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(h = 5-18 and m = 0-10,
m < n) clusters produced by laser vaporisation and gas aggregation. Their magnetism is probed experi-
mentally by means of Stern—Gerlach magnetic deflection. The results imply that the cobalt atoms couple

We report on the magnetic properties of small neutral suboxide Co,O,,

ferromagnetically not only in pure Co, clusters, as known from previous investigations, but also in their
oxidized counterparts. It was found that the magnetic moment per cobalt atom is mostly enhanced
in the oxide clusters with respect to the pure cobalt clusters and generally increases with the oxygen
content in the studied composition range. The spin magnetism of selected clusters is also investigated
by density functional theory (DFT) calculations. The computations allow to attribute the effect of oxida-
tion on the magnetic response of the Co,O,, clusters to electron transfer from the cobalt 3d and 4s
valence orbitals to oxygen. The cobalt 3d levels preferentially donate electrons of minority spin, but both
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1 Introduction

Transition metal oxides play an important role in a vast variety
of valuable applications."™ In particular, Co oxides can be used
as catalysts,” gas sensors,’ and in the development of
magnetic recording media.” Moreover, Co oxide nanoparticles
are candidates to inhibit cancer cell growth®® and have great
potential as antimicrobial agents.>® More specifically, there is
a lot of interest in magnetic nanoparticles because they are
promising candidates for diverse applications such as drug
delivery, tissue engineering, biosensing, magnetic resonance
imaging, ultrahigh density data storage, and magneto-electric
memory devices.'® Also, clusters with interesting properties
could potentially be assembled into larger nanostructured
materials."” Furthermore, in the interest of developing funda-
mental understanding of the evolution of magnetism with size
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spin orientations are involved in the transfer of cobalt 4s electrons.

and composition from single atoms to the bulk, small clusters
are ideal test systems.

It is well known that the physical and chemical properties of
few-atom clusters can be distinctively different from those of
their bulk counterparts with possibly even drastic differences
between successive sizes.'>'® This is also the case for cobalt
oxide clusters which have been the subject of several theoretical
and experimental studies examining various properties. Experi-
mentally, efforts were undertaken to investigate them by means
of photofragmentation,'*"® photoelectron spectroscopy,'® and
infrared vibrational spectroscopy.'” Also the role of cobalt oxide
clusters as catalysts'® and their reaction with different gases"®
have been studied. However, the magnetism of these clusters in
the size range of this work has not yet been probed experi-
mentally. In contrast, several theoretical studies explored the
magnetism of cobalt oxide clusters.

A systematic DFT computational study on the magnetic
properties of neutral and cationic Co,0%" clusters (n = 3-8,
m =1-10) was carried out by Aguilera-del-Toro and coworkers.>°
In line with multiphoton dissociation experiments, their calcu-
lations for the charged species confirmed n = m as the favoured
stoichiometry, the loss of O, as the preferred fragmentation
channel, and the particular high stability of Co,0,". For the
latter cluster they found indications that the local spin mag-
netic moments at the Co sites closely resemble those of metallic
Co, and Co,", with additional significant contributions of the
oxygen atoms to the total spin magnetic moment. Because of
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the parallel coupling of all local spin magnetic moments in
Co40,, its total spin magnetic moment is about 30% larger
than that of the Co," cation. More generally, their DFT calcula-
tions predict the series of (Co0)," (n = 2-6) clusters to be
stabilized by a high spin magnetic moment and that the spin-
polarisation of the Co atoms is not quenched by the oxygen.
The high stability of the Co,0," cation was suggested by Tung
et al.® as well, and photodissociation mass spectrometry also
indicated that Co,0," and Co40;" could be particularly stable.
In addition, Zayed et al.>* reported the remarkable structural
stability of Co,0%" determined by mass spectrometry, and
confirmed by DFT computations for the neutral counterpart.

In another study, Gutsev et al. performed DFT calculations
on the geometries, total spin magnetic moments, polarizabil-
ities and binding energies of neutral (FeO),, (CoO),, and (NiO),
clusters for n = 1-10. In all cases, they found relatively low spin
multiplicities.”® In contrast to the neutral cobalt oxides in
ref. 20 with non-vanishing total spin magnetic moments, it
was concluded that the total spin magnetic moments of the
bare neutral Fe,, and Co,, clusters are strongly reduced in their
corresponding oxides. Ferromagnetic ordering was only found
in the nickel oxides (NiO), for n = 3, 4, 9, and 10, whereas
(FeO),, (C00),, (FeO),, (Co0),, (FeO)s, (CoO)s, and (NiO)s were
found to be antiferromagnetic singlets. All other clusters in the
(FeO), and (Co0),, series as well as (NiO); and (NiO)g were
identified as being ferrimagnetic.

Recently, Geng et al. reported on a special class of neutral
oxygen-passivated metal oxides with a cubic structure and special
aromatic stability, termed ‘metalloxocubes’, for which enhanced
stabilities of M;05* (M = Fe, Co or Ni) clusters were observed.>*
In particular, the Co,305 cluster has a prominent abundance in the
resultant mass spectrum when neutral cobalt clusters, produced
by a laser evaporation source, were allowed to interact with He gas
enriched with a large oxygen content. First-principles calculations
attributed the stability of this cluster to a perovskite-like body-
centered cubic structure and cubic aromaticity from multicenter
Co-Co metal-metal bonding. Their computations predict Co;304
to have a large total spin magnetic moment of about 30 yp in its
lowest energy state.

In the following, we present the results obtained by Stern-
Gerlach magnetic deflection as well as DFT analysis on the
magnetic properties of small Co,O,, (n = 5-18, m = 0-10) clusters.
We start with a description of the methodology and of the applied
models to determine the experimental magnetic moments.
Because of the importance of the cluster temperature in these
models, attention is devoted to asses this temperature before
examining the magnetism. Finally, the ferromagnetic coupling
between the cobalt atoms and the influence of electron transfer
from cobalt to oxygen on the magnetism is discussed.

2 Methodology

2.1 Experimental methodology

A schematic overview of the experimental setup, in more detail
described in ref. 25, is provided in the ESIf (see Fig. S1).
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We used a pulsed (10 Hz) laser ablation source to produce a
molecular beam of clusters. The source body is a copper block
that has a 3 mm diameter formation channel. The second
harmonic (532 nm) of a pulsed Nd-YAG laser (Continuum
Minilite II) is directed onto a translating rectangular cobalt
target. The resulting evaporated material nucleates and grows
into clusters in the formation channel by collisions with the
atoms of a carrier gas, introduced by a pulsed supersonic valve
(Jordan TOF Products, Inc.) at a backing pressure of 5 bar.
A mixture of He and a small amount of oxygen (ca. 0.06 mol%)
was used as the carrier gas, leading to the formation of cobalt
suboxides, including some pure cobalt clusters. A cryogenic
system, consisting of a cold head (Leybold COOLPOWER
10 MD) pneumatically driven by a closed helium circuit from
a compressor unit (Leybold COOLPAK 6000 H), provides for the
cooling of the source. Hereto, a conducting copper braid serves
as the connection between the source and the cold head. The
temperature of the formation channel was estimated to be
49 + 2 K by a sensor on the outside of the source body.
However, the actual temperature of the clusters inside the
source is more reliably determined from a velocity distribution
analysis,”® as will be elaborated further, and was found to be
slightly lower: 41 + 4 K.

During their time spent in the source, the clusters are
carried towards the nozzle of the formation channel, after
which they expand in vacuum. The direction of the molecular
beam exiting the source is denoted by x. More downstream, a
skimmer removes most of the carrier gas, and the combination
of a rotating chopper wheel and pulsed postionisation later in
the setup selects clusters within a very narrow velocity range:
here 537 + 4 m s~ ', around the mean value (525.9 + 0.1 m s )
of the average velocities of all cluster sizes in this study.
A highly directional molecular beam for the magnetic deflec-
tion experiment is further achieved by means of two slit
collimators, each with an opening of 0.45 mm. The collimated
beam is then steered through a 2.6 mm opening between the
20 cm long poles of a Rabi type magnet, ensuring a fairly
constant magnetic field gradient (about 350 T m™') along the
cluster path. Neutral clusters can be deflected from their
straight path by the magnet and the degree of deflection
depends on the projection of their magnetic moment along
the magnetic field direction. The direction of deflection is
denoted by z and is orthogonal to x. About 80 cm after exiting
the magnet, the clusters are subject to the aforementioned
postionisation by the UV light (157 nm) of an F, excimer laser
(Coherent ExciStar XS). The profile of this excimer laser is
elongated along the deflection direction by a cylindrical lens
to ensure that deflected clusters are ionized as well, and
to prevent multiple photon absorption and fragmentation.
The specific laser profile is estimated from a series of atomic
yttrium deflection experiments, and is found to be non-uniform.
The resulting profile is taken into account to assess the position
dependent ionisation efficiency and to reconstruct the deflection
profiles of the clusters. Once ionized, the charged clusters are
extracted in the y direction, orthogonally to the x—z plane (see ESI, T
Fig. S1), into a reflectron time-of-flight mass spectrometer with a
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position sensitive microchannel plate delay line detector (surface
concept GmbH) that is able to record simultaneously the position
and arrival time of each cluster.

2.2 Computational methodology

DFT calculations on selected cobalt oxide clusters, CogO,,
(m =0, 4, 5, 6) and Co,0,, (m = 0, 3, 4, 5), were conducted
using the ORCA 5.0 software package.”” The hybrid PBEO
functional®® was employed, in conjunction with the def2-
TZVP basis set.>® Tight convergency criteria were used for the
self-consistent field”” and geometry optimisation cycles. The
structures of neutral cobalt clusters, Co,, were investigated
earlier by a combination of IR-UV two-colour vibrational
spectroscopy and DFT calculations.>® The geometries of Cog
and Co, were taken from this work and reoptimized at the
PBEO0/def2-TZVP level for different multiplicities. Initial geo-
metries of the cobalt oxide clusters were taken from the
computational work of ref. 20 and reoptimized at the same
level of theory. Additional possible structural isomers were
generated from scratch by randomly positioning the different
atoms and geometry optimisation, but no configurations of
lower energy were found than the ones in ref. 20. In all cases,
different spin multiplicities were considered. Bader partial
electron charges and Wiberg bond indices were calculated
using the Multiwfn software,*! whereas the natural population
analysis (NPA) scheme was used to compute partial atomic
charges and spin densities with the NBO software.*

2.3 Interpretation of the magnetic deflection profiles

In a Stern-Gerlach experiment, a beam of atoms splits in 2/ + 1
beamlets.*® Here, J is the total electronic angular momentum
quantum number. By applying this well established behaviour
to atomic yttrium deflections, the magnetic field gradient, J,B,
was determined. The latter is needed to determine the relation
between the z-component of the magnetic moment, u,, and
the deflection, d, of a particle in the experimental setup.
By applying the expression for the force on a magnetic dipole
in a magnetic field** to a cluster in the setup, it is found that:

d:m—:B(ngCz\/ﬁ) 1)
Vx

mv,y

= Cmlz,y (2)

with C; and C, setup constants, and c,, a constant that only
depends on the mass m of the cluster, because the experiment
is configured in such a way that all clusters have the same
velocity v,. The magnetisation M is here defined as the expecta-
tion value of (1), the latter being an averaged projection of the
magnetic moment during the interaction with the magnetic
field. The broadening of a beam profile upon interaction with
the magnetic field can be quantified as:

b= V O-(m2 - Goffzy (3)

with ¢,, and o.¢ the variance of the concerned beam profile
when the magnet is on and off, respectively.

This journal is © the Owner Societies 2023
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In contrast to atoms and apart from the trivial case of being
non-magnetic, the response of a cluster to a magnetic field can
manifest itself in a variety of observed deflection profiles. In the
following, we will discuss two models able to describe the
responses of the studied clusters. It is also worth mentioning
that for specific clusters with one magnetic atom in a non-
magnetic host an atom-like behaviour has been observed,*
giving rise to discrete or overlapping beamlets, and combina-
tions of all described responses are possible as well.>

On the one hand, spin-rotation coupling can destroy spin
quantisation through avoided crossings.’®?” The avoided-
crossing model (ACM) proposes an explanation for the most
frequently observed case of a single sided deflection (SSD)
towards the high field pole, resulting from the ability of the
magnetic moment to rotate in the field direction. The descrip-
tion also holds at low temperatures where traditional vibra-
tional behaviour no longer applies. This model ascribes single
sided deflections to different energy levels in the rotation-
Zeeman diagram developing more uniform slopes with increas-
ing magnetic fields. The negative of the slope corresponds to
U, = —OE/3B associated with an energy level with energy E in a
magnetic field B. Thermal population of energy levels with
slightly different slopes in the rotation-Zeeman diagram can
cause an accompanied broadening of the deflection profile.
Another possible cause of broadening is the variation in sensed
magnetic fields as discussed further below. For low u.B but
sufficiently high magnetic fields for the energy level slopes to
reach the linearly decreasing regime in the rotation-Zeeman
diagram, it is found that the magnetisation can be approxi-
mated by the Curie law:*’

2
Hcurie B
= DCurie 7 4
3kgT ’ ()

with T the ensemble temperature of the cluster beam, and curie
an effective magnetic moment, referring to the maximal projec-
tion of the magnetic moment in the field direction. Care has
been taken to make a proper estimate of the magnetic field, by
calculating an effective magnetic field as an average over each
individual cluster path inside the magnet (see ESIt). Indeed,
because of the field gradient, the magnetic field will vary along
the curved path of a cluster inside the magnet and this curving
depends on the position of the cluster in the molecular beam.
From a reconstruction of the cluster path inside the magnet for
all clusters (see ESIt), the mean effective magnetic field is about
0.92 T and the sensed variation in magnetic field was estimated
to range from 0.01 T to 0.17 T. This latter small range of
magnetic fields sensed by different clusters of the same stoi-
chiometry consitutes another possible cause of broadening.
We emphasize that to date the exact relationship between the
magnetisation and magnitude of the magnetic moment is
unknown. Hence, there is insufficient ground to use the Curie
law for deducing exact values of magnetic moments from
magnetic deflection experiments. Since this approach has been
used widely in literature, it however does allow comparing
results of different studies using different experimental setups.
Furthermore, relative values are more trustworthy, allowing for
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evaluating the evolution of the magnetic moments as function
of size and composition.

On the other hand, magnetic anisotropy can cause the
magnetic moment to be strongly locked to the geometry of
the cluster. In this case the magnetic moment rotates with the
cluster as a whole and the magnetic field only broadens the
beam profile without net deflection. In terms of the ACM, this
behaviour could be treated as a case where some, but not all,
crossings are avoided. Although in principle the avoided-
crossing model is a suitable theory to interpret the complex
nature of any deflection profile, we lack the information to
properly construct the rotation-Zeeman diagram. Because of
this, we quantify this response using the adiabatic rigid rotor
model (ARRM),***° treating the clusters as a canonical ensem-
ble of rigid spherical rotors at a rotational temperature 7.
In this model, the magnitude of the magnetic moment, y, can
be estimated for weak magnetic fields, i.e. pug < kgTior, aS
follows. The distribution of y, is given by:

Pl =5, 2) 5)

2 \|pe

Taking into account eqn (2), and denoting by pon(2z) and pog(2)
the measured beam profiles for the case the magnet is on and
off, respectively, the model predicts the magnet-on profile to be
calculated as a convolution:

-+t

Pon (Z) = Z P’ (:u:)poff(z - Cm,u:)A.uzv (6)

Ho=—H

with P*(i1,) a normalized version of eqn (5) and Ay, the stepsize
between successive y, values. Eventually, the magnetic moment
Uarry 18 found as the value of p that minimizes the least
squares deviation between the measured and calculated on
profiles. Like the magnetic moment in eqn (4), the magnetic
moment obtained by means of the ARRM model is also an
effective magnetic moment.

3 Results

3.1 Mass spectrum

The cluster source produces a distribution of clusters of differ-
ent sizes and compositions, allowing the determination of
magnetic properties for different species simultaneously under
the same experimental conditions. However, because of mass
overlap between different compositions, not all sizes can be
readily identified. Here, we studied Co,0O,, (n = 5-18) clusters in
the 280-1200 u range (Fig. 1). The production conditions were
optimized to have the highest intensities for cobalt suboxides,
i.e. m < n, where m = 0-10. Two datasets were measured with
different oxygen to cobalt ratios in the source. All other experi-
mental conditions were the same. The dataset for the series
with n = 5-10 was obtained for a relative lower oxygen content
than the dataset for the series with n = 11-18.

Care was taken in the identification process by ensuring no
or minimal estimated overlap in the mass spectrum with
neighbouring sizes. Knowing that the mass difference between
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Fig. 1 Mass spectrum of the Co,O,, clusters in (a) the 280-750 u and
(b) 650-1200 u ranges. The identified clusters are labelled.

Co; and Oy, is slightly less than 1 u, overlap can arise between
Co,0,, and Co,,_30,,+11. For all identified sizes in Fig. 1, mini-
mal estimated overlap was guaranteed by considering only
those n values for which the average integrated intensity of
Co,_303.9,10 is only a small percentage of the one of C0,0 .
This assures that the Co,,_30,, clusters with m > 11 don’t
significantly contaminate the Co,0,, m < 10 intensities. For

= 5-9 this overlap is zero, for n = 10-18 it is less than
about 15%.

3.2 Velocity distributions and temperature

To study the evolution of magnetism as a function of stoichio-
metry, a properly thermalized source is required. Hereto we
measured the velocity distributions®® prior to the actual deflec-
tion experiment. Intensity distributions are measured by select-
ing different chopper wheel and postionisation timings and
hence transmitted velocities. Examples of velocity distributions
are shown in Fig. 2a and b. As described in ref. 26, such a
distribution f(v,) can be modelled by:

10 = dexp(-220), )

Vip,x

with A a proportionality constant, w the cluster’s flow velocity,
and v, , the width of the distribution given by:

_ [2kpTEr
vm.\' - T (8)

Here, Tgr is the translational temperature of the cluster in free
flight, and m the cluster mass. Fig. 2c shows Tgp, obtained
by fitting the velocity distribution to eqn (7), as a function
of cluster mass. According to ref. 26, the observed mass
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Fig. 2 Velocity distributions of (a) CogO, and (b) Co;603. The blue curve
corresponds to the fit function of eqn (7) (apart from a constant noise
level). Clearly, most clusters of the smaller mass move faster than the ones
of the heavier mass with the distributions of CogO, and Co;¢05 displaying
maxima at 537 = 1 m s and 5116 + 0.3 m s°%, respectively.
(c) Translational temperatures in free flight as a function of cluster mass.
The shaded region corresponds to clusters with a Tz converging to the
source temperature. The red curve is a guide to the eye.

dependence corresponds to the fingerprint of a thermalized
source: from a certain mass, here at about 2000 u, Tgp con-
verges to the temperature of the clusters in the source, which is
considered to be 41 + 4 K. Those heavier clusters experience
basically no translational cooling from random collisions with
the carrier gas in the expansion, because of a substantial
velocity slip with respect to the carrier gas. The velocity dis-
tribution of smaller clusters, on the other hand, does overlap
with that of the expanding carrier gas. Consequently, the
smaller clusters experience translational cooling and have a
lower Ty than the source temperature. These two regions are
highlighted with different background colours in Fig. 2c.

3.3 Magnetism

A selection of measured beam profiles is shown in Fig. 3. Beam
profiles of all studied Co,0,, clusters are available in the ESIt
Fig. S3-S5. Most beam profiles in our experiment display an
SSD, although five clusters show signs of locked moment
behaviour, i.e. Co50,, C050;3, C0,05, Cog0O,4, and CogOe. The
measured magnetic moments obtained by means of the Curie
law and ARRM are presented in Fig. 4, together with the
broadenings computed according to eqn (3). When discussing
tendencies involving pcurie, Systematic uncertainties are left
out. Systematic uncertainties originate from uncertainties in
the determination of the magnetic field, the temperature of the
clusters inside the source, atomic deflection calibration para-
meters and setup constants. Non-systematic uncertainties arise

This journal is © the Owner Societies 2023
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Fig. 3 A selection of beam profiles. The red circles and blue crosses show
the measured intensities at detector positions z with and without magnetic
field, respectively. The solid lines correspond to the Gaussian smoothened
profiles (FWHM = 0.5 mm, same colour coding). The dashed curves
represent the best suiting ARRM (if applicable). With increasing number
of Co atoms, Co,O4 displays a small SSD (n = 6), a larger SSD (n = 7) and an
ARRM-like behaviour (n = 8), demonstrating that the addition of one Co
atom can change the response significantly. Another ARRM case was
found for CogQOg.

only from the discrete Poisson-distributed counts on the posi-
tion channels of the detector. Systematic uncertainties on ficyrie
are for most clusters in the range of 1-2 ug. This value does not
incorporate the model uncertainty on the use of the Curie law,
which as discussed below is the largest unknown.

It is important to recognize that the application of both the
Curie law and ARRM has some restrictions. On the one hand,
asymetric broadenings in the deflected beam profiles normally
occur if the ARRM weak field condition is not satisfied, an effect
that becomes stronger with increasing magnetic fields.*>*° In the
present study, the set of clusters showing ARRM behaviour display
a vanishingly small to noticeable deflection towards the high field
pole, while strictly speaking no net deflection is expected. Because
all ARRM deflection profiles are reasonably well symmetric, we
consider the above procedure to extract the ARRM magnetic
moments by the application of eqn (6) still reliable. On the other
hand, while the ACM is appropriate for all cluster sizes and
temperature regimes, the applicability of the Curie law emerging
from the model is not straightforward. It is more appropriate to
examine the variation of magnetism with cluster stoichiometry,
rather than the absolute values of the magnetic moments.
Secondly, the avoided-crossing model was derived for ferromag-
netic pure cobalt clusters ignoring the orbital contribution to the
magnetism.”” Orbital quenching is a good approximation for bulk
first row transition metals*' and for bulk cobalt, the latter having
an orbital magnetic moment per atom gy, that is only about
10% of its spin magnetic moment per atom pg.*>** In contrast,
X-ray magnetic circular dichroism (XMCD) studies of singly-
ionized Co," clusters reveal that, for the size range of the
experiment, the orbital contribution to the magnetic moment
per atom is significant, but generally diminishes with increasing
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Fig. 4 Experimentally determined total magnetic moments calculated by means of the Curie law (ucurie) and adiabatic rigid rotor model (iarrm), and
broadenings (b) for all Co,, oxide series. Rather than providing absolute values, the Curie law was used to study the evolution of the magnetism with

oxygen content. Hence, systematic uncertainties on pc.rie have been omitted

. Remaining uncertainties for all displayed quantities are relatively small and

mostly not visible. Random uncertainties on pcurie typically range from 0.2ug to 0.7ug, and from 0.1 mm to 0.2 mm for b.

cluster size.****> These studies quote y; /us ratios from about 60%

for n = 5 to about 25% for n = 17. To our knowledge, no results
have been reported about the orbital contributions in the
corresponding cobalt oxide clusters. Furthermore, an adequate
estimation of the temperature that should be used in the Curie
law is challenging. The total magnetic moments determined by
means of the Curie law in Fig. 4 are calculated for the case the
population of all energy levels is stagnant upon exiting the
source. Because we have a well thermalized source, as explained
above, this is equivalent of using the source temperature as the
relevant temperature. In reality though, the relevant temperature
in the Curie law might be subject to cooling effects, meaning
that the obtained values for ucyrie are upper limits.

From Fig. 4, some conclusions can be drawn. (1) With
increasing number of cobalt atoms, the clusters become more
magnetic. This is in line with the ferromagnetic nature of
macroscopic Co and pure Co clusters.’”*"*¢ (2) Overall there
is also a tendency of increasing magnetic moment with increas-
ing number of oxygen atoms. For the smaller Co,0,, clusters
with n = 5-10, ucurie displays fluctuations as a function of m, but
the increasing trend is noticeable for n = 5-8. A clear odd-even
staggering is present in the Co0¢0,, (m = 4-8) and Co0,40,,
(m = 0-7) series with higher magnetic moments for clusters
with an odd number of oxygen atoms. For n = 11-18 the
magnetic moment increases almost monotonically with the
number of oxygen atoms. (3) For most clusters, the broadening
is in the range from 2.0 to 5.5 mm, except in 3 noticeable cases:
Co,05, CogO,4, and CogOg, whose deflection profiles are classi-
fied as rigid rotor behaviour. All broadenings are significantly
greater than zero, which implies a magnetic response of all
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studied clusters. There is no clear increase in broadening with
n as is the case for the magnetic moment, although on average
the broadenings are relatively lower in the Cos¢0O,, series as
compared to the rest. Mostly the broadening for all series in
Fig. 4 closely resembles the trends in ficyurie as a function of m.
Remarkable exceptions are the clusters with identified ARRM
response, which have a broader deflection profile than the
neighbouring clusters. (4) Despite the limitations in applic-
ability, discussed in the previous paragraph, the Curie law and
ARRM yield similar magnetic moment values. Because of the
different ways these magnetic moments were obtained, this
correspondence is reassuring for both methods to deduce the
presented values. Moreover, in all rigid rotor cases pcurie =
Uarrm, Which is consistent with the idea that the calculated
Ucurie Values provide an upper limit. Observations (1) and (2) will
be explored in more detail in the discussion section, taking also
into account the results of the DFT calculations.

The investigated species include the Co,305 system, which
was reported to have a special stability and a high magnetic
moment by Geng et al.>* We found no particularly high intensity
for this cluster in the mass spectrum, nor an enhanced magnetic
moment compared to other members of the Co,30,, series. The
total effective magnetic moment of Co,;0g, calculated by means
of the Curie law, is 19 + 2 ug, about 65% of the effective total
spin magnetic moment (about 29 ) computed by Geng et al.>*

3.4 DFT calculations

In order to get a more qualitative insight into the mechanism
that is responsible of producing the observed trends in mag-
netic moment, especially the increasing magnetism with the
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addition of oxygen, we investigated the Co¢O,, (m = 0, 4, 5, 6)
and Co,0,, (m = 0, 3, 4, 5) series computationally. These size
ranges were chosen because the experiments revealed a strong
oxygen concentration dependence with a local maximum in p
at m = 5 and 4 for the Cos0,, and Co,0,, series, respectively.
We must emphasize that the DFT calculations presented here
only take into account the spin contribution to the magnetic
moment, in addition to the intrinsic assumption that the
wavefunctions of the clusters can be described by a single
configuration.”” Experimentally, though, total magnetic moments,
estimated by ficurie and fiagrm, are obtained that cannot be
decomposed into spin and orbital parts.

The strong interaction between cobalt and oxygen, also
known from previous studies,'® shows up in different proper-
ties of the clusters. First, the lowest energy structures of all
calculated clusters (presented in Fig. 5) have a large number
of Co-O bonds. More specifically, in the case of CosO,,, it was
found that the oxygen atoms adopt positions with a high
Co coordination. Geometries where two oxygens coordinate
directly are not stable. For the Co,0,, series, the lowest energy
geometries of the clusters show that all oxygen atoms adopt
threefold Co-coordinated sites. Second, the density of states of
the calculated Coe oxides (see ESIL Fig. S2) reveals that the
cobalt d-states strongly hybridize with the oxygen valence
states. Third, Wiberg bond indices, measuring the average
number of electron pairs (i.e. ‘bonds’) shared by two atoms,
indicate a strong Co-O interaction. The calculated values for
both series can be found in ESI,{ Tables S2 and S4. Although
there is notable spread on the calculated bond indices, some
general characteristics are observed. With the exception of one
cobalt atom in Co,0;, all other cobalt atoms are bound to
oxygen. On average, the Wiberg bond indices for Co-O bonds
lie between 0.7 and 0.8 for CogO,,, and between 0.8 and 0.9 for
Co,0,,, reflecting the formation of single bonds. In general, the
pairs of adjacent Co atoms have Wiberg bond indices around
0.56 for Cog, but those values decrease to 0.26, 0.23, and 0.33

Cog (14) Cog04 (16)  CogOs (18) CoeO4 (16)
1 2
2 LEE 5 2 4 1
1 1 6
4 4 3

Co, (15)  Co,0; (15)  Co,0,4 (17) CO705 (15)
2 5
4
1

Fig. 5 Lowest-energy geometries of the CogO,, =0, 4,5 6) and

Co;0,, (m =0, 3, 4, 5) clusters, calculated at the PBEO/def2 TZVP level.
The associated computed total spin magnetic moments ps in Bohr
magnetons are shown in parenthesis. The labels of the cobalt (purple)
and oxygen (red) atoms correspond to the designations in Tables 1 and 2,
and in the ESI, Tables S1-S4.
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for CogO,, with m = 4, 5, and 6 respectively. In the case of
Co,0,,, these Co-Co indices also decrease on average from 0.41
for pure Co,, to 0.30, 0.27, and 0.24 for m = 3, 4, and 5
respectively. Solely for three Co-Co pairs in Co,03, of which
only one cobalt atom is bound to oxygen, the Co—-Co index
increases to 0.60. In general, the Wiberg bond indices indicate
that oxygen interacts more strongly with Co in comparison with
the interaction between Co pairs and also weakens the cobalt-
cobalt interaction. Also they suggest that metal-metal bonds
survive in the oxidized clusters and this could be an important
reason for why the magnetism survives in the studied clusters.

Partial charge analysis reveals a major charge redistribution
in the clusters due to the presence of oxygen. Partial charges in
a molecular system depend to a large extent on the method
employed to define such a partial charge, because partial
charge is not a quantum observable. Here, three methods were
employed in order to corroborate the consistency of results,
namely the Lowdin, NPA, and Bader schemes. The partial
electron charges for all calculated Cog 0, clusters according
to the three schemes can be found in the ESL T (Tables S1 and
S3). Qualitatively, similar results are obtained for all schemes.
All three methods indicate that oxygen accepts electrons from
cobalt. This can for example be inferred from Table 1 showing
the local partial electron charges for the Cog;0,, clusters using
the Bader scheme. Although, on average, the Bader and Lowdin
scheme for CosO,, predicts the largest transfer for the m = 5
cluster, which was experimentally found to possess the largest
magnetic moment in the m = 0-6 series, the general trend for
Cog0,, and Co,0,, is an increasing amount of charge transfer
for increasing oxygen content.

The calculated total spin magnetic moment us for the lowest
energy configuration of Cog is 14 g, a value that increases to 16 g
for CogO,4 and to 18 g for CogOs. For CogOg, it decreases to 16 pip.
In the Co,0,, series, the obtained values are 15, 15, 17, and 15 ug,
for Co,, Co,0;, Co,0,4, and Co,0s, respectively. Qualitatively, all
these trends are consistent with the experimental observations.

Fig. 6 compares the computed spin magnetic moments in
this work with the ones from a previous study of Aguilera-
del-Toro et al.*® The experimental magnetic moments are also
included to qualitatively compare the calculated and measured

Table 1 Partial electron charges (in units of the elementary electric
charge e) of the different atoms (labeled according to Fig. 5) in CogO,,
(m =0, 4-6) and Co;0,, (m = 0, 3-5) using the Bader scheme

Cog Co0g04 C0g05 Co0c0Og Co; Co0,0;3 Co0,04 Co0,0;5

Co(1) —0.01 0.83 122 1.01 0.01 040 076 0.77
Co(2) 0.01 084 077 0.84 —0.01 069 073 0.75
Co(3) —0.01 0.83 088 1.05 —0.00 046 070 0.84
Co(4) 0.00 091 076 098 —0.01 082 079 0.71
Co(5) 0.00 066 121 096 —0.02 071 0.53 0.77
Co(6) 0.01 065 121 0.87 0.02 049 034 0.85
Co(7) — — — — 0.02 —-011 086 1.15
o(1) — -1.18 -1.21 —0.96 — -1.15 -1.17 -1.19
o(2) — -1.18 -1.21 -0.96 — -116 -1.17 -1.18
o3) — -1.18 -1.20 -1.00 — -117 -1.16 -1.18
o(4) — -1.18 -1.21 —0.99 — — -1.20 -1.16
o) — — -1.22 -0.92 — — — -1.13
o) — — — -0.89 — — — —
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Fig. 6 Comparison between the experimental effective total magnetic
moments ucurie and uarrm, and the calculated total spin magnetic
moments, 2Sug, with S the total spin quantum number, obtained in this
work and by Aguilera-del-Toro et al.2° for the lowest energy structures of
the neutral Co,O,, clusters in the range n = 5-8. All magnetic moment
values are in Bohr magnetons. Systematic uncertainties on ficyrie are not
included in the error bars.

trends as a function of oxygen content. Quantitative compar-
ison between the computed and experimental values is not
appropriate because of the different contributions to the con-
cerned magnetic moments. There is a good correspondence
between our calculated spin magnetic moments and the ones
from ref. 20. In particular, both calculations predict CosOs5 to
have a slightly larger spin magnetic moment than its immedi-
ate neighbours, with the values in this work to be consistently
2 ug larger than the ones obtained by Aguilera-del-Toro et al.*
For the Co,0,, series, apart from m = 4, the exact same values
are obtained in our work and ref. 20. In general, the experi-
mental magnetic moments are significantly smaller than the
predicted ones. Overall though, the theoretically obtained
trends agree well with the progression of ucyie for growing m,
except for Co,0,,>,4 and CogO,,>6.

In order to explore the agreement between the experimental
results and our calculations further, natural electron config-
urations per atom were computed using the natural orbital
decomposition. The results can be retrieved from the ESL¥
Tables S5-S12. From these natural electron configurations,
local spin magnetic moments were derived. Table 2 lists the
calculated p  values per atom for the Cog ;0,, series, that will be
discussed below.

4 Discussion

An indication of the ferromagnetic nature of the Co,O,, clusters
was already provided in Fig. 4. This aspect can be inferred
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Table 2 Local spin magnetic moments us in ug of the different atoms
(labeled according to Fig. 5) in CogO,, (M = 0, 4-6) and Co;0,, (m = 0, 3-5)
using the natural orbital decomposition

Cog C0g0; Co0c05 Co0g06 Co; Co0,0;3 Co0,0, Co0,05

Co(1) 2.33 227 2.65 2.55 2.05 1.94 2.11 2.14
Co(2) 2.34 225 2.90 2.53 2.16 2.07 2.11 2.10
Co(3) 2.33 227 2.35 2.57 2.46 2.05 2.07 2.29
Co(4) 2.34 2.34 2.92 1.17 220 2.26 2.21 2.07
Co(5) 2.34 2.78 2.66 2.51 2.10 2.07 2.52 2.15
Co(6) 2.34 2.77 2.63 2.51 1.97 2.08 2.60 0.70
Co(7) — — — — 2.06 1.82 2.25 2.53
o(1) — 0.34 0.42 0.25 — 0.28 0.25 0.23
o(2) — 0.32 0.42 0.30 — 0.22 0.24 0.26
oB3) — 0.32 0.35 0.41 — 0.22 0.29 0.22
o4 — 034 033 039 — — 0.33  0.11
o) — — 0.37 0.56 — — — 0.18
o) — — — 0.25 — — — —
30 A
25
_ 20 A
[2a]
2
g
Q 15 ~
S
3
10 4 ——C0,06
——Co0,0 Co,07
C0n02 C0n03
5 4 Co,03 Co,0g9
——C0,04 ——C0,019
——C0,05
1 1 T 1 1 T 1 T T 1 T T 1 T
56 7 8 9101112131415161718

n

Fig. 7 Experimental total magnetic moments determined by the Curie
law for the Co,0O,, clusters, grouped by amount of oxygen atoms, as a
function of n. Systematic uncertainties are not included in the error bars.

further from Fig. 7, showing the experimental total magnetic
moments of all Co,0,, clusters as a function of the number of
cobalt atoms n. The m = 9 and 10 series only contain three
points, which is too little to observe a distinctive trend. All other
fixed-m series display a clear tendency of increasing magnetic
moments with growing n. This trend implies a ferromagnetic
coupling between the cobalt atoms, both in the pure and
oxidized cobalt clusters. This is consistent with the ferromag-
netic nature of pure Co, clusters reported in ref. 37, 46, 48-50.

Before investigating the experimental data in more detail, it
is instructive to first elaborate on the computational results
of the natural orbital decomposition for the eight selected
Cog,7,0,, clusters. These findings will then be used to provide
further insight in the interpretation of the measured magnetic
moments. Outcomes of this DFT analysis are presented in Fig. 8
for CosO, and Co,0,. Population analysis revealed that in
both the pure and oxidized Cog 50, clusters, the local cobalt
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Fig. 8 Magnetic and orbital characteristics for each atom (labeled
according to Fig. 5) in CogO4 and Co,0,, resulting from the natural orbital
decomposition. The black crosses are the total spin magnetic moments,
s, of the respective atoms (left scale). The green dashed curves depict the
local s values obtained by only taking into account the cobalt 3d electrons
and oxygen 2p electrons for the cobalt and oxygen atoms, respectively.
Marked by the orange dotted line is the value of the average us per cobalt
atom, calculated as the total spin magnetic moment of the cluster divided
by the number of cobalt atoms. The red and blue bars visualize the change
in the number of electrons per orbital type and spin orientation (see
legend) upon oxidation. Each population change, AN, represents a
decreasing (negative) or increasing (positive) number of electrons with
respect to the corresponding reference (see text). The height of each
bar in the stack corresponds with the actual AN, value (right scale).
Uncertainties on AN, (see text) smaller than 0.01 are not shown for better
viewing.

magnetic moments are mainly caused by the 3d electrons.
There is a smaller contribution of the 4s electrons that can be
either parallel or antiparallel with respect to the 3d levels.
On average, the 4s spin moments contribute about 4% to the
local cobalt magnetic moment, but there are some atoms where
the 4s electrons contribute between 0.1 and 0.3 ug. The net
cobalt 4s magnetic moment, also found to be either positive
or negative, was determined to be on average 3% of the total
cluster’'s magnetic moment. The electronic ground state
configuration of the free cobalt atom is [Ar]3d”4s>. Following
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Hunds rules, there are three unpaired electrons in the 3d
subshell. In general, the cobalt atoms in the computationally
investigated clusters have a decreased spin magnetic moment
in comparison with the corresponding value of 3 g of the free
cobalt atom.

The local spin magnetic moments of the oxygen atoms are
nearly entirely due to the 2p orbitals. In all computationally
investigated clusters, the oxygen spin magnetic moments are
much lower than the corresponding value of 2.0 ug of the free
oxygen atom. From the calculated pg values for the selected
Cos ;0 clusters with m > 0 (see Table 2), it was derived that
the mean spin magnetic moment per oxygen atom is about 13%
of the mean spin magnetic moment per cobalt atom. With
respect to the entire cluster, the net contribution of oxygen to
the total magnetic moment is found to be 6% on average. These
numbers suggest a non-negligible, but rather small contribu-
tion of oxygen to the value of the total spin magnetic moment,
Us tot, Of the examined clusters. Consequently, with n represent-
ing the number of cobalt atoms in a cluster, the value of g (o/7,
portrayed by the orange dotted line in Fig. 8, in general gives a
good first order estimation of the local cobalt magnetic
moments.

In agreement with the experimental findings, all local cobalt
spin magnetic moments align parallel, implying a ferromag-
netic coupling between them both in the pure and oxidized
clusters. Also the spin magnetic moments of all oxygen atoms
are oriented parallel with those of the cobalt atoms.

Apart from two exceptions, the DFT calculations indicate
that the cobalt atoms in the investigated clusters populate their
3d orbitals analogously to Hund’s first rule, with about 5
electrons of o-spin in all cobalt 3d orbitals. We will refer to
this observation of maximizing the 3d spin in the discussion of
the experimental results. As evidenced by the previous discus-
sion of the local cobalt magnetic moments, there are more 3d
electrons of B-spin for the cobalt atoms in the clusters than in
the free cobalt atom. On the contrary, the occupation of the
cobalt 4s orbitals in all clusters is lower than in the free cobalt
atom for both spin orientations.

We also examined the effect of oxidation on the population
of the cobalt 4s and 3d orbitals, and the oxygen 2s and 2p
orbitals of the selected Cog 0, clusters. Hereto, we calculated
the population changes, AN,, for these orbitals upon oxidation,
where N, denotes the number of electrons of one particular
spin in one particular orbital type. The results are presented in
Fig. 8. For every cobalt or oxygen atom in the oxidized Co,0,,
clusters, each AN, resembles the difference in N, for that atom
with respect to the corresponding value averaged over all cobalt
atoms in the associated pure Co,, cluster or for the free oxygen
atom, respectively. While there is almost no variation in local
N, values of the 4s and 3d orbitals for both spin orientations
over the constituent cobalt atoms in Cog, there is notable
spread on the average N, values of Co 4sa, Co 4sf, and Co
3dp in the case of Co,. This spread is the cause of the error bars
in Fig. 8. In general upon oxidation, a decreasing N, is noticed
for the cobalt atoms in the oxidized clusters for 4s electrons
of both spin orientations and also for 3d electrons of B-spin.
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The amount of 3d electrons of a-spin remains almost
unchanged. With respect to the free oxygen atom, we see a
large increase in oxygen 2p electrons of fB-spin, but a similar
number of oxygen 2p electrons of a-spin and oxygen 2s elec-
trons of both spin orientations.

The analysis of the population changes not only shows that
there is charge transfer from cobalt to oxygen upon oxidation,
but also suggests that this transfer arises from the cobalt 3d
and 4s valence orbitals to oxygen 2p B orbitals. While cobalt 4s
electrons of both spin orientations are involved in the transfer,
the electron donation from the cobalt 3d states emanates
mainly from the B orbitals. These transfers determine the mag-
netic response of an oxidized cluster. We will further interpret
the influence of oxygen on the magnetism of the experimentally
studied clusters, by adhering to this mechanism arising from
the DFT calculations.

The experimental magnetic moments per number of cobalt
atoms in a cluster, ugo0,/n, are presented in Fig. 9 as a
function of the oxygen-to-cobalt ratio m/n. Because of potential
non-vanishing oxygen magnetic moments, the quantities
Kco,0,/n do not correspond directly to the average magnetic
moment of a cobalt atom in the clusters (except for pure Co,,),
but since the contribution of the oxygen atoms is rather small
(¢f DFT calculations), pco0,/7 can be interpreted as a first
order approximation of the local cobalt magnetic moments.
Consequently, the data in Fig. 9 indicates that the magnetic
moment per cobalt atom is enhanced for most oxide clusters
with respect to the pure cobalt clusters and also grows larger
with increasing m/n. However, it seems that a turning point
arises around m/n = 0.75, where the magnetic moment per
cobalt atom tends to decrease as more oxygen is added. The
experimental magnetic moments per cobalt atom of the eight
computationally investigated clusters are all smaller than the
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Fig. 9 Experimental magnetic moments per number of cobalt atoms in a
cluster, calculated by means of the Curie law, for the Co,O,, clusters in

function of the oxygen-to-cobalt ratio m/n. Systematic uncertainties are
not included in the error bars.
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corresponding mean spin magnetic moments per cobalt atom
from the DFT calculations, on the average by an amount
of 0.7 ug.

For the metallic Co, clusters, the measured magnetic
moments per cobalt atom range from 1.0 £ 0.1 up for Coyg
up to 1.3 + 0.3 up for Cos. These values are significantly
lower than the ones reported by other deflection*®*" and
theoretical®>°® studies. Also, in contrast to these studies our
values lie below the bulk value of 1.7 ug.*®**>! But it should be
noted that the results of these studies do not agree well. The
most probable explanation for the differences in magnetic
moments derived from the deflection studies of Knickelbein*®
and Xu et al.,> but also for the differences between these two
studies and this study, is likely to be the difficulty in deter-
mining the relevant temperature and precise magnetic field in
the approximative Curie law. An accurate assessment of the
magnetic field can indeed be complicated in practice by large
applied gradients, as in this study.

To explore the data in Fig. 9 in more detail, we will only take
the spin contribution to the magnetic moment into account.
Furthermore, the DFT calculations imply that the cobalt 4s
electrons play a minor role in the magnetism of the investigated
clusters. Therefore, it is also useful to regard pco 0, /7 as a first
order approximation of the magnetic moment per cobalt atom
caused only by the 3d electrons, the actual values of which are
estimated to lie within an extra uncertainty interval of 0.2 ug on
top of the error bars in Fig. 9. We arrived at this typical
additional uncertainty by considering characteristic values for
the contributions of the oxygen atoms and the cobalt 4s
electrons from the DFT calculations. As put forward by the
DFT calculations, we will further assume that the cobalt 3d
orbitals are filled by maximizing the total electron spin.

Because a single electron contributes one Bohr magneton to
the total spin magnetic moment, the interpretation of Fig. 9
suggests that pure cobalt clusters have an increased 3d occu-
pancy with respect to the free cobalt atom. Whereas the latter
has 3 unpaired 3d electrons giving rise to a spin magnetic
moment of 3 ug, all measured Co,, clusters must have less
unpaired electrons in the 3d levels (corresponding to an
increased 3d occupancy), in a range slightly more than one.

The initial rise in local cobalt magnetic moments with
increasing oxygen-to-cobalt ratios can be explained as oxygen
taking away P spin electrons from the cobalt 3d orbitals.
Around the turning point, each cobalt atom has a maximal
magnetic moment of about 2 ug, indicating that oxygen was
not able to take away all 3d B spin as the latter would give the
cobalt atoms a magnetic moment of 5 ug. Even if we incorpo-
rate a maximal uncertainty on the interpreted cobalt 3d
magnetic moments of Fig. 9, estimated to be 1 ug on the
values, the data suggests that the occupation of the cobalt 3d
levels is never less than for the free cobalt atom. This is in full
agreement with the findings of the DFT calculations. As a
rough estimate, the oxidation process is able to maximally
increase the magnetic moments of the cobalt atoms by about
1 Bohr magneton. As such, maximally about n 3d electrons
are donated from the cobalt to m oxygen atoms, on average
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leading to a maximal transfer of n/m = 1/0.75 ~ 1.3 3d
electrons to each oxygen atom.

Different types of interaction for different sizes and compo-
sitions could explain the large scattering around m/n = 0.75.
Because of this, we can only speculate about the behaviour at
oxygen-to-cobalt ratios higher than 0.75, where the magnetic
moments appear to reduce. In line with our reasoning, the only
possibility for this decline is a diminishing charge transfer of
3d P electrons from the cobalt to oxygen, leaving the cobalt
atoms with less unpaired electrons in the 3d orbitals.

We also investigated the effect of oxygen on the local cobalt
magnetic moments by considering a non-vanishing oxygen
contribution. Hereto we estimated the average magnetic
moment per oxygen atom to be 13% of the average magnetic
moment per cobalt atom for all clusters, a percentage taken
from the DFT calculations. For this situation, we obtain a very
similar behaviour as the one in Fig. 9 with slightly lower
magnetic moments per cobalt atom, reinforcing the evidence
for the increase of the local cobalt magnetic moments with
relative oxygen composition.

Similar conclusions could also be drawn for small Co oxide
cations C0,0,," (n =2, 3 and 1 < m < 4) that were studied in
ref. 54. The DFT calculations in that work also revealed an
increase in the total spin magnetic moment of the Co oxide
clusters as the oxygen content grows, due to an increasing
number of unpaired electrons in the 3d4s shell of the cobalt
atoms accompanied with the donation of electrons to atomic
oxygen bonds by a cobalt atom.

5 Conclusions

A Stern-Gerlach magnetic deflection experiment has been
conducted on neutral gas phase Co,0,, (n = 5-18 and m =
0-10) clusters, produced by laser ablation and gas aggregation.
In addition, DFT calculations of structural, electronic, and
magnetic properties have been performed for a selection of
Cog,70;, clusters.

Experimentally, we found evidence for ferromagnetic cou-
pling between the cobalt atoms both in the pure cobalt clusters
and in their oxidized counterparts, with oxygen reinforcing the
ferromagnetic coupling between the cobalt atoms. The mag-
netic moment per cobalt atom in the oxidized clusters is, for
most clusters, enhanced with respect to the pure cobalt clusters
and largely displays an increasing tendency with growing
relative oxygen content.

The DFT calculations confirm the ferromagnetic coupling
between the cobalt atoms in the pure and oxidized cobalt
clusters. In addition, the small spin magnetic moments on
the oxygen atoms were found to align parallel with Co in
all calculated clusters. The computations demonstrate an
increased 3d level population per cobalt atom with respect to
the free cobalt atom for all investigated clusters. This is con-
sistent with the discussion of the experimental results.
We found a qualitative agreement between the trends of the
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predicted and measured total cluster magnetic moments,
although they do not agree quantitatively.

The following mechanism was proposed to explain the
magnetism of the studied clusters. Both in the pure and
oxidized cobalt clusters the magnetic response is mainly deter-
mined by the cobalt 3d electrons, and to a much lesser extent by
the cobalt 4s and oxygen 2p orbitals. Upon oxidation, there is
electron transfer from the 3d and 4s valence states of the cobalt
atoms to oxygen. The cobalt 3d orbitals donate mainly electrons
of minority spin, but there is no spin preference towards
emptying the cobalt 4s states. The different occupations of
the energy levels taking part in this transfer cause the size-to-
size variations in cluster magnetic moments.
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