with additional O atoms, changing from 770 + 95 fs for
Cr303 and gradually reducing to 530 + 94 fs for Cr30¢. Unlike the
clusters that contain an odd number of Cr atoms, the transient
dynamics for Cr,0, and Cr;0, clusters do not show an obvious
trend in their sub-ps lifetimes and highlights that sub-nm scale
materials represent the size regime of non-scalable properties.
In each cluster series, the Cr,0,,3 clusters exhibit longer
lifetimes. As the clusters gain O atoms, the sub-ps lifetimes
decrease until reaching (CrO,), stoichiometry which contains
conflicting results. Although CrO, and Cr;Og contain the shortest
lifetimes within their respective cluster series, Cr,04 and Cr,0g
display long lifetimes and therefore break the trend. It should
be noted that the small ion signal recorded for CrsOg produces
a large error bar, but consistently exhibits the longest lifetime
measured (948 + 311 fs).

The sub-ps lifetimes measured for the (CrO,),
stoichiometries increase with size, beginning with a lifetime of
333 + 26 fs for CrO, and reaching a lifetime of 948 + 311 fs for
Cr40s. This cluster series displays efficient relaxation on (10s of
fs) timescales and exhibits a negligible & contribution (Table 1).
Our calculations show the lowest energy structures for each of
the (CrO,), clusters possess terminally bound O atoms with
double bonds. The presence of terminal O atoms seems
particularly important for the excited state transient dynamics
to display a prominent k; contribution, and raises the possibility
that the rapid relaxation is related to internal conversion, which
is known to be facilitated by the vibronic motions of terminal O
atoms.*%55 Vibrationally mediated internal conversion and e-e
relaxation are a challenge to disentangle because the addition
of terminal O atoms increases the cluster’s vibrational degrees
of freedom, but also increase the ligand character of the
occupied electron orbitals involved in photoexcitation. With
increasing oxidation, the accessible occupied orbitals shift onto
O atoms, while the unoccupied orbitals remain on the Cr atoms,
enabling a higher LMCT character. If vibrational motion of the
terminal Cr=0 bonds is driving the fast relaxation, then a sharp
contrast in behavior is expected with the onset of terminal Cr=0
bonds, which does not align with the experimental data. The
Cr30, series varies between containing zero and three terminal
O atoms, and yet the k; contribution remains large. Similarly,
the Cr;O¢ — Cr,Og clusters contain similar k; values but
transitions between containing zero and two terminal O atoms.
A significant change in relaxation mechanism is not observed
with the number of terminal O atoms, but instead a gradual
change in the values of the k; contribution closely aligns with
the LMCT character as represented in Table 1. Therefore, the k;
magnitude is related to the electronic character, and not the
geometric structure and number of O atoms. The terminal O
atoms facilitate e-e relaxation by increasing the LMCT character
of the accessible electronic excitation, but do not inherently
drive relaxation through internal conversion directly.

6 | J. Name., 2012, 00, 1-3
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Figure 6: Sub-ps lifetimes (t,) for all neutral Cr,0,, clusters (n = 1-4), with the Cr,0,,
(solid gray), Cr,0,,1 (red cross), Cr,0,,., (green back slash), Cr,0,,. (blue forward slash),
and Cr,0,,4 (orange dotted) series shown.

These results show that the metallic behavior of the excited
states of sub-nanometer chromium oxide clusters increases
nearly linearly with oxidation. This tunable behavior is not just
a rare case of the Cr,0,, clusters but is revealed to be a general
trend that extends to larger, more complex clusters and will
likely continue into even larger clusters. These properties can
be employed to design new chromium oxide materials that
capitalize on the tailored excited state dynamics through
selected O content. Most importantly, these results suggest
that O deficiencies will cause large changes in chromium oxide
material’s ultrafast response and properties.

4. Conclusion

Neutral sub-nm chromium oxide clusters were produced in
the gas-phase and their low-lying excited state transient
dynamics were measured using a 3.1 eV pump photon and
strong-field ionization. The transient dynamics show trends
related to size, oxidation, and relate strongly to the percent
LMCT character.
changes in the transient dynamics to the nature of the
photoexcitation. Specifically, TD-DFT calculations reveal that
the systematic oxidation of chromium oxide clusters results in a
near linear shift in LMCT character (O-2p to Cr-3d) matching the
increase in k; for each cluster series. The increase in the

DFT calculations were used to relate the

contribution of the 10s of fs relaxation mechanism (metallic
behavior) for chromium oxide clusters with oxidation is
counterintuitive and is explained as approaching the half-metal
stoichiometry and behavior of bulk CrO,. Smaller clusters with
less O character have a greater propensity to possess long-lived
excited states. The change in the fitting function contributions
reveal that LMCT excitations relax on a nearly instantaneous
timescale and d-d excitations relax on a slower sub-ps
timescale. The
understanding electronic transition effects on excited state

information provided here will assist in

lifetimes in chromium oxides as they grow, inevitably leading to
chromium materials of increased reactivity. Therefore, the half-

This journal is © The Royal Society of Chemistry 20xx
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metal behavior is shown at the molecular level and suggests
that the wide variety of cluster geometries and structures will
enable new molecular scale spintronic materials to be
developed.
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