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The magnetism of transition metal clusters has been for decades a complicated puzzle, with
experimental results disagreeing with calculations performed within the density functional theory
formalism. In this work, we provide a key to this puzzle by investigating the lowest-energy spin states of
cobalt cluster, Co,* (n < 5), using CASSCF/NEVPT2 calculations with very large active spaces. The
geometries as well as the spin configurations adopted by the clusters in their ground-state are known
from experiments, making Co,* clusters an ideal model system for theoretical investigation. Here, using
the experimentally known geometries determined by far-infrared spectroscopy as inputs, we calculated
the lowest-energy spin configurations of the clusters, revealing that the CASSCF/NEVPT2 formalism
correctly predicts the preferred electronic configuration of the clusters known experimentally. This is in
contrast to the widely used density functional theory, with results that depend on the selected
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|. Introduction

The fascinating magnetism in transition metal clusters has
been the center of intensive investigation for decades.'” Early
magnetic deflection experiments in molecular beams have
shown a very rich but complicated zoo of magnetic orders in
these clusters. For example, the magnetic moments per atom of
neutral Ni,, Co,, and Fe, clusters were seen to decrease with
increasing cluster size, tending to the ferromagnetic bulk value
in a very non-monotonic way.*"® Moreover, in Cr, (n = 20-133)’
and Mn,, (n = 11-99)® clusters, antiferromagnetic in the bulk,
non-zero magnetic moments have been measured, as well as for
Rh,, clusters, which is a paramagnetic bulk material. In more
recent studies, the magnetic deflection technique has been
applied to investigate bimetallic species, for instance
Co,(Mn,V),, (n < 60; m < n/3)° and (Fe)@Sn;,'® clusters. In
general, the experimentally determined magnetic moments are
in disagreement with theoretical predictions,"*** often per-
formed with density functional theory (DFT), given the low
computational cost and relatively high accuracy of this method.
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A common argument used for explaining the qualitative dis-
agreement between experiments and simulations, is the obser-
vation that magnetic deflections are sensitive to the total
magnetic moment of the clusters, thus spin plus orbital
(J = § + L), while calculations consider spin only.*?

Another approach used to experimentally determine the
magnetic order in gas-phase clusters is a combination of
infrared spectroscopy and DFT. In this method, the vibrational
spectrum of a cluster is recorded and contrasted with simulated
vibrational frequencies of different isomers, which in addition
are computed for various spin states. Consequently, a specific
configuration is assigned based on the experiment-theory
agreement. Examples of this approach include studies on
Co,_+Cr" (n = 3-5),"" Si,Mn" (n = 6-16)," and Co,0," (x = 3-6,
y = 3-8)'° clusters. The drawback of this method, however, is
the possibility that vibrational spectra are only weakly influ-
enced by the spin state, making a proper assignment difficult.
This has been seen often to be the case. Moreover, the techni-
que heavily relies on the DFT calculations, with cases in which
the assignment does not correspond to the lowest-energy
configuration.'®

A third possibility to experimentally access the magnetic
order of gas-phase clusters is X-ray magnetic circular dichroism
(XMCD) spectroscopy, where the spin and orbital contributions
to the total magnetic moments can be deconvoluted. Since the
technique uses an ion trap, it only works for charged particles.
Different systems have been investigated by XMCD, for exam-
ple, Fe," (n = 2-9),"” Ni,",'® Cos(benzene),","® Co," (n = 4-9),%°
Co," (n = 8-22)** and (Co,Fe,\Ni)," (n = 10-15)** clusters.
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In contrast to magnetic deflection and IRMPD, the results from
XMCD experiments can be directly compared with DFT predic-
tions, as the spin magnetic moments are determined alone,
without contributions to the orbital magnetic moments or the
geometry of the clusters. Nevertheless, in many cases the DFT
calculations disagree with the experimental findings, even in
these “clean” conditions, suggesting that the problems can be
related to the theoretical formalism itself. For example, the
predicted spin magnetic moments in (Co,Fe,Ni)," (n = 10-15)
clusters are underestimated with respect to the experimental
values.”” In Co,," (n < 8) clusters, the geometries adopted by the
particles in molecular beams were assigned by IRMPD,*
whereas XMCD measurements determined their spin states.?°
The lowest-energy spin configurations calculated by DFT, how-
ever, do not correspond to the measured configurations when
the assigned geometries are used as inputs. This at least for the
selected exchange-correlation functional in that study, i.e., the
widely employed (GGA) PBE. Other studies employing DFT
calculations have investigated the ground-state spin configura-
tions of Co,', generally underestimating the measured
multiplicities.”*> Beyond DFT, a few studies on transition
metal-containing molecules have been performed, using either
Coupled-Cluster or Density Matrix Renormalization Group
calculations.”*®

In this work, small Co,," clusters are selected as a study case, for
which interesting physical and chemical properties have been
observed. For example, the interaction strength of Co," (n =
4-20) with CO was shown to be tunable by co-adsorbing H,
molecules.” In Co," (n = 1-6), the adsorption of NH; leads to
dehydrogenation.® In the neutral Co, (n = 9, 10, 13) clusters, a
strong coupling between the vibrational and the electronic degrees
of freedom have been observed,®* while for the cationic Co,"
(n=5-23) species, very high rates of radiation upon laser excitation
have been quantified, attributed to the process of recurrent
fluorescence.*” Moreover, as discussed, the geometries® and the
spin states®® adopted by the clusters in their lowest-energy configu-
ration are known from experiments. Here, using as input the
experimentally known geometries of the clusters, multiconfigura-
tional calculations were performed in Co," (n < 5) clusters,
specifically by the CASSCF plus NEVPT2 formalism, for which very
large active spaces were employed. Therefore, we can deconvolute
the effect of geometry in determining the preferred spin configu-
ration of the clusters. Our advanced, however expensive, calcula-
tions correctly predict the lowest-energy spin configurations, in
contrast with DFT, where energy orderings depend majorly on the
applied exchange-correlation functional. Therefore, our work
sheds some light on the reasons why many previous theoretical
calculations have failed at explaining measured spin states of
transition metal clusters, and provides a solid computational
framework for future investigations in similar systems.

[l. Methods

Multiconfigurational CASSCF and NEVPT2 calculations were
performed for Co," (n < 5) clusters at various spin
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configurations, which throughout the text is described via the
spin multiplicity M, defined as M = 2S + 1, with S the total spin.
The experimentally known geometries of the clusters were used
as inputs,?? vide infra. All calculations were conducted using the
ORCA 5.0.2 software package,>® employing the def2-TZVPP
basis set with the addition of auxiliary basis sets for correlation
and Coulomb fitting.***> The “VERYTIGHTSCF” convergence
criterion was selected for all CASSCF computations, as imple-
mented in ORCA, without symmetry constraints applied during
the optimizations. Moreover, all the electrons of cobalt were
accounted implicitly, with scalar relativistic effects described by
the zeroth order regular approximation (ZORA).*® The
employed active spaces depend on cluster size and therefore,
are discussed case by case in the next section. For example, for
the Co," ion the active space includes eight electrons in six
orbitals, i.e., CAS(8, 6), corresponding to all the electrons of
cobalt in the 3d and 4s shells (one electron is subtracted from
the total nine due to ionization). For increasing cluster size,
however, more electrons distributed in more orbitals are
required, as for Co,", where a CAS(17, 12) is needed when
following the same procedure. To keep the computations
manageable, some doubly occupied orbitals were removed
from the active space for the n > 3 clusters. In search for the
ground-state energy, and given the significant computational
cost of the calculations, a single root was computed. For Co"
and Co,", however, calculations with up to 10 roots were
performed, showing no significant influence in the ground-
state configuration.

The XYZ coordinates used in the CASSCF/NEVPT2 calcula-
tions were obtained by a combination of the previous infrared
spectroscopy results>® and DFT calculations. The experimen-
tally known geometries identified in ref. 23 were optimized
using the hybrid PBEO functional and the def2-TZVPP basis set,
for each of the different studied multiplicities, after which
single-point calculations were conducted at the CASSCF/
NEVPT2 level. In the ESI,f the accuracy of PBEO is addressed
by comparing the measured infrared spectrum of Co," and
Co;*?* with that computed with DFT, Table S1 (ESIf). For the
DFT optimizations, all cobalt electrons were included impli-
citly, and scalar relativistic effects were accounted for by using
the ZORA approximation. Direct geometry optimizations at the
NEVPT?2 level were nevertheless performed for the Co," dimer,
showing no effect on the energy ordering between its different
spin configurations.

In addition to the CASSCF/NEVPT2 calculations, DFT com-
putations employing exchange-correlation functionals of differ-
ent complexity within Perdew’s Jacob’s Ladder®” were
performed with the ORCA 5.0.2 software package, to test the
various spin configurations of the Co," (n < 5) clusters. These
include the GGA PBE,*® the meta-GGA TPSS,*° the hybrids
PBE0“® and B3LYP,*! and the range-separated hybrid ®B97X-
D3** functionals. In the same way than for CASSCF, the DFT
calculations were performed with all-electrons and the def2-
TZVPP basis, together with the ZORA approximation. All
employed XYZ coordinates are available in an open access
repository (see the ESIf).
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[ll. Results and analysis

The simplest case is discussed first, namely the cobalt ion Co,",
where geometry clearly does not play any role. From XMCD
experiments, the lowest-energy configuration of this ion is
known to be a triplet state,>® hence M = 3 (M = 25 + 1). Given
the electronic configuration of cobalt, [Ar]3d’4s®, the CASSCF
calculations were performed employing an active space
composed of six orbitals (five 3d and one 4s), where eight
electrons are distributed (one electron is subtracted as the atom
is positively charged).

Within the selected active space there are three possible M
values, 1, 3 and 5. The obtained active orbitals for Co," together
with the energy diagram of the electronic levels arranged in the
M = 3 state are depicted in Fig. 1a. The qualitative diagram is
constructed based on the energies of atomic orbitals. As
expected, these orbitals have the symmetries of the 3d and 4s
orbitals. For the experimentally determined triplet state, the
obtained wavefunction is determined by a single determinant,
with [222110] configuration as shown in Fig. 1a. The M = 1
calculation reveals a very multiconfigurational wavefunction,
with almost equal contributions from the [222200], [222020]
and [220220] configurations (~29% each), and minor contri-
butions from [202220] and [022220] (~6% each). The M = 5
state, however, displays also a mono-determinant wavefunction
with [221111] configuration.

Comparing total energies of the three spin configurations,
after the NEVPT?2 step is performed to account for dynamical
correlation, gives a M = 3 ground-state, as determined experi-
mentally. The M = 1 and M = 5 states are found 1.44 and 0.54 eV
higher in energy than the M = 3 configuration. This analysis is
presented in Fig. 1b, where additional DFT calculations
employing different exchange-correlation functionals are given.
For this simple system, all methods agree that M = 3 is the
lowest-energy spin state. It is noteworthy that the energy

(@ —— (b) 3
B NEVPT2
= PBEO

¢ s Bl
=3 PBE
1 == TPSS
% 24 =3 B3LYP
+ 1 wBY7X-D3

AL A
K2R

* 0.5
© & 8 - -
1 3 5
100% Multiplicity

Fig. 1 (a) Diagram of the electronic levels of the Co* ion (not to scale),
with a representation of the electron occupancies in the M = 3 ground-
state. The determined wavefunction is mono-configurational, i.e., with a
single determinant accounting for all the weight (100%). Below each
energy level, the active orbitals are depicted. (b) Energy differences, with
respect to the measured multiplicity state (M = 3), for calculations con-
ducted at the NEVPT2, DFT(PBEO), DFT(PBE), DFT(TPSS) and DFT(wB97X-
D3) levels of theory.
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difference between the M = 1 and M = 3 states is larger for
the DFT calculations, which only considers a single determi-
nant for describing the ion’s wavefunction. Such formalisms
cannot correctly describe the M = 1 configuration, which is thus
found higher in energy.

From n > 2, geometry is an important parameter in the
calculations. As detailed in the Methods section, we adopted
the geometries experimentally assigned in the work of ref. 23,
followed by optimization at the PBEO level. These geometries
are presented in Fig. 2. The use of other functionals have little
effect in the geometries, with only minor changes in bond
lengths and angles. As an example, Fig. S1 in the ESI{ shows a
detailed comparison of the geometries optimized for Co;" in
the M = 7 multiplicity (experimentally determined ground
state). The geometry of Co;" is an (almost) equilateral triangle,
while Co," adopts a three-dimensional pyramidal structure.
Cos' is a bipyramid.

The analysis corresponding to the Co," dimer is presented in
Fig. 3, where for the CASSCF calculations 17 electrons are
distributed among 12 active orbitals, hence CAS(17, 12). These
molecular orbitals (MOs) are depicted in Fig. 3a, and can be
rationalized as the bonding and antibonding combinations of
3d and 4s atomic orbitals of Co. The two lowest MOs are the
bonding and antibonding combinations of 3d,., followed by the
bonding combinations of 3d,,, 3d,,, 3d,, and 3d._,., and
the corresponding antibonding combinations of these orbitals,
with lastly the bonding and antibonding combinations of the
atomic 4s orbital.

For Co,", the experimentally determined spin state is
M = 6.°° In this spin configuration, the CASSCF calculation
reveals a multiconfigurational wavefunction, with three domi-
nant configurations, having percentages of 28, 16 and 12%.
These three configurations are presented in Fig. 3b, although
there are five other ones with percentages close to 8%. Three
other spin states are considered for the CASSCF calculations,
M =2, 4 and 8. For M = 2, the wavefunction is composed of three
main configurations, [222222221000], [222222201200] and
[222222211100], having contributions of 37, 35 and 27%, respec-
tively. The cases of M = 4 and 8, however, can be described
essentially by a single determinant, with configurations of the
active orbitals of [222222211100] and [222221111111], for M = 4
and 8, respectively. As shown in Fig. 3¢, comparing total energies
after the NEVPT2 step gives M = 6 as the lowest-energy state, as
measured experimentally.

“A&‘%‘

M=10 M=13

Fig. 2 Geometries of Co,* (n = 2-5) clusters, optimized at the DFT level
using the PBEO functional. The multiplicities (M = 2S + 1) are depicted
below each cluster, corresponding to the experimentally determined
values.
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Fig. 3 (a) Plot of the active orbitals in the CASSCF calculation of Co,*,
ordered from left to right in ascending order of energy. (b) Diagram (not to
scale) of the electronic levels of the Co,* dimer, with a representation of
the electron occupancies in the M = 6 ground-state. The three more
relevant configurations are depicted, with their corresponding percentage
labelled at the bottom. (c) Energy differences, with respect to the mea-
sured multiplicity state (M = 6), for calculations conducted at the NEVPT2,
DFT(PBEO), DFT(PBE), DFT(TPSS), DFT(B3LYP) and DFT(wB97X-D3) levels
of theory.

In contrast to the case of the Co' ion, the single-point
CASSCF calculations for Co," require a specific bond length
for the dimer. As was previously explained, the determination of
the used XYZ coordinates was performed using the bond length
calculated by DFT with the PBEO functional. Such assumption is
in principle not required for the dimer, as geometry optimiza-
tions are manageable at the CASSCF/NEVPT2 level. For the
larger clusters, however, this is not computationally feasible.
Accordingly, for consistency this simplification is applied for
the entire n = 2-5 size range. Nevertheless, geometry optimiza-
tions at the CASSCF/NEVPT?2 level were performed for the Co,"
dimer, showing little influence on the energy ordering of the
three considered spin states. Moreover, the bond length varied
by only 0.01 A, in comparison with the DFT optimization.

DFT calculations were also performed for the Co," dimer, as
is detailed in Fig. 3c. Here, except for TPSS, all functionals agree
that M = 6 is the lowest-energy spin state. These calculations are
therefore converging to the configuration with the higher
contribution in CASSCF, namely [222222111110]. The predic-
tion that M = 6 is the lowest-energy spin state by DFT has been
seen in previous studies.**** It is however noted that in general
the CASSCF/NEVPT2 calculations predict a more stable M = 6
configuration than DFT (only with PBE as an exception). This
can be related to the fact that the single-determinant nature of
DFT cannot describe well the multiconfigurational M = 6 state
of Co,", even though these methods are converging to the most
dominant configuration. Hence, CASSCF/NEVPT2 predicts a
more stable M = 6 state. Still, even for a dimer, which could
be ascribed as a rather simple system, TPSS is predicting the
wrong spin.
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Fig. 4 (a) Plot of the active orbitals in the CASSCF calculation of Coz*, in
ascending order of energy. (b) Diagram (not to scale) of the electronic
levels of Cos™, with a representation of the electron occupancies in the
M = 7 ground-state. The determined wavefunction is essentially mono-
configurational, i.e., with a single determinant accounting for most of the
weight (97%). (c) Energy differences, with respect to the measured multi-
plicity state, for calculations conducted at the NEVPT2, DFT(PBEO),
DFT(PBE), DFT(TPSS), DFT(B3LYP) and DFT(®B97X-D3) levels of theory.

For Co;", an active space composed of all 3d and 4s orbitals
would be composed of 18 orbitals and 26 electrons, too large to
be computed. Thus, for the CASSCF calculations, three occu-
pied orbitals were removed from the active space, one for each
cobalt atom. This gives a nevertheless very large active space,
composed of 20 electrons distributed in 15 orbitals, i.e., CAS(20,
15). The active orbitals are depicted in Fig. 4a, most of them
being hybridized atomic d-orbitals. The measured spin state of
Co;" is M = 7,°° meaning that the two last orbitals are empty.
The wavefunction calculated by CASSCF in the M = 7 state is
essentially mono-determinant, with a main configuration hav-
ing a weight of 97%, as depicted in Fig. 4b. The spin states
M =1, 3, 5 and 9 were also calculated, showing significant
multiconfigurational character. For M = 1, there are five domi-
nant configurations, with contributions of 26, 23, 21, 16 and
14%. In M = 3, the wavefunction is composed of four main
configurations, having 27, 25, 24 and 23%. For M = 5, four
configurations dominate, with 32, 23, 20 and 20%. Finally, in
M =9, there are three principal configurations, with contribu-
tions of 70, 15 and 7%.

In Fig. 4c, the relative energies, with respect to the measured
M =7 state are presented for the CASSCF/NEVPT?2 as well as the
different DFT calculations. As can be seen, for Co;" all simula-
tions agree on the lowest energy of the M = 7 state. Given that
the M = 7 state of Co;" can be described by a wavefunction
mostly composed of a single determinant, it is not surprising
that the DFT calculations agree with CASSCF on the lowest-
energy configuration, which is also the experimental result.
Accordingly, up to n = 3, DFT is (mostly) able to correctly predict
the spin order in Co,".

The situation, however, changes from n = 4. As for Coj",
considering all the 3d and 4s orbitals of cobalt in the active
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Fig. 5 (a) Plot of the active orbitals in the CASSCF calculation of Cos*,
ordered in ascending order of energy. (b) Diagram (not to scale) of the
electronic levels of Co,*, with a representation of the electron occupan-
cies in the M = 10 ground-state. The three more prominent configurations
are depicted, with their corresponding percentage labelled at the bottom.
(c) Energy differences, with respect to the measured multiplicity state

(M = 10), for calculations conducted at the NEVPT2, DFT(PBEOQ), DFT(PBE),
DFT(TPSS), DFT(B3LYP) and DFT(wB97X-D3) levels of theory.

space of Co," is unfeasible, as it would correspond to 35
electrons in 24 orbitals. In this case, two more occupied orbitals
of each Co atom are considered inactive orbitals, leaving a
CAS(19, 16) calculation. The active orbitals of Co," are pre-
sented in Fig. 5a. The wavefunction of the measured spin state,
M = 10,>° is highly multiconfigurational, with five configura-
tions of significant contributions. The first three of them are
depicted in Fig. 5b, having percentages of 30%, 27% and 16%.
The extra two configurations also have large contributions, of
13% for [2222011111111120] and 12% for [2222101111111210].

CASSCF calculations were also conducted for the M = 2, 4, 6,
8 and 12 multiplicities. Whereas for the M = 12 state the
wavefunction can mostly be described by a single determinant,
with a configuration of [2222111111111110] and a contribution
of a 94%, the wavefunction of all other spin states is highly
multiconfigurational. For M = 8, for example, five configura-
tions contribute with more than 10%, with the most significant
being [2222211111111100] with only a 19%. For M = 2, 4 and 6,
the most significant configuration only contributes with a 12,
17 and 27%, respectively.

Given the multiconfigurational character of the wavefunc-
tions describing the different spin states of Co,’, it is not
surprising the lack of predictability of DFT. As shown in
Fig. 5c, CASSCF/NEVPT2 correctly predicts M = 10 as the
lowest-energy spin state, opposite to the results from DFT,
which are scattered for the different functionals. The lowest-
energy spin states predicted by DFT are M = 12 (PBE0), M = 8
(PBE), M = 8 (TPSS), M = 12 (B3LYP) and M = 8 (0B97X-D3).
Hence, the results are highly functional-dependent and in fact,
none of the functionals predict M = 10 as the lowest-energy
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state, which is the experimental value. Previous DFT studies
employing the PBE functional have also been seen to under-
estimate the multiplicity of Co,",** consistent with our calcula-
tions. Importantly, the failure of DFT in predicting the
magnetic order in Co," seems to be more critical than simply
due to an energy uncertainty given the approximations made in
a DFT calculation. The calculated density of states of the M =10
multiplicity with different functionals show significant differ-
ences, pointing that depending on the functional, the wave-
functions converge to different configurations.

Finally, the Cos" cluster is analyzed, which is at the limit of
what can be calculated at the CASSCF level. In total, 44
electrons in 30 orbitals should be considered in an active space
to include all 3d and 4s orbitals. Instead, a CAS(16, 15)
calculation is employed, corresponding to the larger active
space computationally possible for this cluster size. Moreover,
given the high computational cost of these calculations, only
the spin states M = 11, 13 and 15 are considered, with M = 13
the experimental value. The active orbitals of the clusters are
depicted in Fig. 6a. Again, CASSCF/NEVPT2 correctly predicts a
lowest-energy spin state that agrees with the experimental
result (M = 13). The wavefunction of this state is mostly
mono-configurational, with a dominant configuration having
a weight of 96% (Fig. 6b).

In contrast, the wavefunction of M = 11 is highly multi-
determinant, with several configurations with large contribu-
tion: [221111111111110] with 20%, [222111111111100] with
18%, [221211111111010] with 13%, [221121111110110] with
11%, [221101111112110] with 11%, [221011111111210]
with 10% and [220111111111120] with 9%. The wavefunction
of M = 15, instead, is composed by a single determinant, of
configuration [211111111111111]. Therefore, overall, for the
three considered spin states, the system is less multiconfigura-
tional. Consequently, DFT does a better job for Cos" than it did
for Co,". As presented in Fig. 6¢c, PBEO and B3LYP correctly
predict M = 13 as the lowest-energy configuration. Nevertheless,
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P
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Fig. 6 (a) Plot of the active orbitals in the CASSCF calculation of Cos*,
ordered in ascending order of energy. (b) Diagram (not to scale) of the
electronic levels of Cos™, with a representation of the electron occupan-
cies in the M = 13 ground-state. (c) Energy differences, with respect to the
measured multiplicity state (M = 13), for calculations conducted at the
NEVPT2, DFT(PBEO), DFT(PBE), DFT(TPSS), DFT(B3LYP) and DFT(wB97X-
D3) levels of theory.
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PBE, TPSS and in particular ®B97X-D3, wrongly assign the
M = 11 multiplicity.

Hence, the past failure of DFT in predicting the experimen-
tally determined spin multiplicities in Co," clusters can be
attributed to the multiconfigurational character of the wave-
function of these clusters. Such a problem is solved if a
theoretical formalism that is multiconfigurational in nature is
applied, such as CASSCF/NEVPT2. Similar problems with DFT
have been seen in calculations of other transition metal clus-
ters, as well as on transition metal oxides. Thus, our work
provides a solid framework for investigating electronic-
dependent properties of such systems.

V. Conclusions

In this work, we have studied the preferred spin configurations
of small cobalt cluster cations, Co,” (n < 5), using a multi-
configurational quantum chemical approach, CASSCF com-
bined with NEVPT2. Opposite to the conventional density
functional theory, our calculations always obtain the spin
multiplicity that has been determined experimentally as the
lowest in energy. Therefore, our calculations solve a long-
standing question about the magnetic order in these transition
metal clusters, and provide a solid framework for future
theoretical modelling of similar systems.
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