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We study Co.Cr,O;; (x+y=2, 3 and 1 <m <4) clusters by means of density-functional-theory calcula-
tions. It is found that the clusters grow preferentially through maximizing the number of metal-oxygen
bonds with a favor on Cr sites. The size- and composition-dependent magnetic behavior is discussed in
relation with the local atomic magnetic moments. While doped species show an oscillatory magnetic

behavior, the total magnetic moment of pure cobalt and chromium oxide clusters tends to enhance or
reduce as increasing the oxygen content, respectively. The dissociation energies for different evaporation
channels are also calculated to suggest the stable patterns, as fingerprints for future photofragmentation

experiments.

© 2015 Published by Elsevier B.V.

1. Introduction

During the last decades, transition metal (TM) oxide clusters
have been investigated extensively, revealing a non-monotonic
dependence of physical and chemical properties on the number
of constituent atoms and the cluster composition [1-3]. Their
structures, chemical reactivities, ionization potentials, dissocia-
tion energies, magnetic moments, and energetic formations thus
become interesting subjects and challenging to understand [4,5].
While the earlier work mainly concentrated on mono-TM oxide
clusters, alloy species have been explored later in the quest
for building blocks of novel nanostructured materials. Advanced
production techniques in combination with the knowledge of elec-
tronic and geometric structures allow us to design, produce, and
manipulate size- and composition-selected TM oxide clusters for
probing interesting physical properties [6]. For instance, geomet-
ric structures of singly TM (TM = Sc, Ti, Cr or Co) for V substituted
(V205),-1(VTMOs5)~ (n=2-4) cluster were found identical to those
of their isoelectronic counterparts, the neutral (V,0s5), clusters
[7-9]. The electronic structures of MM'O%* and M20%* (M, M’ =Cr,
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Mo, and W) clusters were altered by changing their composi-
tion and charge state [10]. The composition dependent electronic
and geometric structures of MM'O; . (M, M'=Mo, V, Al, and W)
clusters were discussed by means of vibrationally resolved anion
photoelectron spectroscopy and density functional theory (DFT)
calculations [11-13]. The same approach was applied to analyze
the impact of spin contamination in the series of heteronuclear
MoNbO;, (y=2-5) transition metal oxide clusters [14]. The elec-
tron transfer and the geometric structures of [(Ce05)(VO3)1_2]" and
[(Ce;03)(VO,)]* clusters were discussed using infrared vibrational
pre-dissociation spectroscopy experiments and quantum chemical
computations [15]. Structural, vibrational, and magnetic properties
of neutral and ionized oxides of the magnetic dimer FeCo as a func-
tion of the oxygen content FeCoOS’+ (n=1-6) were investigated by
means of DFT calculations [16]

On the other aspect, the magnetic phenomenon of TM related
oxide systems have attracted considerable attention. A particu-
lar interest has been paid for TM doped TiO, and ZnO [17,18] to
synthesize diluted magnetic semiconductors. Recent studies have
shown that the p-d exchange can be replaced by p-p coupling
interactions in non-metal doped species to induce ferromagnetic
behavior [19-21]. The possibility of oscillatory d-d exchange cou-
plings have been reported in reduced-size TM oxide systems by
varying localized electronic states [22]. Among of TM elements,
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Co and Cr oxide clusters likely have interesting magnetic prop-
erties. Preliminary studies showed that the oscillatory magnetic
interactions between the local magnetic moments of chromium
oxide clusters can be altered by varying the oxygen concentra-
tion [23]. On the other hand, bulk cobalt-chromium oxide systems
attract significant attention owing to their promising magneto-
electric properties, in particular the multiferroic spinel CoCry04,
which exhibits simultaneously ferroelectricity and ferromagnetism
[24-26]. It suggests that introducing magnetic dopant atoms in
TM oxide clusters might offer the possibility to simultaneously
manipulate the geometrical structure and oscillations of the mag-
netic exchange coupling, resulting in ferromagnetic, ferrimagnetic,
or even non-magnetic species with enhanced stability. Neverthe-
less, the magnetism in cluster-based nano-materials, where the
lateral island sizes are reduced to dimensions that might even
be smaller than the typical magnetic domain sizes, has not been
completely understood yet. In order to bridge this gap, studies of
their atomic-scale structures, stability, and magnetic properties are
indispensable.

In our recent investigation, the evolution of the geometric struc-
ture and relative stability of singly Cr doped Co oxide clusters,
Co,_1CrO;;, (n=2,3; m=2-6 and n=4; m=3-8), were investigated
using DFT calculations and photodissociation spectroscopy [27]. A
good agreement between experimental and simulation results was
achieved. Nevertheless, a systematic study on structures and sta-
bility of Co-Cr oxide clusters with higher Cr concentration has not
been reported yet. Moreover, insight into the size- and constituent-
dependent magnetism of cobalt-chromium oxide clusters may
eventually guide further Stern-Gerlach experiments [28-30] on
tailoring the functionality of potential cluster-based multiferroics.
Being motivated by successful combination with future photodis-
sociation and magnetic deflection experiments, we set out to
systematically investigate the dependence of the structures, dis-
sociation energies, and magnetism of CoxCr,0;, (x+y=2, 3 and
1 <m <4) cluster cations on their size and composition using DFT
calculations. The following parts of this Letter is organized as fol-
lows. Section 2 describes the used computational method. The
results and discussions are presented in Section 3. In particular, the
ground state structures of CoxCr,O;; are investigated in Section 3.1
while Section 3.2 discusses the alloying effect on magnetic behav-
ior of Co-Cr oxide clusters. In Section 3.3, dissociation energies for
different evaporation channels and relative stability are reported in
comparison with the available theoretical/experimental data. The
conclusion is made in the final section.

2. Methodology

For all calculations, we have used the hybrid B3P86 functional
[31,32]in conjunction with the cc-pVTZ and cc-pVTZ-pp (pp stands
for a set of pseudo-potentials) basis sets as implemented in the
GAUSSIAN 09 program [33]. Symmetric-unrestricted optimization is
carried out at the B3P86/cc-pVTZ-pp level for Co and Cr and the
B3P86/cc-pVTZ level for O. The 3d and 4s electrons of Co and Cr are
treated as valance electrons. The searches for energy minima are
conducted using different approaches. Firstly, a stochastic genetic
algorithm is applied to generate all possible structures [34]. The
equilibrium structures that are initially detected using low-level
computations, are re-optimized using a higher level method. In
the second approach, initial structures of clusters CoxCry,Op, are
manually constructed by either interchanging the positions of Co
atoms and Cr atoms, or adding one O atom at various positions
on structures of the CoxCryOp_; clusters. In addition, the local
energy minima of CoxOn, and Cry Oy, clusters previously reported
are also used as referenced structures. Relative energies of the low-
est isomers and dissociation energies are determined on the basis

Table 1

Calculated bond lengths, spin states, and dissociation energies of CoO, CoO*, CrO,
CrO*, and O, dimers obtained using different functionals in conjunction with both
cc-pVTZ and cc-pVTZ-pp (values in the parentheses) basis sets and comparison with
available theoretical/experimental values.

Dimer Method R M DE
(A) (eV)

Co0/Co0* B3P86 1.57/1.61 4/5 3.78 (3.72)/3.00 (3.16)
B3LYP 1.59/1.63 4/5 3.60 (3.54)/2.88 (3.06)
B3PW91 1.58/1.62 4/5 3.58 (3.52)/2.86 (3.04)
PBEPBE 1.62/1.62 4/5 4.96 (5.06)/4.14 (4.26)
Theo. 1.59%/1.63" 4b/5b 4.97"/4.13
Exp. 1.63¢/- -/- 3.949/3.244

Cro/Cro* B3P86 1.60/1.58 5/4 4.38 (4.40)/3.12 (3.16)
B3LYP 1.61/1.59 5/4 4.36 (4.40)/3.08 (3.10)
B3PW91 1.61/1.59 5/4 4.10 (4.12)/2.86 (2.90)
PBEPBE 1.61/1.57 5/4 5.20 (5.16)/4.34 (4.32)
Theo. 1.61¢/- 5¢)- 4.33¢/-
Exp. 1.617/- 5/ 4.384/-

0, B3P86 1.20 3 5.53
B3LYP 1.20 3 5.27
B3PW91 1.20 3 5.32
PBEPBE 1.22 3 6.16
Theo. 1.22° 3b 6.18"
Exp. 1.214 - 5.17¢

2 Ref. [35].

b Ref. [36].

¢ Ref. [37].

d Ref. [38].

e Ref. [39].

f Ref. [40].

of single-point calculations for the optimized structures using the
full electron cc-pVTZ basis set. We have also considered all pos-
sible spin multiplicities for each of these structures, ensuring the
robustness of the ground-state search. For structure optimization
and energy calculations, the energy, gradient, and displacement
tolerance are 2.0 x 10~3 hartree, 4 x 1073 hartree/A,and 5 x 103 A,
respectively.

To check the accuracy of the used level we first perform the
calculations on CoO, CoO*, CrO, CrO*, and O, dimers, which are
listed in Table 1. Calculated bond lengths (R), spin states (M), and
dissociation energies (DEs), obtained using different functionals in
conjunction with the cc-pVTZ and cc-pVTZ-pp (values in the paren-
theses) basis sets, are compared with each other and with available
theoretical/experimental values. It can be seen that the compu-
tational results are in in-line with the values in literature. There
is almost no difference between the values obtained by cc-pVTZ
and cc-pVTZ-pp basis sets. The calculated bond lengths are very
close to the measured ones. The DEs of oxide dimers, calculated
using B3PW91 and PBEPBE, slightly underestimate and overesti-
mate the experimental values, respectively, while those obtained
by B3P86 and B3LYP are well matched with the measurement data.
The ground-state spin configurations of the neutral and cationic
oxide dimers also well agree with previous studies. These excellent
agreements between the calculated and experimental data sug-
gest the reliability of our computational approach employed in the
present work.

3. Results and discussion
3.1. Equilibrium geometries

Figure 1 presents the equilibrium structures of CoxCr,O;,
(x+y=2, 3 and m=1-4) clusters. Although a number of different
geometry and spin configurations are identified for each stoi-
chiometry, only the lowest-energy isomers are discussed. Detailed
descriptions of other isomers with different geometries and
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Figure 1. Optimized structures and total magnetic moments of CoxCryO;, (x+y=2, 3 and m=1-4) clusters. The green, blue, and magenta spheres represent O atoms, Co
atoms, and Cr atoms, respectively. The values in parentheses indicate the difference in total energy from the corresponding ground state and the total magnetic moment
of isomers. The arrows indicate the antiparallel relation of the local magnetic moment to others. (For interpretation of reference to color in this figure legend, the reader is

referred to the web version of this article.)

magnetic moments are provided in our Supplementary Material
[41]. In line with the previous observations [22,23,35-37], the
present calculations on cobalt-chromium oxide clusters confirm
the well-defined growth mechanism that is to maximize the num-
ber of oxygen-metal bonds. Generally, the oxidization process can
be divided into two stages: (i) the first oxygen atoms occupy
the bridging positions and then (ii) the next oxygen atoms bind
atop/aside metal atoms. The preference of metal-oxygen bonds
can be interpreted by the larger metal-oxygen binding energies
(3.78 eV for Co-0 and 4.38 eV for Cr-0) over those of metal-metal
ones (2.9 eV for Co-Co [42] and 1.64 eV for Co-Cr [43]). For doped
species, oxygen atoms favor to form Cr-0 bonds rather than Co-O
one, being consistent with the larger binding energy of CrO dimer
compared to that of CoO one.

In particular, the mono-oxide Co,0* and CoCrO* clusters select
the triangle as the most stable structure while Cr,O* energet-
ically favors a chain form. The difference is more obvious for
higher oxygen-concentration species. The linear chain found for
ground state C020; is less expected in comparison with the early
predicted ring structure [36,44], which, nevertheless, requires a
relative energy of +1.30eV in our calculations. The most sta-
ble structure of Co,07 is formed by an additional oxygen atom
attaching to the Co site of Cong chain. Pure chromium dioxide
Cry07 cluster prefers a four-membered ring geometry, which is
in agreement with previous reports for the ring-based motif of
dichromium oxides [22,45]. Additional oxygen atoms likely attach
to the saturated metal-oxygen framework Cr,0J rather than pro-
mote a structural transformation, for instance, in Cr; O; and Crzoj{.
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This tendency is very similar to what observed in neutral Cr,0p,
(m=1-6) clusters by Reddy and Khanna [22]. In contrast, the equi-
librium structure of CozoI is based on a Cozoj ring instead of the
linear form, with an additional oxygen molecule weakly bonded
to the Co site. The greater binding energy of the Cr-O bond over
that of the Co-O one obviously influences the structure of doped
clusters: alloying species prefer the ring-based motif (CoCrOJ)
with surface-adsorbed oxygen atoms (CoCrO3 and CoCrOj{), Unlike
in CrZOI, two surface-adsorbed oxygen atoms in CoCrOX pre-
fer binding to the Cr site only, which is again attributed to the
larger binding energy of CrO dimers compared to that of CoO
ones.

All ground-state structures of the group x+y=3 favor max-
imizing metal-oxygen bonds. For instance, the lowest-energy
structures of all mono-oxide species have three metal-oxygen
bonds, forming a triangular pyramid with the oxygen atom bridging
three metal atoms. The ground state Co30J favors the five-
membered ring geometry while Coz(erEr has the linear chain
equilibrium structure. The minimum-energy structure of CoCrZOE’
or Cr307 is a four-membered Cr-O-Cr-O ring with the third metal
atom weakly bonded to the O site. A six-membered ring unit
is found to be the most stable isomer of Co30%, C02Cr0;, and
CoCr, O;r. The structure of Crj 0; degenerates into a double square
ring (ground state) and again a six-membered ring (+0.02 eV).
The next oxygen atom prefers to be adsorbed to the stable ring
unit, for instance, in the cases of Co30, Co,CrO}, CoCr,0}, and
Cl‘302. This finding is supported by earlier calculations on the
structures of Cr30¢ and Cr30%, which are also formed by a Cr303
ring with three and four attached oxygen atoms, respectively
[45].

3.2. Magnetic properties

The magnetic ground states of clusters are described in Figure
1 and the supplementary material [41]. Our DFT calculations imply
that the ferromagnetic state is favored for most of studied clusters.
The ferrimagnetic state is found for CoCrO*, C02CrO§r, CoCr,0% and
CoCr,07, where the local spin of one metal atom is in antiparal-
lel relation to the others (see Figure 1). While a clear trend can be
extracted for the geometrical property, it is not easy to define a sys-
tematic behavior of the magnetic one. It is known that Co and Cr
are magnetic elements owing to their unpaired 3d electrons. Their
clusters can have high magnetic moments due to favored paral-
lel magnetic couplings and large per-atom spin polarization [46].
However, the oxidizing process is expected to influence the total
magnetic moments of Co-Cr clusters via donating their valence
electrons in metal-oxygen bonds. In addition, the occurrence of
stronger metal-oxygen bonds might weaken metal-metal bonds,
leading to less preferred parallel or even antiparallel magnetic
couplings in certain cases [16]. These all factors, particularly the
geometry, size, composition, number and position of oxygen atoms,
as shown below, can influence the cluster magnetic behavior.

To get insight into the magnetism behavior of CoxCry O}, clus-
ters, the local magnetic moment [M(ug)] on each atom for the
ground state structures are calculated and presented in Figure 2
as a function of oxygen concentration. A few general comments
about the cluster magnetic behavior can be made with relation
to their electronic and geometrical details. Firstly, the local mag-
netic moment of Cr is higher than that of Co due to the number
of unpaired electron in Cr atom (3d>4s') more than in Co atom
(3d”4s2). Pure cobalt and chromium oxide cluster cations favor the
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Figure 2. Calculated local magnetic moments M (ug) of ground state CoxCr,0;, (x+y=2, 3 and m=1-4) clusters as a function of oxygen concentration. The inset values
indicate the cluster composition x.y . m. Details of the local magnetic moment can be found in Ref. [41].

Please cite this article in press as: H.T. Pham, et al., Chem. Phys. Lett. (2015), http://dx.doi.org/10.1016/j.cplett.2015.11.015

221
222
223
224
225
226
227
228
229
230
231
232
233
234

235

237
238
239
240
241
242

243


dx.doi.org/10.1016/j.cplett.2015.11.015

244
245
246
247
248
249
250
251

252

254
255

256

262

263

269

279

G Model
CPLETT 33419 1-7

H.T. Pham et al. / Chemical Physics Letters xxx (2015) XXx—-XxX

Table 2
Calculated dissociation energies (DEs, in eV) to remove an atomic oxygen, a molecular oxygen, a Co atom, a Cr atom, a cationic Co*, or a cationic Cr* atom.

Parents DE(O) DE(03) DE(Co) DE(Cr) DE(Co") DE(Cr*)
Co, 0" 5.17 - 4.28 - 3.51 -
Co,0; 331 2.95 4.29 - 2.97 -
Co203 3.49 127 4.72 - 2.98 -
Co,0; 3.32 1.28 4.74 - 2.84 -
CoCrO* 6.22 - 4.01 4.70 3.33 3.36
CoCr0Oy 4.88 5.58 5.16 6.28 2.89 4.39
CoCrOy 4.34 3.69 5.88 7.56 2.94 5.25
CoCrOy 2.98 1.79° 5.99 7.24 2.63 4.77
Cr,0* 5.96 - - 434 - 3.09
Cr,05 5.45 5.87 - 6.06 - 3.21
Cr,03 4.37 4.29 - 6.81 - 3.29
Cr2 07 4.09 292 - 8.02 - 4.09
Co30* 5.03 - 2.52 - 3.38 -
Cos303 4.73 4.23 3.93 - 333 -
Co307 5.48 4.68 5.92 - 4.70 -
Co30; 233 2.28 4.93 - 3.84 -
Co,Cro* 6.33 - 235 2.77 3.60 3.06
Co,Cr0y 5.57 6.38 3.04 5.03 3.43 3.86
Co,Cro; 5.40 544 4.10 6.95 343 4.95
Co,Cr0oy 4.37 424 5.49 7.99 3.17 6.33
CoCr,0* 6.30 - 2.17 2.51 341 3.18
CoCr 03 5.81 6.59 2.54 3.44 3.73 3.26
CoCr, 03 5.48 5.76 3.65 4.58 3.12 333
CoCr, 0} 4.81 4.76 4.38 6.41 2.89 3.51
Cr;0* 6.47 - - 2.40 - 3.07
Cr305 5.80 6.74 - 2.75 - 3.36
Cr307 6.06 6.32 - 4.44 - 3.34
Cr305 5.44 5.97 - 5.79 - 3.73

" Experimentally preferred channels [27,36,45,52].

parallel magnetic couplings while doped species show an oscilla-
tory magnetic behavior. Importantly, the total magnetic moments
of clusters are simultaneously governed by their electronic and geo-
metric properties. In particular, the number of unpaired electrons
in a Co atom increases while that in a Cr atom reduces by donat-
ing electrons to Co-0 bonds. This leads to the fact that increasing
oxygen concentration gradually empties the more than half-filled
3d74s2 shell in Co atoms, consequently enhancing their local mag-
netic moments. On the other hand, the local magnetic moment of
Cr atoms reduces under oxidation because of gradually emptying
the half-filled 3d°4s! shell. It is in line with the observation that
the local magnetic moment of Co atoms increases (blue arrows in
Figure 2) but that of Cr atoms decreases as increasing the num-
ber of metal-*oxygen bonds (orange arrows in Figure 2). In detail,
the ground state magnetic moment of Co,0;;, and Co30}; increases
from 5 to 9 and from 6 to 12ug when m goes from 1 to 4, respec-
tively. Meanwhile, the ground state magnetic moment of Cr, O}, and
Cr30;; goes down from 9 to 3up and from 15 to 9up, respectively.
Evenin a cluster, the dependence of local magnetic moments on the
number of metal-oxygen bonds is obvious. For instance, Co and O
atoms in the symmetric ring Co30; have the same local magnetic
moment because each shares a pair of Co-O bonds. Meanwhile,
for Co30§, the first Co atom has the same local magnetic moment
as those in C030§’ but others have only one Co-O bond, result-
ing in lower local magnetic moments [41]. Not only the number
of metal-oxygen bonds but also the geometrical structure influ-
ences the total magnetic moment of clusters. For example, two Cr
atoms bridging two O atoms in the symmetric ring Crzog clus-
ter have the same local magnetic moment (3.704p). Nevertheless,
those of two Cr atoms bridging three O atoms in CrZOI are dif-
ferent (1.29 and 2.34up) because of its asymmetric structure. The
substantial reduction in the local magnetic moment of Cr under
oxidizing is in line with the previous prediction on neutral Cr,0,
clusters [22]. Similar argument can be used to link the change in
local magnetic moment and corresponding geometrical structure
or coordination.

It should be mentioned that ferromagnetic Cr, O§ has a ground
state magnetic moment of 5 but a 3up ferrimagnetic isomer at
0.01 eV higher in energy is observed. Degenerate isomers are also
found for several doped species. These puzzling situations are due
to the fact that the (parallel/anti-parallel) alignment of localized
magnetic moments strongly depends on the unpaired 3d electrons.
These electrons do not participate in the metal-oxygen chemical
bonds and are easily affected by the surrounding electronic envi-
ronment (created by oxygen or other metal atoms), which can
cause a change in alignment of local spins readily. For instance,
the total magnetic moment of CoCrOé'r can be either 4up (ground
state) or 2up (+0.02eV). The ground state magnetic moment of
CoCrOj{ is 4up while its next isomer requires a relative excess
energy of 0.04eV with the magnetic moment of 2up. Similarly,
though for CoCr,O* the ferrimagnetic ground state moment of 814
is found, a ferromagnetic state with 125 is located 0.01 eV higher
in energy. It is interesting that the successive addition of oxygen in
doped oxide clusters leads to an obvious reduction of the localized
magnetic moments at Cr sites (green arrows) while the local mag-
netic moments of Co atoms slightly increase (from 2.3 to 2.8up).
This difference between M(Cr) and M(Co) implies that (i) cobalt
atoms bond weakly to oxygen ones and (ii) the doped oxide clus-
ters are mainly governed by strong Cr-0 bonds. This is also in line
with the further investigation on the dissociation channels of alloy
oxide species (Table 2), where the loss of Co/Co* is most preferred.
Although M(Co) seems to be unchanged in magnitude, it oscil-
lates from positive to negative, leading to ferrimagnetic couplings
at certain cases, e.g. CoCrO*, CoCr,0%, and CoCrzo; Cr atom also
gets anti-ferromagnetically aligned in the C02CrO§r cluster. These
ferromagnetic-to-ferrimagnetic transitions can be related to com-
plex progression of the chemical bonding imbalance between Cr-O
and Co-0 [47], which induces the opposite spin polarization by
forming minority orbitals lying below the Fermi energy. Appar-
ently, the appearance of antiparallel magnetic couplings makes the
magnetic behavior of doped clusters strongly oscillated, showing
no systematical trend.
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3.3. Dissociation energies and relative stability

The dissociation energy reflects the intrinsic stability of clus-
ters while the dissociation channel is often governed by relative
stabilities of daughter clusters [27,45,48-52]. Clusters requiring a
higher dissociation energy are relatively more stable than others.
The evaporation processes tend to terminate at the fragment with
enhanced stability. In the followings, we calculate the dissociation
energies (DEs) of CoxCryO;, (x+y=2, 3 and m=1-4) clusters for
selected potential dissociation channels. Table 2 presents the DEs
(in eV) to remove atomic oxygen, molecular oxygen, a Co atom,
a Cr atom, a Co* cation, or a Cr* cation. In our calculations, those
energies are obtained by assuming lowest energy structures and
spin states for the parents and the fragments. With the applied DFT
functional level, a uncertainty of about +0.3 eV on thermodynamic
parameters is expected.

For the group x +y = 2, the mono-oxide clusters prefer emitting a
cationic metal atom. In particular, Co,0%, CoCrO*, and Cr, 0" likely
dissociate via either a Co* or Cr* ion. This could relate to their
corresponding ground-state structures, where a larger dissociation
energy might be required for breaking metal-oxygen-metal bonds
to deliver oxygen fragments. For higher oxygen concentrations, the
dissociation channel of Co, O; could be via the evaporation of either
0(3.31eV), 05 (2.95eV), or Co* (2.97 eV). Meanwhile, DEs (O,) of
Co,07 and Co, 0} (1.27 and 1.28 eV, respectively) are remarkably
lower than those of the other channels, implying the relatively high
stability of Co,0* and Co,07. Similarly, the most preferable dissoci-
ation channels for CoCrOI, and Cr, OI are to decay through the loss
of an oxygen molecule. Therefore, a same argument can be applied
for stable CoCrO; and Cr,0 clusters when DEs (0;) of CoCrO}
and CrZOI (1.79 and 2.92 eV, respectively) are relatively lower than
others. The lowest-energy dissociation channels of alloy oxide clus-
ters CoCrOJ and CoCrO3 are via Co* emission. Crzoi3 clusters are
predicted to be dissociate via Cr* emission. The remarkably higher
dissociation energy (2.92eV) of CrZOI suggests its enhanced sta-
bility over those of the same size clusters (1.28 eV for Cozoj[ and
1.79 eV for CoCrOy).

In contrary to x+y =2 mono-oxide clusters, the evaporation of
a neutral metal atom is energetically preferred for x +y =3 species.
For instance, Co30*, Co,CrO*, and CoCr,0" favor the loss of a Co
atom while Cr30* decays via the Cr atom evaporation. The pref-
erence of Co atom loss in doped clusters is consistent with the
higher strength of Cr-O bonds compared to that of Co-0, which
is not obvious in the dissociation behavior of the CoCrO* cluster.
If the charge of the parent cation cluster preferably resides on the
fragment species with the lower ionization potential [53], it could
lead to the ionization rules that are, for example, IP(CoO) > IP(Co,0),
[P(Co0)>IP(CoCr0), IP(Co0)>IP(Cr,0), and IP(CrO) > IP(Cr, 0). This
is in an excellent agreement with calculated ionization energies of
CoxCry O, [41], supporting why a cationic or neutral Co/Cr atom
loss is favored. Except for Co30j, this tendency keeps valid for
higher oxygen-concentration species: dissociating via either neu-
tral or cation metal atoms is preferred where still emitting Co*/Co
is the lowest-energy dissociation channel in alloying oxide species.
Cos O:lr cluster likely decays via the loss of O and O, with consider-
ably lower DEs (2.33 and 2.28 eV, respectively) than those of the
other channels, suggesting the enhanced stability of C030§ and
Cos O;, respectively. Same conclusions for the relatively high stabil-
ities of CoCrO4 [DE(Co*) of Co,CrO7 = 3.17 eV] and Cr,04 [DE(Co*)
of CoCr,0} =2.89eV, DE(Cr*) of Cr30} =3.73eV].

The photofragmentation measurements have been carried out
for several cluster sizes and compositions [27,36,45,52]. In Table 2,
the experimentally favored channels are marked with the super-
script ' for reference. Taking the computational error margin,
the calculated dissociation energies and experimental observa-
tions are in a good satisfactory. The enhanced stability of Co,0",

Co0,07, CoCr03, Cr,07, and Crzoﬁ’ﬁ is in line with experimental
observation. The most surprising difference is that the evapo-
ration of a neutral/cationic metal atom is predicted to be the
lowest-energy dissociation channel for x+y=3 alloying species
while the incomplete experiments suggested that the molecu-
lar oxygen evaporation seems to be the most facile one. One of
the possible reasons could be due to the existence of transition
states, which might require an activation energy to particularly
remove a neutral/cationic metal atom. A detailed investigation on
such energy barriers will be addressed in a separated paper. Alter-
natively, the discrepancy between simulation and experimental
conditions should not be excluded. The over-high photodissocia-
tion energy might not guarantee that the clusters get equilibrium
before the fragmentation processes take place. The possibility of
hot clusters, which have an initial high internal energy and could
already be excited before absorbing photons, should also be taken
into account.

4. Conclusions

The structure, magnetism, and dissociation behavior of small
bimetallic oxide CoxCr,O;, (x+y=2, 3 and 1 <m <4) clusters have
been studied using DFT calculations. Due to strong metal-oxygen
bonding, the oxidation process evolves via two stages: in the first
stage, the oxygen atoms preferably occupy all the bridging pos-
itions and in the second stage, the next oxygen atoms bind atop or
aside metal atoms with a preference of Cr sites. The ferromagnetic
state is observed for most of clusters except for CoCrO*, COZCrOSr,
CoCr,0", and CoCr,0%, which are predicted to be ferrimagnetic. The
total magnetic moments of pure cobalt oxide clusters are found to
increase during the oxidation while those of chromium counter-
parts tend to reduce with increasing the oxygen content. The size
and composition-dependent magnetic behavior of doped clusters is
expressed via the ferromagnetic-to-ferrimagnetic transition, which
could be induced by the chemical bonding between Cr/Co and O.
The dissociation behavior is investigated, identifying the stable pat-
terns, for instance, Co,0%, Co,04, CoCrO3, Cr,0}, Cry04, Cry07,
Co307, Co307, and CoCrO4. We believe our results to be of interest
for designing building blocks for transition metal oxide based mag-
netic nanostructured materials. We also expect to motivate further
photodissociation and Stern-Gerlach magnetic deflection experi-
ments, which could deliver conclusive answers, via the comparison
with our results, on the relative stability and magnetic moment of
bimetallic oxide CoxCr,O;, clusters.
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