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Unravelling the electronic nature of the radiative cooling of cobalt clusters
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In this paper, we report on the experimental determination of photon emission rates of laser-excited cobalt
clusters, Con

+ (n = 5–23), deduced from fragmentation mass spectrometry and metastable decay fractions. The
rates are so high that they can only be ascribed to recurrent fluorescence (RF), a process where emitting states are
populated by inverse internal conversion, followed by photon emission. Cooling via electronic states is confirmed
by quantitative agreement with calculated rates using the low-lying electronic transitions predicted by time-
dependent density functional theory calculations for n = 5–10, which are performed considering all electrons
and including relativistic effects implicitly. The outstanding agreement between experiment and theory provides
clear evidence that the clusters radiate via electronic states, being a consistent theoretical and experimental study
invoking RF.

DOI: 10.1103/PhysRevResearch.3.033225

I. INTRODUCTION

The emission of photons by isolated and thermally equili-
brated clusters can occur via two different internal transitions:
vibrational cooling (VC) and recurrent fluorescence (RF).
VC involves the emission of relatively low-energy photons
in vibrational transitions with low oscillator strengths and
therefore occurs on the millisecond or longer time scale [1,2].
RF, in contrast, occurs at time scales that can be as short as
microseconds. Such a fast stabilization of a hot particle has di-
rect consequences in diverse fields, including the size-selected
production of nanoparticles, catalysis, and astrophysics [3].
To date, however, there is no widespread agreement that RF
is responsible for this fast cooling because predictions from
quantum chemical calculations on many occasions have dis-
agreed with measured cooling rates.

RF processes occur because excited electronic states can
be populated thermally via inverse internal conversion (IIC),
in which vibrational energy is converted into electronic en-
ergy, followed by photon emission from such states if the
transitions are optically allowed [4,5]. Fast radiative cooling,
consistent with RF, has been observed from size-selected
carbon-based molecules and metal clusters [6–9], as well as
from broad mass distributions of refractory metal particles
[10–12]. Moreover, visible photons emitted by small carbon-
based molecules have been detected in ion storage devices
[13,14]. Despite all the experimental evidence in favor of RF,
theoretical calculations assuming this process did not support
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the experimental data [6,15], leaving room for skepticism. In
Au+

n clusters, for example, fast radiative cooling has been
observed for several sizes, whereas quantum chemical calcu-
lations of electronic excitations yield states too high in energy
to explain the experimental results [6]. Only very recently
have infrared spectroscopy experiments detected what seems
to be a low-lying electronic excitation in Au+

10 [16], supporting
the predictions made in Ref. [6], based purely on experimental
evidence.

In this paper, we focus our attention on the radiative
cooling of cationic cobalt clusters. Electron correlations in
small cobalt clusters have attracted significant attention in
recent years. X-ray magnetic circular dichroism spectroscopy
measurements have revealed large spin and orbital magnetic
moments for Co+

n (n = 4–15) clusters [17,18]. Cunningham
et al. [19] recently demonstrated the involvement of low-
energy excited states in the NO2 binding to small Co+

n (n � 5)
clusters, and experiments with a free-electron laser have
shown the population of electronic states after vibrational
excitation of neutral Con (n = 9, 10, 13) clusters [20]. These
results all depend on the high density of states near the highest
occupied molecular orbital (HOMO), due to the open 3d-shell
electronic configuration and energetic competition between
3d and 4s occupancy. This electronic structure meets the
criteria for expecting high rates of radiation. Moreover, the
geometries of Co+

n clusters have been determined in the n � 8
size range by a combination of infrared spectroscopy experi-
ments and density functional theory (DFT) calculations [21].
This unique combination makes cobalt clusters an excellent
testing ground for the presence and magnitudes of thermally
excited electronic states in few-body systems.

Here, we report a mass spectrometric and computational
analysis of the radiative cooling of laser-excited cationic
cobalt clusters Co+

n (n = 5–23). The experimental emission
rates are so high that they can only be explained by RF.
Notably, the experimental radiation rates are in quantitative

2643-1564/2021/3(3)/033225(7) 033225-1 Published by the American Physical Society

https://orcid.org/0000-0001-5171-5442
https://orcid.org/0000-0002-5945-1194
https://orcid.org/0000-0001-9746-3711
https://orcid.org/0000-0001-6570-0559
https://orcid.org/0000-0001-6096-7772
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.3.033225&domain=pdf&date_stamp=2021-09-08
https://doi.org/10.1103/PhysRevResearch.3.033225
https://creativecommons.org/licenses/by/4.0/


KRISTIEN PEETERS et al. PHYSICAL REVIEW RESEARCH 3, 033225 (2021)

FIG. 1. Scheme of the mass spectrometer (not to scale), detailing
the laser excitation process and the time delay (�t) between excita-
tion and extraction.

agreement with those calculated for n = 5–10, using the
low-lying electronic transitions predicted by time-dependent
DFT (TD-DFT). Therefore, our analysis provides a clear rec-
onciliation of the theoretical understanding of RF with the
experimental observations.

II. METHODS

A. Experimental

The cobalt clusters were produced by laser ablation and
analyzed by reflectron time-of-flight mass spectrometry in
a setup described in detail in Ref. [22]. The cluster source
was kept at room temperature, with He used as the carrier
gas. Clusters initially produced as ions were electrostatically
deflected from the molecular beam, while those produced as
neutrals in the source were exposed to the focused ultraviolet
(UV) laser light of a nanosecond ArF excimer laser (193 nm,
5 mJ per pulse). Under these high-fluence conditions, multi-
photon absorption takes place, inducing a combination of fast
ionization and fragmentation of the clusters, as the electronic
energy is rapidly converted into vibrations [23]. Photofrag-
mentation has been used on many occasions for investigating
cluster relative stabilities [24–28], and the principles of the
present experiments do not differ from those.

The radiative cooling was monitored by its influence on the
metastable decay fraction (Mn), defined as the relative amount
of the clusters that fragment during free flight (after leaving
the extraction and before entering the reflectron) in the mass
spectrometer (within microsecond time scales), with respect
to those that fragment practically instantaneously upon laser
excitation (prompt fragments). The technique is illustrated in
Fig. 1, showing the mass spectrometer schematically. By de-
tuning the reflectron fields from the optimal resolution values,
the clusters that fragment during free flight between the initial
acceleration and the entry into the reflectron can be posi-
tioned aside the product cluster in the time-of-flight spectrum.
Metastable fragmentation occurs within a well-defined time
window, between the moment the cluster leaves the extraction
stage of the mass spectrometer (t1) and the time the cluster
reaches the reflectron (t2). The geometry defining these times
is shown in Fig. 1 by red arrows and is calculated by using the
known dimensions of the mass spectrometer and the voltages
applied to acceleration and reflectron electrodes. As dur-
ing fragmentation the velocity of the fragment is unchanged
[29,30], metastable fragments are seen as sharp peaks in mass

spectra, independent of the precise position in the free-flight
region the fragmentation occurs [31]. Further details of the
experimental approach can be found elsewhere [31,32]. For all
investigated clusters, monomer loss is observed as the domi-
nating metastable channel, as can be identified by comparing
the time separation between prompt and metastable fragments
in mass spectra [31].

The analysis of the number of metastable fragments is
based on the fact that the internal energy of a metastable
cluster has an upper and a lower limit [26]. If too high,
fragmentation will occur very fast, hence when the cluster
is still at the acceleration stage of the mass spectrometer. In
contrast, if too low, fragmentation will take place after the
cluster leaves the free flight region. Importantly, this window
of internal energies for the metastable fragments depends
on a combination of cluster-specific parameters [33] and the
settings of the mass spectrometer but is independent on the
cluster temperature before the laser excitation.

B. Computational

DFT calculations were performed for Co+
n clusters in the

n � 10 size range, at a high level of theory. The geome-
tries of the clusters in the n = 5–8 range are known from
infrared multiple photon dissociation spectroscopy experi-
ments [21]. In contrast, the putative lowest-energy structures
of Co+

9 and Co+
10 have been found only by a search based

on DFT energies [34]. Here, we adopt the geometries de-
termined in those studies. The calculations were performed
using the ORCA 4.1.2 software package [35], employing the
Perdew-Burke-Ernzerhof functional in conjunction with the
large Def2-TZVPP basis set. Benchmark studies have shown
that generalized gradient approximation functionals are the
most appropriate to describe first-row transition metal systems
[36]. All electrons were considered for the calculations. More-
over, the D3BJ correction was applied to include dispersion
forces, and relativistic effects were accounted implicitly by
using the zeroth order regular approximation (ZORA). The
applied level of theory was successfully used for the geometry
determination of neutral Con (n = 4–10, 13) clusters [37].
Harmonic vibrational frequencies were calculated to corrob-
orate that the geometry optimizations converged into true
minima on the potential energy surface of the clusters.

III. RESULTS AND DISCUSSIONS

A typical mass spectrum of Co+
n (n = 5–23) clusters af-

ter photoexcitation is presented in Fig. 2(a). The metastable
fragments are seen as the secondary peaks in the mass spec-
trum, marked by asterisks, whereas the clusters fragmenting
immediately after laser excitation (prompt) are the main
peaks, of which a few sizes are labeled. There is a distinct
size-dependence of the recorded metastable fractions, as is
presented in Fig. 2(b). Moreover, Fig. 2(c) [zoom of panel
(a) in the 630–890 u mass range] depicts as an example the
fragmentation channel of n = 14.

To extract (size-dependent) rates of radiative cooling,
a small and variable time delay is added between the
creation of the hot cationic clusters by the UV laser exci-
tation and the time the clusters are extracted into the mass
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FIG. 2. (a) Representative mass spectrum of photofragmented
Co+

n clusters, recorded at �t = 0 μs. The metastable species are
marked by an asterisk. The small additional peaks are oxygen con-
taminations. (b) Metastable fractions as a function of cluster size,
recorded with prompt extraction (�t = 0 μs; black) and �t = 0.3 μs
(blue). (c) Zoom of the 630–890 u mass range of the spectrum in
panel (a), where the fragmentation channel Co+

14 → Co+
13 → Co is

depicted. The most intense peaks are the clusters that are detected
with the same mass as they are accelerated.

spectrometer. Such a time delay (�t) acts as a cooling time
during which the highly excited clusters can fragment and
radiate before they are analyzed mass spectrometrically. Mea-
sured metastable fractions recorded at two time delays are
depicted in Fig. 2(b). The method is based on the fact that,
under the high-fluence conditions of the laser excitation, the
clusters are excited to a broad internal energy distribution,
both because of Poisson statistics and variations of the laser
fluence across the beam [38]. For clusters solely cooling down
via fragmentation, such excitation conditions induce decays
following a 1/t time dependence [39]. If radiation also occurs
in parallel with fragmentation, the 1/t time dependence is
quenched, and the expression for Mn becomes

Mn = Cn

∫ t2+�t

t1+�t

e−kpt

t
dt, (1)

with kp the photon emission rate constant and Cn a time inde-
pendent constant. Equation (1) is valid for radiation of either
electronic or vibrational nature if the emission of a single
photon quenches any further fragmentation or in the absence
of radiation, for which kp = 0 [3]. Here, kp is then determined
by measuring Mn for different �t values and fitting Eq. (1)
to these data. This procedure has been applied successfully to
determine radiation rates of diverse metal clusters [3].

Figure 3(a) presents examples of the procedure for the
photoexcited clusters Co+

5 and Co+
14. This figure shows a

fitting to the experimental data using Eq. (1) as well as the
time-dependence of Eq. (1) with kp = 0. Clearly, the latter

FIG. 3. (a) Metastable fractions as function of delayed time of
extraction for Co+

5 and Co+
14. The experimental points are fitted by

Eq. (1), accounting for the presence of radiative cooling (continuous
line). In addition, the delay dependence accounting for fragmentation
as the only energy dissipation mechanism is shown (dashed line). (b)
Experimental (full circles, n = 5–23) and calculated (open squares,
n = 5–10) Co+

n rates of radiation.

cannot capture the �t dependence of Mn, whereas the former
provides a good fit, consistent with radiation competing with
fragmentation as a cooling channel. The obtained radiative
rate constants, given in Fig. 3(b) (filled circles), are very
high, for n � 9, with the photon emission rate constant kp =
2.1×106 s−1 for Co+

5 , the highest value reported to date for
thermal radiation. The rates show some size-to-size variations
in addition to a general decrease with size, like previous ob-
servations [3].

The RF rate (kRF) of a cluster can be expressed by Eq. (2),
with A the spontaneous decay Einstein coefficient of the elec-
tronic transition from a state of energy Ei, and ρn the level
density of the n-atom cluster [39]:

kRF = A
ρn(E − Ei )

ρn(E )
[
1 − ρn(E−2Ei )

ρn (E−Ei )

] . (2)

The photon emission rate constant kRF is thus the product
of A and the population determined by the level density, as
in any other activated process, and an additional term in the
denominator (within square brackets) accounting for stim-
ulated emission. This expression, including the appearance
of stimulated emission, is obtained by performing a detailed
balance calculation [39]. The difference in time scales of VC
and RF radiation arises because the Einstein A coefficients
of electronic transitions are orders of magnitude larger than
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FIG. 4. (a) Geometries of Co+
n (n = 5–10) clusters. The adopted

multiplicities are shown in parenthesis. (b) Dissociation energies
calculated for the monomer and dimer loss channels. (c) Decay
rates calculated for the Co+

5 cluster. The different curves correspond
to fragmentation (k f ), recurrent fluorescence (kRF), and vibrational
cooling (kVC). (d) Oscillator strength of electronic excitations as a
function of the excitation energy of Co+

5 up to 1 eV. An artificial
linewidth of 0.01 eV was used for the plot. Four transitions are
labeled, as detailed in Fig. 5.

vibrational ones. This big enhancement in emission rate is
only partly offset by the small population of the emitting state.
Whereas excited state populations can be seriously reduced
by the ratio of level densities in Eq. (2), which is effectively a
Boltzmann factor [6], the ability to have enough thermally ex-
cited electrons is nevertheless well established. For example,
this was seen in the mentioned population of electronic states
via vibrational excitation of Con (n = 9, 10, 13) [20] and for
Nb3C2 and Nb6C5 [40].

The likelihood of IIC and hence photon emission strongly
decreases with increasing energy of the involved excited state
[6]. Therefore, a fundamental requirement for RF to occur is
the existence of low-lying and optically active electronically
excited states in the cluster. Such a low-lying electronic mode
was recently detected for the Ta5C3 cluster in infrared spec-
troscopy experiments [41] as well as very recently also for
Au+

10 [16].
The converged Co+

n structures are depicted in Fig. 4(a),
while XYZ coordinates are listed in the Supplemental Ma-
terial (SM) [42]. The spin states proposed in Ref. [21] were
assumed for the n = 5–8 size range. These spin states dif-
fer slightly (except for Co+

6 ) from those quantified on x-ray
magnetic circular dichroism spectroscopy experiments [17].
In the SM [42], an alternative result for Co+

5 , based on the
spin state determined in Ref. [17] is presented. In both cases,
low-lying electronic excited states are predicted, which gives
rise to similar radiation rates. Furthermore, for Co+

9 and Co+
10,

the spin states experimentally determined in Ref. [18] were
assumed.

Based on the geometries shown in Fig. 4(a), dissociation
energies (Dn) are calculated as Dn = E (Co+

n−m) + E (Com) −
E (Co+

n ), with E the ground state energy of the cluster in
parenthesis, and m = 1 or 2, corresponding to the neutral
monomer or dimer loss channel. The calculated energies are
shown in Fig. 4(b). The monomer loss channel is energet-
ically favorable for all cases, although a complete analysis
of the branching ratios, which is outside the scope of this
paper, would require consideration of the entropy associated
with rotational degrees of freedom. The trend agrees with the
dissociation energies found in Ref. [43], although our values
are higher. The vibrational frequencies of the clusters were
used, together with the computed Dn, to obtain the fragmen-
tation rate constants (k f ) as a function of internal energy. For
this purpose, level densities were computed using the Beyer-
Swinehart algorithm [39]. As an example, k f is plotted as a
function of internal energy for Co+

5 [red line in Fig. 4(c)].
In addition, using the calculated vibrational modes of Co+

5 ,
also the VC rate constants (kVC) were computed [green line in
Fig. 4(c)].

For each excitation energy, the decay channel with the
highest rate in Fig. 4(c) dominates. For all excitation energies,
kVC � k f and is not significant on the experimentally
relevant time scale of microseconds, demonstrating that
VC is not responsible for the quenching of the metastable
fragmentation. At most, kVC reaches values ∼ 50 s−1,
corresponding to a cooling time of 20 ms. The kRF (blue
line) values, in contrast, are signicantly higher and allow an
observable crossover from predominantly fragmentation to
predominantly radiative cooling.

Given the broad energy distributions of the excited clusters,
it is not possible to assign a single energy to the clusters.
Nevertheless, the clusters that decay at a specific time are
the clusters that have decay constants corresponding to this
time. When both unimolecular decays and photon emission
occur at the same time, they must therefore have similar rate
constants. This is precisely the situation when metastable uni-
molecular decay is suppressed by radiative cooling, a point
where both processes compete. Hence, the theoretical pre-
diction for the experimentally measured value of kp in these
experiments is the point where the curves for k f and kRF

cross [39].
The RF rate constants shown in Fig. 4(c) were calculated

by combining the TD-DFT computations and statistical mod-
eling. The TD-DFT results provide the energies and oscillator
strengths of the dipole-allowed electronic transitions between
excited states and the ground state, which are then used to
calculate the A coefficient associated with that transition, as
A = 7.421×10−22 Hz−1 f υ0

2 (with f the oscillator strength
and hυ0 the transition energy) [6]. For each optically active
state, a rate constant was calculated, using Eq. (2), and the
total rate was obtained as the sum over all transitions. No
further parameters are used in the calculation. The computed
electronic transitions of Co+

5 , up to an energy of 1 eV, are
shown in Fig. 4(d). In the SM [42], the spectrum including the
visible range up to 4 eV is given, as are the low-energy spectra
up to 1 eV for the Co+

n (n = 6–10) clusters. The TD-DFT
calculations predict several electronic transitions <1 eV with
significant oscillator strength. The existence of those low-
energy excitations explains the high kp rate of Co+

5 . Similarly,
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FIG. 5. (a) Density of states of the Co+
5 cluster, projected into

states of s, p, and d atomic character. Energies are presented with
respect to the highest occupied molecular orbital (HOMO) state
(marked by a dotted line). α and β states appear on the right and the
left side of the plot, respectively. (b) Zoom in of the partial density of
states (PDOS) in the region around the HOMO state, highlighting by
arrows the electronic transitions labeled in Fig. 3(d). On the right
side, the molecular orbitals involved in transition (ii) are shown.
The contributions of atomic d character in the (i)–(iv) electronic
transitions of Co+

5 are mentioned in the bottom inset.

very high photon emission rate constants are found for the
other cluster sizes.

The calculated values are shown in Fig. 3(b) (open
squares), which are found to be in good agreement with the
experimental results. This is particularly the case for n = 6–8,
for which the cluster geometries are known experimentally. A
slightly larger deviation from the experimental value is seen
for n = 10 (as a reminder, the geometries of the n = 9 and 10
clusters have only been determined by DFT). Nevertheless,
the predicted radiation rate of Co+

10 lies within 1σ of the ex-
perimental value, and the decrease of kp is nicely reproduced
by the calculations.

The possibility that more than one isomeric geometry is
present in the cluster beam and therefore contributes to the
measured radiation rate is explored for Co+

5 , for which two
additional low-lying isomers are considered, assuming the
relative weights of the isomers in a vibrational harmonic
approximation and in the high temperature limit [39]. De-
tails of the calculation are found in the SM [42]. Given the
small relative population of the additional isomers, the cal-
culated radiation rate (1.99×106 s−1) is like that in Fig. 3(b)
(2.10×106 s−1).

The electronic transitions computed for Co+
5 are further

analyzed in Fig. 5. In panel (a), the density of states of the
cluster is projected into states with atomic s, p, and d character

[partial density of states (PDOS)]. Many states of mainly d
character and spin down (β) are located around the HOMO
(zero energy), while spin-up (α) states are found at lower
energies, consistent with the high multiplicity of the clus-
ter (2S + 1 = 11). The four electronic transitions labeled in
Fig. 4(d) are shown by arrows in Fig. 5(b) [zoom of the PDOS
in Fig. 5(a)]. These transitions involve states of mainly d char-
acter, as quantified at the bottom of panel (b). Interestingly, all
the electronic transitions computed <1 eV (relevant for RF),
involve β spin states, showing the relevance of the cluster’s
high spin for the presence of low-lying electronic excitations,
which ultimately determines its high RF rate constants. As is
shown in Fig. 3(b), the agreement between experiment and
theory is outstanding. This nearly perfect agreement may be
partly fortuitous, given the expected accuracy of a TD-DFT
calculation, although reproducing both the absolute values
and the size dependence is remarkable. The accordance pro-
vides clear evidence for the assignment of the suppression
of the metastable decay to radiation from thermally excited
electronic states via the process of RF.

IV. CONCLUSIONS

In this paper, we have determined the rates of thermal
photon emission for Co+

n (n = 5–23) clusters, obtaining the
highest values ever reported for a metallic cluster system.
Moreover, we have shown a quantitative agreement between
the measured radiation rates and those modeled with DFT
calculations. The success of our calculations, which contrasts
to those for other systems like gold clusters, can be traced
to the simpler, highly populated, electronic structure of the
first-row transition metal cobalt, with excitations that can be
fairly well described by single electron transitions. In contrast,
for more complicated systems like gold, collective excitations,
which are not described by DFT, can play a fundamental role
in their radiative cooling mechanism [6] and require further
analysis.
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