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Spin-polarized DFT has been used to perform a comparative study of the geometric structures
and electronic properties for isolated M4X4 nano clusters between their two stable isomers - a
planar rhombus-like 2D structure and a cubane-like 3D structure with M = Mn, Fe, Co, Ni, Cu
; X = O, S. These two structural patterns of the M4X4 clusters are commonly found as building
blocks in several poly-nuclear transition metal complexes in inorganic chemistry. The effects of the
van der Waals corrections to the physical properties have been considered in the electronic structure
calculations employing the empirical Grimme’s correction (DFT+D2). We report here an interesting
trend in their relative structural stability - the isolated M4O4 clusters prefer to stabilize more in
the planar structure, while the cubane-like 3D structure is more favorable for most of the isolated
M4S4 clusters than their planar 2D counterparts. Our study reveals that this contrasting trend in
the relative structural stability is expected to be driven by an interesting interplay between the s-d
and p-d hybridization effects of the constituents’ valence electrons.

PACS numbers: 36.40.Cg, 73.22.-f,71.15.Mb

I. INTRODUCTION

After the discovery of graphene and carbon fullerene
based nano structures, the molecular clusters having
cage-like as well as planar geometries have attracted
much attention for constructing novel high-tech nano-
materials. The special interest in such kind of structures,
arises due to their unique electronic, optical, mechanical
and chemical properties. Therefore, understanding of the
mechanisms for their formation, has received immense in-
terest during the last few decades. For the carbon-based
nanomaterials, it is understood that the planar struc-
ture of the graphene sheet, is stabilized mainly by the
sp2 hybridization of the neighboring carbon atoms, while
the spherical curvature of the cage-like structure of the
carbon fullerene, produces an extra angular strain that
allows a mixture of sp2 and sp3 hybridizations for bond-
ings among the carbon atoms.[1, 2]Such fullerene-like or
graphene-like structures have also been synthesized re-
cently using nanoparticles of transition metal (TM) ox-
ides or TM dichalcogenide compounds.[3–8] Note that
bulk TM oxides have already been studied extensively
because of their wide range of applications from catalysis,
organometallic, surface science to high temperature su-
perconductivity, magnetic materials and so on. Further-
more, the TM oxides and chalcogenides being of semi-
conducting type in general, also lead to some obvious
applications in sensors, electronics and solar cells. Nano
structuring of these systems induces, in addition, an ex-
treme sensitivity of their properties to the atomic ar-
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rangements and shapes of the systems due to quantum
confinement effects of the structure. One of the most in-
teresting facts about these nano clusters is that they ex-
ist in various substoichioetric compositions differing from
their bulk behavior,[9] which renders them many unusual
properties. Moreover, several oxide nano clusters exhibit
some magic sizes and compositions which correspond to
unusually high stability.[10] Due to the presence of d-
electrons, the TM oxide clusters also show interesting
magnetic properties. As for example, structural isomers
of the oxide clusters possessing the same size and compo-
sition, are often found to have a rather different magnetic
behavior.[11]

With a thrust of gaining an atomistic understanding
about the reactive properties in heterogeneous cataly-
sis, many TM oxide nano clusters, in neutral or ionic
forms, have recently been studied in gas phase by molec-
ular beam experiments in combination with mass spec-
trometry analysis.[12, 13] Such studies, indeed provide
useful insights into the relationship between the geomet-
ric structures and the observed reactivity patterns. In
the present study, our focus will be on the small nano
clusters of the oxides and sulphides of 3d late TM atoms.
Each 3d late TM atom is associated with a more than
half-filled d-orbital. Therefore, both the hybridizations
between the 3d-orbital of the metal atoms with the 2p
(3p)-orbital of the oxygen (sulfur) atoms in the corre-
sponding oxide (sulphide) structure, and that between
the valence 3d and 4s orbitals within the metal atoms
itself, are expected to play an important role in decid-
ing their many properties. While the nano clusters of
TM oxides have been studied widely by both the exper-
imental and theoretical works,[12–15] the TM sulphide
nano clusters have so far attracted less attention. It is

ar
X

iv
:1

51
2.

07
95

8v
1 

 [
co

nd
-m

at
.m

es
-h

al
l]

  2
5 

D
ec

 2
01

5



2

interesting to follow-up that several molecular beam ex-
periments on the isolated MmOn oxide clusters of the 3d
late transition metal M atoms indicate a preference for
the M:O ratio as 1:1 particularly in case of the smaller
cluster sizes.[16–19]Attempts of searching for the struc-
tures of the smallest building blocks in the structures of
such oxide nano particles, have also been offered recently
by some first principles theoretical calculations.[20, 21]
We will concentrate here on the structure, electronic
and magnetic properties of the isolated and isoatomic
M4O4/M4S4 molecular building blocks with the metal
atom M corresponding to one of the 3d late transition
metal atoms i.e. Mn, Fe, Co, Ni or Cu. Note that ring-
shaped planar structures as well as cage-shaped struc-
tures have been predicted widely as the two competing
stable isomers for the small clusters of most of the TM
oxides.[22, 23] Our aim, in this work, will be, therefore,
to perform a rigorous relative structural stability anal-
ysis of each M4X4 cluster between the two commonly
found geometrical blocks, namely a 2D rhombus-like pla-
nar structure versus a 3D cubane-like structure. The spe-
cial interest in these two structures, is mainly motivated
by their relevance to multi-electron transfer centers in
biological systems,[24, 25] their interesting magnetic and
optical properties,[26–29] as well as to their potential rel-
evance to inorganic solids.[30] Many poly-nuclear com-
plexes containing cubane-type M4O4/M4S4 core units,
have been studied extensively during the last decade. For
examples, cubane-type Fe4S4 units exist in bacterial pro-
teins and play a variety of important roles in crucial cel-
lular processes such as protein bio-synthesis and DNA
replication.[31, 32] Catalytic activity by the cubane-type
oxide clusters has also been explored in photo-system
II for bio-inspired water splitting process.[33–35] Inter-
estingly, for understanding the catalytic mechanism in
these systems, a ligand mediated ring ⇒ cube struc-
tural rearrangement of the M4X4 molecular units, has
recently been predicted as a crucial mechanism.[36] Fur-
thermore, the cubane structure allows a significant mag-
netic exchange between metal ions and therefore, the
cubanes containing manganese atoms, in particular, have
been studied extensively for their magnetic properties,
specially in the search for single molecular magnets.[37–
41] On the other hand, planar structure of the M4X4

units usually constitute building blocks for the struc-
tures of several layered perovskite oxides as well as cubic
perovskite oxides, which have been studied extensively
in recent time particularly for searching novel photo-
catalysts of hydrogen production from water using the
sun light.[42–44]

In the present work using first principles density func-
tional theory (DFT) based electronic structure calcula-
tions, we have performed a relative structural stability
of the isolated M4X4 clusters between the two morpholo-
gies, as a first step towards understanding distinctly their
role and the effects of the surrounding environment in the
real systems of poly-nuclear transition metal complexes.
Note that several MmOn nano clusters have been studied

in recent time for various metal M elements with varying
m:n ratios.[45] Despite of the great progress achieved in
this direction, a systematic study for the understanding
of the general trends in structure, stability behavior and
electronic properties among the oxide nano clusters of
the whole 3d late transition metal elements, is still lack-
ing. Our aim here is to find out the trend in the relative
structural stability along the oxide as well as sulphide
nano clusters of all the 3d late TM elements and obtain a
better atomistic understanding about it. The hybridiza-
tion of the valence orbitals of the constituent atoms has
been quantified here in terms of a hybridization index pa-
rameter. Interestingly, our study here prevails that the
relative stability of the isolated M4X4 systems between
the two morphologies has been assessed basically by the
predominance of either of these hybridization indexes.
Present study reveals that the preference of the cubane-
like 3D structures for the M4S4 clusters is governed by
the dominant effect of the enhanced p-d hybridization in
this type of structure, while the effect of the enhanced
s-d hybridization plays the main role for the higher rela-
tive stability of the planar structure in case of the M4O4

clusters. We discuss our results of this study in the fol-
lowing in various sections. First, the computational de-
tails followed in this work, have been summarized in the
Section II. The optimized structures, stability and elec-
tronic properties, have been discussed in Section III. The
paper ends with a conclusion in Section IV.

II. COMPUTATIONAL DETAILS

The calculations reported in this study, were per-
formed using DFT within the framework of pseudo po-
tential plane wave method, as implemented in the Vi-
enna ab-initio Simulation Package (VASP).[46] We used
the Projected Augmented Wave (PAW) pseudo poten-
tial [47, 48] coupled with the generalized gradient ap-
proximation (GGA) to the exchange correlation energy
functional as formulated by Perdew, Burke and Ernzer-
hof (PBE).[49] The 3d as well as 4s electrons for the TM
metal atoms, the 2s (3s) as well as 2p (3p) electrons for
the nonmetal oxygen (sulfur) atoms, were treated as the
valence electrons. As the M4X4 clusters contain not only
the metal atoms, but also the light nonmetal atoms, long
range dispersion interactions could eventually be impor-
tant and thus modifying the structures or the relative
stability. To improve our description of the electronic
properties of the M4X4 clusters, we also included the
van der Waals interactions. We employed the empirical
approach proposed by Grimme (DFT+D2),[50] which de-
scribes the van der Waals interactions via a simple pair-
wise force field. It has a lower computational cost and
has currently been employed in the VASP code. In the
DFT+D2 approach, the total energy, EDFT+D2 is ob-
tained by the sum of the conventional Kohn-Sham DFT
energy (EDFT ) with the van der Waals dispersion correc-
tion (Edisp), i.e
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EDFT+D2 = EDFT + Edisp, (1)

where

Edisp = −s6
2

∑
i

∑
j

Cij
6

R6
ij

fdmp(Rij), (2)

where i and j run over the atoms in the unit cell. Cij
6 rep-

resents the dispersion coefficient for the atom pair (i,j),
s6 is a global scaling factor that depends solely on the
exchange-correlation functional (s6=0.75 for PBE), Rij

is the distance between the i and j atoms and fdmp(Rij)
is a damped parameter employed in the DFT+D2 frame-
work, as discussed in the Ref. [50]. The wave functions
were expanded in the plane wave basis set with the ki-
netic energy cut-off of 400 eV in all PBE and PBE+D2
calculations. The convergence of the energies with re-
spect to the cut-off value were checked. For the cluster
calculations, a simple cubic super-cell was used with pe-
riodic boundary conditions, where two neighboring clus-
ters were kept separated by around 16 Å vacuum space,
which essentially makes the interaction between the clus-
ter images negligible. Geometry optimizations were per-
formed during the self-consistent calculations under the
approximation of collinear magnetic orderings using the
conjugate gradient and the quasi-Newtonian methods.
The process of atomic relaxation was repeated until all
the force components were less than a threshold value of
0.001 eV/Å as well as the total energy difference of two
consecutive relaxation steps was less than 10−5 eV. Re-
ciprocal space integrations of the super-cell, were carried
out at the Γ point. The binding energy, EB of the opti-
mal structures for each M4X4 cluster, is calculated with
respect to the free atoms, as

EB(M4X4) = 4E(X) + 4E(M)− E(M4X4) (3)

where E(M4X4) is the total energy of the M4X4 cluster,
while E(M) is the total energy of an isolated M atom.
With this formula, EB is a +ve quantity and its more
+ve value indicates higher stability.

III. RESULTS AND DISCUSSIONS

Theoretical investigations of the relative structural sta-
bility using DFT calculations, first requires the determi-
nation of the most stable structures of the two geome-
tries and the stabler one between them, is considered
as the minimum energy structure (MES) out of the two
geometries for each M4X4 cluster. For the nano clus-
ters of TM oxides, the determination of the MES needs
an exhaustive search down the potential energy surface
(PES) as isomers of different magnetic characters are of-
ten found to lie in close energy separation and thereby,
makes the task of determining the MES a cumbersome
one. The primary structural patterns of the two most

FIG. 1: Two initial geometries (at top panels) of cubane-
type 3D structure (left) and ring-shaped planar 2D structure
(right) considered for each of the M4X4 clusters. The possi-
ble spin states with FM as well as AFM configurations within
the moments of the transition metal M atoms in a M4X4 are
shown for both the cubane (middle panels) and planar (bot-
tom panels) structures, have been shown. The larger sized
empty balls correspond to the transition metal atom and the
smaller sized dots represent the nonmetal X atom in a M4X4

cluster.

probable geometries for each M4X4 cluster, are shown
in Fig. 1. We have first taken these two geometries
as the initial guessed structures for each M4X4 cluster
and allowed them to relax for all possible spin configura-
tions using collinear spin-polarized calculations. Instead
of the global optimization, we allow the two structures to
relax locally so that each structure undergoes for bond
optimization only, while retaining their original shape.
Therefore, the geometry relaxation for each system, has
been done for all possible ferromagnetic (FM) as well
as anti-ferromagnetic (AFM) configurations among the
metal atoms of the 2D as well as 3D structures, also il-
lustrated in the Fig. 1. For the AFM couplings among
the TM atoms, note that we have considered two spin
configurations for each of the 2D and 3D structures. For
an ideal cube, the two AFM configurations of the 3D
cubane structure, appear identical. Consideration of dis-
tortion in the structure can, however, result different iso-
mers. So, there are roughly total six possible isomer/spin
state combinations for each M4X4 cluster. Even for the
FM configuration, each M4X4 cluster of both the ring
and cage-shaped structures, were allowed to relax for all
possible spin multiplicities to ensure the occurrence of
intermediate spin state, if any, as the MES.

After determining the optimized geometries, we have
performed a comprehensive analysis on their relative sta-
bility as well as structural, magnetic and electronic prop-
erties. The results of our DFT+D2 calculations have
been discussed here. However, a comparison of the re-
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sults of relative stability and magnetic coupling of the
optimal 2D and 3D structures by the DFT+D2 as well
as DFT without van der Waals correction, has been dis-
cussed later in this section. Table I shows the the de-
tails about the relative energies, metal-nonmetal nearest
neighbor (NN) average bond lengths and total as well
as average atom-centered magnetic moments of the most
stable FM and AFM configurations for both the ring-
shaped 2D as well as cubane-shaped 3D structures. The
relative energy has been calculated with respective to the
energy of the MES and its +ve values indicate that the
corresponding isomers are higher in energy. To charac-
terize the optimal structures, we have studied the average
of the M−X NN bond lengths for each system. The av-
erage of the M−X bond lengths has been calculated on
eight M−X NN bond lengths in case of the optimal 2D
structures and twelve M−X NN bond lengths in case of
the optimal 3D structures. The atom-centered magnetic
moments have been calculated using the Mulliken popu-
lation analysis of spin.[51] First focusing on the relative
stability of the M4O4 clusters, it is seen from the Table
I that the MES of each M4O4 cluster has the 2D ring-
shaped structure. This is due to the fact that the 2D ring-
shaped structures for the M4O4 clusters, are more stable
than the respective most optimized 3D counterparts by
an energy amount of 1.30 eV, 1.58 eV, 1.96 eV, 1.97 eV
and 2.80 eV for M = Mn, Fe, Co, Ni and Cu respectively.
Our calculations show that the MES of each M4O4 clus-
ter, has AFM magnetic coupling for M = Mn, Fe, Co,
Cu and an intermediate FM coupling with total magnetic
moment of 4 µB for the MES of the Ni4O4 cluster. Also
note that the most optimized 3D cubane structures have
the AFM coupling for the Mn4O4, Fe4O4, Ni4O4 clusters,
while the magnetic coupling is FM for the most stable
3D cubane structures of the Co4O4 and Cu4O4 clusters
with total magnetic moments of 12 µB and 4 µB respec-
tively. It is important to mention that our predictions of
2D ring-shaped geometry as the ground state structure
for the M4O4 clusters and their preference for the AFM
magnetic configuration, are mostly in accordance with
the previous theoretical results.[36, 52–54] Moreover, the
presence of the oxygen atoms as a part in the MES of
each M4O4 cluster, also plays significant role in decid-
ing its structure and electronic properties, as the MES
of the pure M4 clusters would adopt a tetrahedron-like
3D structure for each of M = Mn, Fe, Co as well as Ni
and favor a FM coupling with total magnetic moment
of 20 µB ,[55] 12 µB ,[56] 10 µB [57] and 4 µB [11] respec-
tively. However, a pure Cu4 cluster is found to stabilize
in planar structure with zero net magnetic moment.[58]

On the other hand, the MES for each of the M4S4 clus-
ters has 3D cubane-shaped structure, except the case of
the Cu4S4 cluster which rather continues to favor the 2D
ring-shaped structure as the MES. In our calculations,
the most optimal 3D structure for each of the Mn4S4,
Fe4S4, Co4S4 and Ni4S4 clusters, is more stable than the
most stable 2D counterpart for each system, by an en-
ergy amount of 1.66 eV, 2.05 eV, 2.06 eV and 2.19 eV

respectively. We find that the 3D MESs of the Mn4S4

and Fe4S4 clusters, have AFM spin coupling among the
metal atoms, while the 3D MESs for the Co4S4 and Ni4S4

clusters have FM spin coupling with the total magnetic
moments of 6 µB and 2 µB respectively. Moreover, the
most optimal ring-shaped 2D structures of the Mn4S4,
Fe4S4 and Cu4S4 clusters have AFM coupling, while the
most stable 2D ring-shaped structures of the Co4S4 and
Ni4S4 clusters have FM coupling with the total magnetic
moments of 10 µB and 8 µB respectively, which are higher
than that of the total magnetic moment of their respec-
tive 3D MESs. Fig. 2 and Fig. 3 show the most op-
timized 2D and 3D structures of the M4O4 and M4S4

clusters respectively. Our calculated binding energy, net
magnetic moment and the NN bond lengths for each of
the optimal structures, are also shown.

Next, to characterize the structures of the optimal
M4X4 clusters, we concentrate on the variation of the
average values of the M-X NN bond lengths. It is im-
portant to note that the average NN bond lengths of
the optimal 2D and 3D structures as given in the Ta-
ble I are, in fact exhibiting an interesting trend. This
is in the sense that the 〈M-S〉 NN bond-lengths of the
MESs of the M4S4 clusters, are generally higher than
the 〈M-O〉 NN bond-lengths in cases of the 2D MESs
for the M4O4 clusters with a common M. In addition,
the Mulliken population analysis of atom-centered mag-
netic moments, whose average magnitudes are given in
the Table I, also provides us a clear hint about the origin
of the said magnetic exchange interactions of the con-
stituent atoms in the optimal structures, as mentioned
above. The spin population analysis for the MES of each
M4O4 cluster, reveals that the moments at the oxygen
sites are either zero or very small compared to that at
the metal sites and thereby, can be regarded as non-
magnetic elements. Therefore, the moments of the four
metal atoms and the very small moments associated with
the four bridging oxygen atoms, interact with each other
through super-exchange interaction which results in the
observed AFM coupling within each other. In cases of
the optimal FM coupling, on the other hand, we note
that the hybridization between the metal d-orbital and
nonmetal p-orbital plays an important role as it induces
finite spin-polarization to the oxygen atoms and aligns
them ferromagnetically with the moments of the metal
atoms. Note that our interpretations of the AFM ground
state in terms of the super-exchange interaction and the
role of p-d hybridization between the metal and nonmetal
atoms in cases of the FM ground states, also hold good
in case of the MESs for the M4S4 clusters.

Coming back to the issue of relative stability again, the
most exciting point to note is that our analysis of energet-
ics brings out a unique trend in the overall relative struc-
tural stability for the two classes of systems. Our first
principles electronic structure calculations reveal that the
M4O4 clusters are more stable in their optimized 2D ge-
ometry compared to its optimized 3D counterparts. In
contrast to the M4O4 clusters, the M4S4 clusters prefer to
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TABLE I: Relative energy to the ground state (4E = E − Eground state), average NN bond lengths, total magnetic moments
and distribution of magnetic moments of the optimal FM and AFM structures for both the 2D and 3D geometries. The 4E,
total magnetic moments and magnitude of average magnetic moments within the parenthesis for the optimal FM structures,
correspond to the respective values of the closely lying FM isomer having the same geometry.

Cluster Geometry Magnetic 4E 〈M-X〉 Total spin Average spin (µB/atom) at the site of
coupling (eV) (Å) (µB)

Metal i .e. 〈µM 〉 Nonmetal i .e. 〈µX〉
Mn4O4 Ring FM 0.562 [0.584] 1.804 8 [10] 3.76 [4.07] 0.004 [0.085]

AFM 0.000 1.811 0 3.96 0.000
Cubane FM 1.450 [2.123] 1.992 10 [20] 4.06 [4.26] 0.105 [0.220]

AFM 1.299 1.986 0 4.01 0.070
Fe4O4 Ring FM 0.075 [0.377] 1.780 8 [4] 3.15 [2.48] 0.200 [0.060]

AFM 0.000 1.770 0 3.03 0.130
Cubane FM 1.626 [1.650] 1.980 16 [6] 3.38 [3.15] 0.320 [0.060]

AFM 1.577 1.949 0 3.21 0.060
Co4O4 Ring FM 0.226 [0.586] 1.744 6 [8] 1.78 [1.62] 0.154 [0.230]

AFM 0.000 1.746 0 1.90 0.160
Cubane FM 1.960 [2.213] 1.942 12 [8] 2.37 [1.86] 0.420 [0.280]

AFM 2.184 1.922 0 2.16 0.190
Ni4O4 Ring FM 0.000 [0.035] 1.724 4 [6] 1.30 [1.10] 0.200 [0.290]

AFM 0.257 1.720 0 1.08 0.000
Cubane FM 2.048 [2.167] 1.920 4 [2] 1.20 [0.90] 0.230 [0.120]

AFM 1.966 1.914 0 1.13 0.120
Cu4O4 Ring FM 0.014 [0.468] 1.745 0 [2] 0.00 [0.22] 0.00 [0.24]

AFM 0.000 1.740 0 0.15 0.10
Cubane FM 2.795 [3.047] 1.964 4 [2] 0.47 [0.23] 0.45 [0.23]

AFM 3.093 1.961 0 0.44 0.43

Mn4S4 Ring FM 2.070 [2.221] 2.215 10 [18] 4.09 [4.15] 0.004 [0.04]
AFM 1.663 2.076 0 3.95 0.000

Cubane FM 0.385 [1.235] 2.399 2 [20] 3.50 [4.26] 0.040 [0.130]
AFM 0.000 2.338 0 3.90 0.040

Fe4S4 Ring FM 3.034 [3.078] 2.159 16 [10] 3.40 [3.00] 0.200 [0.13]
AFM 2.050 2.157 0 3.20 0.050

Cubane FM 0.432 [0.440] 2.212 16 [14] 3.27 [3.00] 0.240 [0.150]
AFM 0.000 2.264 0 2.92 0.060

Co4S4 Ring FM 2.063 [2.664] 2.126 10 [12] 2.05 [2.31] 0.200 [0.32]
AFM 2.667 2.113 0 2.27 0.130

Cubane FM 0.000 [0.228] 2.169 6 [4] 1.24 [1.00] 0.100 [0.100]
AFM 0.344 2.168 0 0.99 0.030

Ni4S4 Ring FM 2.189 [2.775] 2.100 8 [6] 1.28 [1.04] 0.370 [0.220]
AFM 2.880 2.067 0 0.90 0.001

Cubane FM 0.000 [0.256] 2.174 2 [4] 0.33 [0.60] 0.100 [0.220]
AFM 0.211 2.180 0 0.31 0.040

Cu4S4 Ring FM 0.167 [0.238] 2.098 2 [4] 0.27 [0.31] 0.27 [0.41]
AFM 0.000 2.072 0 0.01 0.01

Cubane FM 0.304 [0.320] 2.269 2 [4] 0.20 [0.38] 0.18 [0.36]
AFM 0.356 2.271 0 0.27 0.28

stabilize more in the 3D cubane-like structures compared
to their 2D planar counterparts. The Fig. 4 shows the
plot of our calculated binding energies of the most opti-
mized 2D and 3D structures for both the M4O4 as well
as the M4S4 clusters. The trend in relative stability as
described above, is also reflected in the variation of their
binding energies. This is in the sense that the 2D MESs
of the M4O4 clusters have consistently higher binding en-
ergies compared to that of their respective optimized 3D
counterparts. Likewise, the optimized 3D structures pos-
sess higher binding energies than their 2D counterparts

for all the M4S4 clusters, except the Cu4S4 cluster, as
seen in the trend of energetics for the M4S4 clusters in
the previous section. We believe that this findings of the
different kinds of variation of the relative structural sta-
bility of the two classes of the M4X4 clusters, with respect
to a substitution of the four oxygen atoms by four sulfur
atoms in going from the M4O4 cluster series to the M4S4

cluster series, is remarkable as microscopic chemistry ap-
pears to play the deciding role. Its understanding, there-
fore, could through light into the insights of the proper-
ties for the systems made up with these building blocks.
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FIG. 2: (Color online) The optimized structures of (a)
Mn4O4, (b) Fe4O4, (c) Co4O4, (d) Ni4O4 and (e)Cu4O4 clus-
ters in 3D cubane (left) and 2D ring (right) shaped configu-
rations. The larger balls correspond to transition metal atom
and the red colored smaller ball represents the Oxygen atom.
The green, cyan, gray, magenta and blue colored larger balls
correspond to Mn, Fe, Co, Ni and Cu atoms respectively. This
choice of color for the metal atoms is also followed in the sub-
sequent figures dealing with structure. The bond-lengths are
given in Angstrom unit. The calculated binding energies and
total magnetic moments of the optimal M4O4 clusters, are
shown aside.

It is important to mention that the trend in the relative
structural stability is very robust being independent of
the inclusion of van der Waals interaction. A compari-
son of our calculated 4E - relative energy to the ground
state, magnetic moment and the nature of the magnetic
coupling for the minimum energy 2D and 3D structures
using the DFT+D2 calculations as well as DFT calcula-
tions without van der Waals correction, has been given
in the Table II. It is clearly seen that the overall trend
in the relative structural stability i.e. the preference of
the 2D structure for the M4O4 clusters and the 3D struc-
ture for the M4S4 clusters, remains the same in the both
cases. The only difference arises in the magnitude of the
4 E. Moreover, the nature of magnetic couplings as well
as magnetic moment of the ground state structures and

FIG. 3: (Color online) The optimized structures of (a) Mn4S4,
(b) Fe4S4, (c) Co4S4, (d) Ni4S4 and (e)Cu4S4 clusters in 3D
cubane (left) and 2D ring (right) shaped configurations. The
yellow colored smaller ball represents the Sulfur atom. The
bond-lengths are given in Angstrom unit. The calculated
binding energies and total magnetic moments of the optimal
M4S4 clusters, are shown aside.

the preference for the 2D ring-shaped structure for the
Cu4S4 cluster, remain mostly identical in the both cases.

To understand the stability behavior, we have studied
the trend in the HOMO-LUMO spin-gaps for the optimal
2D and 3D structures for all the M4X4 clusters. The sys-
tems being magnetic, we have calculated two spin gaps -
δ1 and δ2 as defined in our earlier work.[59] Our calcu-
lated values of the spin gaps are also plotted in the Fig. 4.
It is seen that the δ1 and δ2 values are positive for all the
systems. Moreover, the 2D structures of the M4O4 clus-
ters and 3D structures of the M4S4 clusters, mostly have
higher values of δ1 and δ2, which is consistent with the
fact of their relatively higher stability. While comparing
the overall stability of the M4O4 clusters versus the M4S4

clusters, it is also seen from the Fig. 4 that the M4O4

clusters have relatively higher binding energies compared
to those of the M4S4 clusters for a common M element.
In an attempt to understand the relatively lower stability
and higher values of the NN bond-lengths for the opti-
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TABLE II: Relative energy to the ground state (4E), total magnetic moments and the nature of the magnetic coupling of the
most optimal 2D and 3D geometries for each M4X4 cluster in calculations including van der Waals corrections (DFT+D2) and
calculations without van der Waals corrections (DFT).

Cluster Geometry DFT+D2 DFT
4E Total spin Magnetic 4E Total spin Magnetic
(eV) (µB) coupling (eV) (µB) coupling

Mn4O4 Ring 0.000 0 AFM 0.000 0 AFM
Cubane 1.299 0 AFM 1.470 0 AFM

Fe4O4 Ring 0.000 0 AFM 0.000 0 AFM
Cubane 1.551 0 AFM 1.577 0 AFM

Co4O4 Ring 0.000 0 AFM 0.000 0 AFM
Cubane 1.960 12 FM 1.906 12 FM

Ni4O4 Ring 0.000 4 FM 0.000 6 FM
Cubane 1.966 0 AFM 1.896 0 AFM

Cu4O4 Ring 0.000 0 AFM 0.000 0 AFM
Cubane 2.794 4 FM 2.956 4 FM

Mn4S4 Ring 1.663 0 AFM 1.586 0 AFM
Cubane 0.000 0 AFM 0.000 0 AFM

Fe4S4 Ring 2.050 0 AFM 2.254 0 AFM
Cubane 0.000 0 AFM 0.000 0 AFM

Co4S4 Ring 2.063 10 FM 2.758 12 FM
Cubane 0.000 6 FM 0.000 6 FM

Ni4S4 Ring 2.189 8 FM 2.871 6 FM
Cubane 0.000 2 FM 0.000 2 FM

Cu4S4 Ring 0.000 0 AFM 0.000 0 Nonmagnetic
Cubane 0.304 2 FM 0.291 2 FM

FIG. 4: (Color online) Plot of binding energies in the left pan-
els for the optimized M4O4 (top) and M4S4 (down) clusters
in 3D (represented by light colored squares) and planar 2D
(represented by blue colored balls) configurations. The right
panels show the variation of spin gaps - δ1 (represented by
triangles) and δ2 (represented by stars) in the optimized 2D
and 3D structures of the M4O4 and M4S4 clusters.

mal 3D M4S4 clusters, we have studied the structures
and stability of the isolated M-O and M-S dimers. Our
calculated binding energies and NN bond lengths for the
optimal M-O dimers, are (5.44 eV, 1.64 Å), (5.41 eV, 1.62
Å), (5.37 eV, 1.61 Å), (5.00 eV, 1.62 Å) and (3.45 eV, 1.70
Å) for M = Mn to Cu respectively. The calculated M−O

bond lengths of the dimers which are much smaller than
the respective bulk and also that of the M4O4 clusters,
are in agreement with the experimental results.[60] The
corresponding values of the M-S dimers are (3.84 eV, 2.04
Å), (4.35 eV, 2.00 Å), (4.51 eV, 1.97 Å), (4.39 eV, 1.96
Å) and (3.25 eV, 2.03 Å) which indicate that M-S dimers
have relatively higher bond-length and less stability com-
pared to the corresponding M-O dimers. As each of the
optimal 2D as well as 3D structures of the M4X4 clusters,
consists of a number of the M−X dimers, the same trend
in stability between the M−O and M−S dimers will also
be reflected in the trend of relative stability between the
M4O4 and M4S4 clusters. Therefore, the chemistry effect
of replacing oxygen atoms by sulfur atoms in going from
the M4O4 to the M4S4 clusters, plays a significant role
in the predicted higher values of the 〈M-S〉 bond lengths
as seen from the Table I and the lower stability for the
optimal structures of the M4S4 clusters as seen from the
Fig. 4.

For better understanding about the trend in the rel-
ative structural stability of the M4X4 clusters between
their 2D and 3D structures, we have studied the spin-
polarized s, p and d orbital projected density of states
(PDOS) summed over all the constituent atoms of the
MESs of the M4X4 clusters as plotted in Fig. 5. It is
clearly seen that the p and d PDOS are dominating for
both the M4O4 and M4S4 clusters. The contribution of
the s orbitals, though not significant, spreads over an
extended energy ranges for the M4O4 clusters, while it
is mostly localized to some particular energy intervals
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FIG. 5: (Color online) s, p and d orbitals PDOS summed over all the constituent atoms for the MESs of M4O4 clusters (left
panels) and M4S4 clusters (right panels). Gaussian smearing of 0.1 eV has been used. The Fermi energy along x-axis is fixed
at zero indicated by the vertical dashed line. The HOMO isosurface for the MESs of the M4O4 and M4S4 clusters are shown
aside. Isovale has been fixed at 0.005 e−/Å3 for the plot of the orbital charge density.

in case of the M4S4 clusters. It therefore, could result
relatively larger s-d hybridization for the M4O4 clusters
compared to that of the M4S4 clusters. To examine the
nature of splitting of PDOS near the Fermi energy, we
have also plotted in Fig. 5 the HOMO orbital for the
MES of each cluster. We note that the contributions of
the dxy and dx2−y2 orbitals of the transition metal atoms
for the MESs of the 2D-M4O4 clusters are dominating.
On the other hand, the dominating d-sub-orbitals for the
transition metal atoms are mostly dxy, dyz and dzx for
the MESs of the 3D-M4S4 clusters.

Finally, in order to quantify the orbital hybridizations,
we have calculated s-d as well as p-d hybridization in-
dexes for the most stable 2D and 3D structures of each
M4X4 cluster. A hybridization index for a M4X4 clus-
ter is generally defined by using the formula, hkl =
8∑

I=1

occ∑
i=1

w
(I)
i,kw

(I)
i,l ; where k and l correspond to the or-

bital indices - s, p, d and wI
i,k (wI

i,l) is the projection

of i-th Kohn-Sham orbital onto the k (l) spherical har-
monic centered at atom I, integrated over a sphere of
specified radius. Note that the spin index is implicit in
the summation. The role of such hybridization index
for determining cluster morphology has been addressed

previously.[61–63] As the valance 4s and 3d orbitals of
the metal atoms and the valence 2s/2p (3s/3p) orbitals
of the nonmetal oxygen (sulfur) atoms mainly participate
in the hybridization, we have calculated both the s-d as
well as p-d hybridization indexes. It is also important
to mention at this point that these two hybridization in-
dexes have counter effects with respect to controlling the
stability behavior. This is in the sense that the overlap
of the transition metal atom d-orbitals (specially the dxy,
dx2−y2 orbitals) with its s orbitals in case of the systems
with enhanced s-d hybridization, confines mostly in the
xy-plane and this would favor stabilization in a planar
morphology. On the other hand, enhanced p-d hybridiza-
tion would involve hybridization of the nonmetal atom
X-p orbitals with the d orbitals of the metal M atoms
in all the three directions/planes and thereby, prones to
favor a 3D geometry. Fig. 6 shows the plots of our cal-
culated hybridization indexes for the most optimized 2D
as well as 3D structures of all the M4O4 and M4S4 clus-
ters. It is seen that irrespective of the 2D and 3D ge-
ometries, the p-d hybridization index is larger than the
s-d hybridization index for both the optimal structures
of each M4X4 cluster because of the significant overlap-
ping of the valence p orbital of X atoms with the valence
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FIG. 6: (Color online) Plot of the values of s-d (represented by
triangles) and p-d (represented by stars) hybridization indices
of the most stable 2D and 3D structures of both the M4O4

(left) as well as M4S4 (right) clusters.

d orbital of the transition metal M atoms. Focusing on
the relative magnitudes of the either hybridization index
between the optimized 2D and 3D structures in the Fig.
6, we note that the p-d hybridization index is higher for
the optimized 3D structures compared to that of their 2D
counterparts. Conversely, the s-d hybridization index is
always higher for the optimized 2D structures than that
of their 3D counterparts. Therefore, though the overall
variation in the magnitudes of the s-d and p-d hybridiza-
tion indexes, follows the same trend between the optimal
2D and 3D structures for each system in either of the
M4X4 series, it is their relative influences which come
into play in determining the most stable structure. Com-
bining the trends in the variation of stability as well as
that of the hybridization indexes, it is, therefore, clearly
indicating that the predicted stability behavior for both
classes of the M4X4 cluster series, results microscopically
from a delicate balance between the two types of the or-
bital hybridization. For the M4O4 clusters, the enhanced
s-d hybridization in favor of 2D structures, wins over the
enhanced p-d hybridization in favor of the 3D structures
and overall stabilizes the 2D structures. Contrary to the
case of M4O4 clusters, the effects of the enhanced s-d
hybridization in case of the optimized 2D structure of
the M4S4 clusters is not significant as can be seen from

their values in the Fig. 6 compared to those of the M4O4

clusters. As a result, it is not able to overcome the influ-
ence of its enhanced p-d hybridization. Therefore, the en-
hanced p-d hybridization index in favor of the optimized
3D structure appears as more dominant and stabilizes
the 3D structures for most of the M4S4 clusters.

IV. SUMMERY AND CONCLUSIONS

Using first principles DFT calculations, we have stud-
ied the structure, stability and electronic properties of
the isolated M4X4 clusters between the two molecular
patterns commonly found in inorganic chemistry - a
cubane-like cage geometry as well as a ring-shaped planar
geometry. As the X (O/S) atoms are characterized by the
valence 2s as well as 2p orbitals and the transition metal
atoms by the valence 4s as well as 3d orbitals, the influ-
ences of the orbital hybridization on the relative stability
has been emphasized. We find that the relative structural
stability results from an interesting interplay of p-d vis
a vis s-d hybridizations. In case of the M4O4 clusters,
the enhanced s-d hybridization in favor of the 2D struc-
tures, wins over the enhanced p-d hybridization in favor
of the 3D counterparts. For the M4S4 clusters, however,
the enhanced p-d hybridization in favor of the 3D struc-
ture, topples the enhanced s-d hybridization in favor of
its 2D counterpart and overall stabilizes the cubane-like
structure. This study will be useful for understanding as
well as controlling the role of the environment surround-
ing the M4X4 molecular units in poly-nuclear transition
metal complexes.
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R. Clérac, J. Am. Chem. Soc. 128, 3770 (2006).

[39] C. J. Milios, A. Prescimone, A. Mishra, S. Parsons,
W. Wernsdorfer, G. Christou, S. P. Perlepes and E. K.
Brechin, Chem. Commun., 153 (2007).

[40] C. C. Beedle, C. J. Stephenson, K. J. Heroux, W. Werns-
dorfer and D. N. Hendrickson, Inorg. Chem. 47, 10798
(2008).

[41] G. Karotsis, S. J. Teat, W. Wernsdorfer, S. Piligkos, S.
J. Dalgarno and E. K. Brechin, Angew. Chem., Int. Ed.,
48, 8285 (2009).

[42] A. Kubacka, M. Fernandez-Garcia and G. Colon, Chem.
Rev. 112, 1555 (2012).

[43] I. E. Castelli, T. Olsen, S. Datta, D. D. Landis, S. Dahl,
K. S. Thygesen and K. W. Jacobsen, Energy Environ.
Sci. 5, 5814 (2012).

[44] L. Y. L. Shen, G. A. Pasteur, and D. E. Aspnes, Phys.
Rev. B 16, 3742 (1977).

[45] A. Kov́acs, R. J. M. Konings, J. K. Gibson, I. Infante and
L. Gagliar di, Chem. Rev. 115, 1725 (2015); K. Pradhan,
G. L. Gutsev, C. A. Weatherford and P. Jena, J. Chem.
Phys. 134, 144305 (2011).

[46] Vienna ab initio simulation package (VASP), Technische
Universität Wien, 1999; G. Kresse and J. Hafner, Phys.
Rev. B 47, 558 (1993); G. Kresse and J. Furthmuller,
Phys. Rev. B 54, 11169 (1996).
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