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Excited state lifetimes of neutral Cr2On (n < 5) clusters were measured using femtosecond pump-probe spectroscopy. Density func-
tional theory calculations reveal that the excited state dynamics are correlated with changes in the cluster’s electronic structure with 
increasing oxidation. Upon absorption of a UV (400 nm) photon, the clusters exhibit features attributed to three separate relaxation 
processes. All clusters exhibit similar sub-picosecond lifetimes, attributed to vibrational relaxation. However, the ~30 fs transient 
signal fraction grows linearly with oxidation, matching the amount of O to Cr charge transfer character of the photoexcitation and 
highlighting a gradual transition between semiconducting and metallic behavior at the molecular level. A long-lived (>2.5 ps) re-
sponse is recorded only in clusters with significant d-electron character, suggesting that adiabatic relaxation back to the ground state 
is efficient in heavily oxidized clusters, due to the presence of terminal O atoms. The simple picture of sequential oxidation of Cr2On 
reveals a linear variation in the contributions of each relaxation component to the total transient signals, therefore opening possibilities 
for the design of new molecular spintronic materials. 

Chromium oxides are widely studied for their magnetic and 
electronic properties, commonly being employed in magnetic 
storage devices. In particular, CrO2 is a well-established half-
metal with the highest spin polarization of any material,1–3 at-
tracting substantial research interest for potential spintronics 
and data storage applications. This unique half-metallic prop-
erty in CrO2 arises from a large energy spin gap, where the de-
localized majority spin states close to the Fermi energy are me-
tallic and the minority spins are semiconducting or insulating.4 
Therefore, isolating and controlling the separate spin states to 
induce (anti)ferromagnetic properties are of increasing interest. 
The ultimate speed at which its magnetic states can be manipu-
lated is of key importance due to its attractive potential for use 
in spintronic heterostructures and magnetoelectronic devices re-
quiring spin polarization, such as magnetic tunnel junctions5 
and spin valves.6 The photodriven process of (de)magnetization 
and optical spin transport can be manipulated with light on the 
femtosecond timescale, but  follows a complex route of inter-
mediate states accompanying changes in spin and lattice param-
eters, and is not fully understood.7 Despite its relevance to in-
dustrial technology, controlling the magnetic states in chro-
mium oxides requires more detailed information on oxygen-de-
pendent electronic state dynamics and electron transport.  

Atomically precise clusters provide a superior avenue to ex-
amine the factors affecting the electronic properties of chro-
mium oxide. Additionally, chromium oxide clusters may be 
uniquely suitable for spintronics due to a large array of energet-
ically competitive spin configurations.8–11 In particular, Cr2On 
clusters have been heavily studied both experimentally and the-
oretically,9–13 showing large changes in electronic structure with 
oxygen content via photoelectron spectroscopy (PES),9,12,13 and 
structures in agreement with vibrationally resolved IR spectros-
copy.14–16 The electronic structures of Cr2On clusters arise from 

a unique mixing of Cr half-filled s- and d-orbitals (3d54s1) with 
O 2p-orbitals. The properties of chromium oxides are driven 
partially by superexchange coupling,8,17 suggesting the charge-
transport processes are adiabatic in nature. Manipulation of spin 
in antiferromagnetic (AF) Cr2O3 bulk materials follows several 
relaxation channels dependent on excitation energy, proceeding 
over hundreds of femtoseconds to picoseconds.7,18,19 However, 
the mixing of Cr and O electrons and their effect on the lifetimes 
of accessible magnetic states are still not well understood and 
may improve the manipulation of chromium oxide materials.  

Here, we report the excited state transient signals of neutral 
Cr2On (n = 0-4) clusters using two-color pump-probe spectros-
copy and apply theoretical calculations to understand the in-
creasing metallic behavior as a function of sequential oxidation. 
A time-of-flight mass spectrometer (TOF-MS)20,21 coupled to 
synchronized sub-35 fs laser pulses was employed to measure 
the excited state lifetimes of neutral Cr oxide clusters. A single 
400 nm (3.1 eV) pump photon initiates a charge transfer and 
relaxation mechanism that is probed through ionization by a 
synchronized strong-field 800 nm (1.55 eV) probe beam. This 
simplified study of sequential oxidation of Cr2 reveals new in-
sights to the role of electron-electron (e-e) scattering and for-
mation of metallic behavior in chromium oxides, similar to the 
half-metal quality of CrO2. 

The transient signals of Cr2On (n < 5) reveal three distinct re-
laxation mechanisms that change with additional O atoms (Fig-
ure 1). An instantaneous decay (on the timescale of the laser 
pulse, τ1 = 30 fs) is attributed to e-e scattering correlated to the 
ligand-to-metal charge transfer (LMCT), or excitation from O-
2p to Cr-3d orbitals. A sub-ps (τ2) relaxation is attributed to vi-
brational relaxation of the initially formed charge-transfer state 
(electron-vibration relaxation). Finally, a plateau function 
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represents a long-lived state (>2.5 ps) that is accessed only in 
sub-oxide clusters.  

 
Figure 1: Transient signals of the change in ionized neutral Cr2On 
(n = 0-4) clusters with probe delay, shown with total fits, ground 
state geometry, local magnetic moments and sub-picosecond life-
time (τ2). 

The Cr2On clusters all exhibit similar instantaneous (τ1) and 
sub-ps (τ2) lifetimes. However, a change in amplitudes of the 
three fitting functions in each total transient signal with O con-
tent is revealed. The fraction of each fitting function amplitude 
of the total signal is represented as κ1 (τ1), κ2 (τ2), and δ (plateau 
function). The lifetimes and fitting coefficients for each cluster 
are shown in Table 1. The relative contributions of the various 
mechanisms change almost linearly with O content (Figure 2). 
The κ1 component is not present for Cr2 but grows to account 
for 84% of the signal in Cr2O4. In contrast, the κ2 and δ values 
compose ~70% and ~30% of the total signal for Cr2, respec-
tively, and both decrease nearly linearly with oxidation.   

In metals, excess optically applied energy dissipates through 
e-e scattering within 10s of fs due to strong interactions between 
delocalized electrons. Limited excited state lifetime measure-
ments have been reported for pure metal clusters, and range 
from ~20-200 fs,22–24 comparable to the bulk values. In contrast, 
long lifetimes of electron-hole excitations are characteristic of 
semiconductors. Metal oxide clusters contain a larger splitting 
of the molecular orbitals (lower density of states), which de-
creases the number of unoccupied levels within the excitation 
energy, greatly reducing relaxation rates (longer lifetime). For 
example, the excited state lifetimes for (TiO2)n,21 (ZnO)n

25 and 
(FeO)n

20 clusters depend strongly on both cluster size and 
charge carrier localization. The instantaneous O-2p to Cr-3d e-
e scattering processes (κ1 contribution) recorded in Cr2On clus-
ters increases with oxidation (Figure 2) and suggests that they 
become more metallic with increasing oxidation. This is a coun-
terintuitive result until considering that the clusters are ap-
proaching the stoichiometry of the bulk half-metal, CrO2.  

 

Figure 2: Plot of κ1 (solid, squares), κ2 (long dash, circles) and δ 
(short dash, triangles) of the neutral Cr2On (n = 0-4) clusters. 

Table 1: Lifetimes (τ2), signal fractions of τ1 (κ1), τ2 (κ2) 
and long-lived plateau (δ) functions, and percent ligand-
to-metal charge transfer (LMCT) for Cr2On (n < 5) clus-
ters. 

Cluster τ2 (fs) κ1 κ2 δ LMCT 

Cr2 346 ± 43 0 0.724 0.276 0% 

Cr2O 620 ± 60 0.325 0.498 0.177 17% 

Cr2O2 499 ± 28 0.560 0.344 0.095 31% 

Cr2O3 413 ± 31 0.695 0.265 0.040 54% 

Cr2O4 512 ± 48 0.838 0.162 0 63% 

 
Insights on the relaxation dynamics are provided by changes 

in the theoretical electronic structure of clusters with oxidation. 
Due to the accuracy previously demonstrated in Cr oxide clus-
ters,11,26 we employ density functional theory (DFT) calcula-
tions to calculate the geometries, and time-dependent DFT to 
determine excited states of chromium oxide clusters (Supple-
mental Information). In Cr2On clusters, the first two O atoms 
bridge between the Cr atoms, and subsequent O atoms attach to 
the Cr atoms while maintaining a planar geometry, in agreement 
with previous calculations (Figure 1).10,11,27 Electronic superex-
change between Cr and O atoms in Cr2On clusters (n = 1-4) 
makes them antiferromagnetically (AF) coupled, except for 
Cr2O which is ferromagnetically (FM) coupled. Although the 
FM state of Cr2O3 has been suggested to be degenerate,9,10,16,27 
the AF state is 0.5 eV lower in our calculations. Valence orbitals 
are Cr-3d dominated, with O-2p orbitals becoming important 
for high energy excitations or in clusters containing many O at-
oms. With increasing oxidation, the local magnetic moment on 
the Cr atoms steadily decreases from 5.1 μB in Cr2O to 2.1 μB 
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in Cr2O4, nearly matching the magnetic moment per Cr atom in 
bulk (~2.0 μB).4,28 

Photoexcitation with a 3.1 eV pump photon shifts from d-d 
transitions between Cr atoms toward more LMCT character in 
Cr2On clusters (Figure S1). As O atoms are included in the clus-
ter, the Cr 3d-based spectral features diminish and the excited 
state shifts towards increasing involvement of O-2p orbitals 
with oxidation12 as a result of charge transfer from Cr to O. The 
photoexcitation of Cr2 is primarily a d-d transition in agreement 
with the transient signal that contains no κ1 component and 
leads to an elongated bond. The excited state of Cr2O contains 
up to 17% LMCT density and the transient signal contains 33% 
κ1. The increased LMCT character (31%) of the photoexcited 
state in Cr2O2 matches the increased κ1 (56%) of the total tran-
sient signal. Several excited states overlap around ~3.1 eV for 
Cr2O3, involving a maximum 54% LMCT character and in-
creased experimental transient signal of 70% κ1. Photoexcita-
tion in Cr2O4 is up to 63% LMCT matching the largest κ1 (84%) 
of the measured clusters and also contains no δ contribution. 
The LMCT projects an electron back onto the Cr-3d orbitals, 
inducing a rapid scattering on the few-fs timescale, similar to 
metallic excitations. In all cases, the bridging O act as electron 
donors, but the terminal O atoms act as both donors and accep-
tors. The electronic structures show a near-linear increase in the 
percent LMCT between O-2p and Cr-3d orbitals with oxidation 
(Figure 3), in excellent agreement to the increase in the meas-
ured κ1 contribution. 

 

Figure 3: Vertical (left) and adiabatically relaxed (right) excited 
state transition densities for Cr2On, (n = 1-4) clusters, presented at 
an isodensity of 0.002/Å3. Electron and hole density is shown in 
green and blue, respectively. Cr atoms are gray, and O are red.  

Following vertical excitation, the clusters relax adiabatically, 
aligning with changes in their experimental transients. A linear 
decrease in δ with oxidation reveals that additional degrees of 
vibrational freedom improve each cluster’s propensity to return 
to the ground state as vibrationally hot species. Although τ2 is 
similar for all clusters, Cr2O is ~20% longer (620 ± 60 fs), 
which may be related to FM coupling and an activated bending 
mode. In particular, terminal O atoms are well known to facili-
tate relaxation to the ground state through conical intersec-
tions,29 and therefore reduces δ. The nuclear rearrangement for 
both Cr2O3 and Cr2O4 is primarily localized to the bending and 

stretching motions of the terminal O atoms. Photoexcitation of 
Cr2O3 prepares a localized electron on the tri-coordinated Cr 
atom, while the other Cr is not involved due to the asymmetric 
O distribution in the cluster. Photoexcitation of Cr2O4 extends 
the bond length of one terminal O. Thus, Cr2O3 contains only 
4% δ, while δ is absent from the transient signal of Cr2O4, re-
vealing efficient recombination.  

Our results suggest that a fully oxidized Cr2O6 cluster that is 
void of d electrons will convert all photoexcited energy into vi-
brational energy within 10s of fs, similar to metallic systems. 
This inversed (counterintuitive) metallic behavior is explained 
by the transition from delocalized electronic states to strongly 
ionic LMCT upon oxidation, similar to the half-metal behavior 
of bulk CrO2. Long-lived states are only present in chromium 
oxides that contain O vacancies, suggesting a single-crystalline 
bulk material may rapidly convert photonic excitation into heat 
within 10s of fs. The ultrafast dynamics reported herein show 
half-metal behavior at the molecular level. Such clusters can be 
formed over a range of compositions and stoichiometries, ena-
bling a wide variation in magnetic behaviors and novel molec-
ular spintronics materials.  

In conclusion, we report time-resolved excitation experiments 
of neutral Cr2On clusters and show that the relative contribution 
of three separate pathways changes almost linearly with oxida-
tion. The involvement of the near instantaneous, or metallic re-
laxation component, is related to the theoretically determined 
electronic properties. The lifetimes show that LMCT excita-
tions relax on an almost-instantaneous timescale and that d-d 
excitations relax on a sub-ps timescale. Significant long-lived 
excited states are only observed in suboxide systems, suggest-
ing that carrier recombination is efficient only in closed sys-
tems. This simple picture of sequential oxidation reveals a trend 
in the excited state dynamics related to a shifting metallic be-
havior with O character. Studies on larger systems may help de-
velop rules to control magnetic interactions, with similar trends 
observed in our experimental signals of Cr3On and Cr4On clus-
ters that will be detailed in a subsequent manuscript. Insights 
from these atomically precise chromium oxide systems can be 
applied to the design of novel photoactive materials. 

SUPPORTING INFORMATION 
Computational methods and properties including optimized 

ground state cluster geometries. Table S1 shows the elemental con-
tributions to the excited state and related LMCT character. The SI 
material is free of charge via the Internet at http://pubs.acs.org. 
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A time-of-flight mass spectrometer (TOF-MS)1,2 coupled to synchronized femtosecond laser 

pulses was employed to measure the excited state lifetimes of neutral Cr oxide clusters. Laser 

intensities (pump = 4.8 x 1014 W/cm2 and probe = 3.3 x 1015 W/cm2) were minimized to eliminate 

ion signal from individual pulses. Cr2On clusters have high O dissociation energies,3 and therefore 

are stable with absorption of a 3.1 eV pump photon. The excited states are then probed through 

strong-field ionization with the 800 nm beam, and the measured ion signal intensity is 

proportional to the neutral population remaining in the excited state.  

The ground state geometries of Cr2On clusters were optimized at the density functional theory 

(DFT) level within the Gaussian164 software suite using the GGA functional uBPW91 with the 

standard 6-311G+ (3d) basis set. This configuration has previously shown to be highly accurate 

for the structures and energies of chromium oxide clusters.3,5 The minimum state geometries 

were used as input for single point TD-DFT calculations to account for the excited state 

characteristics. However, excited state energies, oscillator strengths 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 no or low 

percentages of Hartree−Fock like exchange fail to correctly account for the excitation energies of 

CT states.6 The Coulomb attenuating method (CAM)-B3LYP contains 19% and 65% Hartree-Fock 

exchange in the short range and the long range, respectively, and therefore balances the local 

excitation and charge transfer. The CAM-B3LYP XC has been shown to give accurate results for 

the excited state energies of TiO2,7,8 and pure metallic9 clusters. 

The first 200 excited states of each cluster in the Cr2On (n< 5) series were then calculated using 

the Time-Dependent density functional theory (TD-DFT) using both uBPW91 and CAM-B3LYP 



with the standard 6-311G+ (3d) basis set and using the ground state geometries determined from 

uBPW91 as input. An excited state population analysis was performed to determine the 

elemental contributions to the excited state. The excited state CT character for both basis sets 

are shown in Figure S1.  

In general, the CAM-B3LYP and BPW91 excited state are qualitatively similar. The onset of 

strong O-2p to Cr-3d transitions shifts to lower energies with the inclusion of O atoms. For 

example, according to BPW91, the LMCT states for Cr2O begins around 5 eV, and gradually shifts 

to around 3 eV for Cr2O4. Cr2 is not shown as there cannot be a change in electron density over 

the Cr atoms. Cam-B3LYP shows less of a Cr to O transition (less negative values), and instead 

demonstrates a more realistic charge transfer primarily from O to Cr atoms.  Results from both 

basis sets show that the maximum percent LMCT character near the pump laser energy increases 

linearly with O atoms, in agreement with the trend in experimental fitting coefficients.  

The energies of the LMCT states are overestimated in both basis sets, but are more 

energetically accessible in CAM-B3LYP. Further, the broad bandwidth of the ~30 fs laser pulse 

accesses excited states near 3.1 eV. Thus, we selected the excited state molecular orbitals with 

the largest LMCT value within the green box presented in Figure S1 for analysis. 

 



 
Figure S1:  Percent change in electron density of the Cr atoms with photoexcitation for BPW91 
(left) and CAM-B3LYP (right). Note, a positive number indicates that electron density is moving 
from O to Cr, whereas a negative number indicates electron density is moving from Cr to O. A 
small value indicates a large contribution of electron density shifting between Cr atoms. The 
green box represents range of excited states accessible by the pump beam.  
 
 

The cartesian coordinates for the optimized ground states for the Cr2On (n<5) clusters at the 

DFT-uBPW91 and 6311G+(d) basis set are presented below. 

Cr2 
Cr           0.560590    0.695509    2.352643 
Cr           0.124346    0.238736    0.716959 
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Cr2O 
Cr           1.624713   -0.111270   -0.000000 
Cr           -1.624713   -0.111866    0.000000 
O           0.000000    0.669406   -0.000000 
 
Cr2O2 
Cr           0.000028    0.000002    1.256118 
O           -0.000001    1.326313    0.002498 
O           -0.000001   -1.326313    0.002503 
Cr           -0.000026   -0.000002   -1.251117 
 
Cr2O3 

Cr           0.000037   -1.598831    0.000000 
Cr           0.000000    0.958341    0.000000 
O           1.284044   -0.311354    0.000000 
O          -1.283608   -0.309936    0.000000 
O           -0.000546    2.542758    0.000000 
 
Cr2O4 

Cr           1.296014   -0.000187   -0.001464 
O           -0.000238    1.254267   -0.006441 
O           -0.000056   -1.254066   -0.006311 
O           -2.874588   -0.000600    0.016680 
O           2.874685    0.000114    0.013332 
Cr           -1.295948    0.000282   -0.004290 
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