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(M=Ti,V,Cr,Mn,Fe,Co,Ni,Cu): An ab initio density functional study
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Using the plane wave based pseudopotential method under the density functional formalism, the geometry
and electronic structures of M and M, encaged (BN);4 clusters have been investigated, where M represents Ti,
V, Cr, Mn, Fe, Co, Ni, and Cu atoms. The lowest energy structure of the M(BN);4 cluster shows that the
impurity atom prefers to occupy either the center or off-center and close to the hexagonal ring of the cage.
Geometry and electronic structures of M, clusters have been calculated in the bare state as well as inside the
octahedral (BN)s4 cluster. For free M, clusters, except Cuy, which forms a planar rhombus structure, all other
tetramer clusters adopt three dimensional bent rhombus or tetrahedron configuration. In sharp contrast, the
equilibrium structure of M clusters inside the (BN);4 cage results in significant deformation in comparison to
that in the free state. Unlike others, it is found that the stability of V,, Fe,, Co,, and Niy tetramers have been
enhanced inside the cage. Importantly, these small clusters are found to retain their magnetic nature even after
encaging them inside the (BN);4 cluster. In general, the magnetic moment of the M, clusters are found to
decrease inside the (BN);4 cage, except that for Cr, cluster, which showed significant increase in the magnetic
moment. The electronic density of state analysis of these systems shows additional electronic states in the large

gap of (BN)s¢ cluster originated by the M atoms or M clusters.

DOI: 10.1103/PhysRevB.77.075438

I. INTRODUCTION

Small clusters of transition metal elements show higher
magnetic moments than the corresponding bulk solids. The
increase in magnetic moment is largely due to surface sites
that have lower coordination number than the atoms present
in the interior or bulk.! These magnetic materials have im-
portant applications in nanoelectronic devices, magnetic re-
cording media, and biological sensors. However, oxidation
and wear resistance of the surface become a problem for
naked clusters. Therefore, encaging of these magnetic clus-
ters inside an insulator will have significant advantage for
their use in industrial or medicinal applications.?

Boron nitride (BN) is a good insulating material (band
gap of ~5.5 eV) with excellent chemical and thermal stabil-
ity. It may therefore serve as an insulating and protective
shield for encapsulating magnetic particles and prevent the
degradation of magnetic particles from oxidation and chemi-
cal modifications. Recently, BN based nanomaterials, such as
clusters, nanocapsules, nanohorns, and nanotubes, had been
discovered and studied for their chemical and electronic
stability.>> In a series of experiments, Oku and co-workers
have reported the synthesis of boron nitride clusters of dif-
ferent sizes.*"'> Perhaps the most interesting result of their
work was the production of (BN),, in abundance. Other than
this, (BN)3¢ cluster was observed on and inside the BN nano-
tubes, and their sizes were in the range of 0.7—1.0 nm.” In
another set of experiments, Stephan et al. irradiated BN (Ref.
16) and observed small BN cagelike molecules. The products
after irradiation were either closed packed or nested cages
and most cages had the diameter in the size range of 4—7 A.
The octahedral motif was proposed as the most probable
structures for (BN)y,, (BN),, and (BN),s cages. Subse-
quently, Goldberg et al. corroborated the proposal of octahe-
dral structures for the observed BN cages'” using the elec-
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tron microscope. From the high-resolution transmission
electron microscopy images, they observed single-shelled
cages with size of 8—10 A, with rectanglelike outlines for
(BN)4¢ cluster as proposed by Oku et al.> and Alexandre et
al.'8

The presence of impurity metal atoms or clusters inside
the nanocage or nanotubes during their synthesis can signifi-
cantly modify the physicochemical properties. In order to
understand this effect, many experimental and theoretical
studies have been reported on the metal encapsulated BN
nanomaterial.>!%1925 Bando et al. prepared BN nanotubes
filled with Fe-Ni alloy nanorods.?” Tang et al. have reported
the in situ filling of BN nanotubes with cubic Ni metal and
NiSi, nanowires followed by electron microscopic study of
the resultant structures.”! Han et al. demonstrated the encap-
sulation of various potassium halides (KCl, KBr, and KI) in
BN nanotubes.”? Xu et al. have reported the transmission
electron microscopy study of BN nanotubes filled with co-
balt. In fact, they have reported that the transition metals, Fe,
Co, and Ni, are the most effective catalysts for the formation
of BN nanotubes.”> Peng et al. have made a comparative
study on the structural, energetic, and magnetic properties of
B,C,N, composite single-walled nanotubes filled with
transition-metal nanowires using first-principles
calculations.”* They found that interaction between the nano-
tube and nanowire weakens the magnetism of the
nanowire.>* Koia et al. produced Fe-filled BN nanotubes and
investigated them by high-resolution electron microscopy,
high-angle annular dark-field scanning transmission electron
microscopy, electron diffraction, and energy dispersive x-ray
spectroscopy.!? They have also reported the synthesis of BN
nanocapsules encaging Fe and Co nanoparticles.'3 In another
work, Oku and co-workers have studied the Fe/La/Y(BN)34
cluster by high-resolution electron microscopy.'* Recently,
Batista et al. have carried out first-principles calculation on
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FIG. 1. Ground state atomic configuration of the (BN);4 cluster.
The gray and black circles represents boron and nitrogen atoms,
respectively.

transition metal (Fe, Co, and W) doped (BN); fullerene and
they found that these metal atoms does not induce magnetic
moment on the BN cage.?’

In the present work, we have investigated the atomic,
magnetic, and electronic structures of M(BN);, and
M ,(BN)34 clusters, where M represents Ti, V, Cr, Mn, Fe,
Co, Ni, and Cu atoms. The major objective of this study is
threefold: (i) To find out the equilibrium structure of
M(BN)s, and M4(BN)34 clusters. (ii) What is the difference
in the ground state structure of M, clusters inside and outside
the cage of (BN)34 cluster? (iii) Whether small metal clusters
can retain their magnetic properties even after encaging in-
side the (BN);4 nanocluster. The choice of tetramer clusters
was governed by the fact that these are the smallest clusters,
which can have either planar or nonplanar atomic structure in
the ground state.

II. COMPUTATIONAL DETAILS

The total energy calculation and geometry optimization of
several isomeric structure of M4, M(BN);4, and M,(BN)s
(M=Ti, V, Cr, Mn, Fe, Co, Ni, and Cu) clusters were per-
formed under density functional theory formalism and plane-
wave basis set as implemented in the Vienna ab initio simu-
lation package (VASP).?® The electron-ion interaction was
described by the full-potential all-electron projector aug-
mented wave (PAW) method,?” as implemented in VASP by
Kresse and Joubert.”® The PAW pseudopotential was gener-
ated taking scalar relativistic corrections into account. The
spin-polarized generalized gradient approximation?® has
been used to calculate the exchange-correlation energy. The
cutoff energy for the plane-wave basis set was fixed at
400 eV for all calculations performed in this study. A simple
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TABLE I. Equilibrium position of impurity atom, magnetic mo-
ment, and interaction energy (interaction energy (Int. En)
=E[M(BN)36]opi— EL(BN)36]op— E(M).) (Int. En.) of low lying iso-
mers [for Cr, Mn, and Cu atoms only two isomers (center and
tetragonal) were found to be stable] of M(BN);4 cluster.

Int. En.
M Position Mp (eV)
Ti Hexagonal 4 -1.02
Tetragonal 0 -0.29
Center 4 -0.15
v Hexagonal 5 -0.40
Center 5 -0.18
Tetragonal 1 0.28
Cr Center 6 -0.06
Tetragonal 2 2.34
Mn Center 5 0.10
Tetragonal 3 1.72
Fe Hexagonal 4 -0.20
Center 4 -0.07
Tetragonal 2 0.65
Co Hexagonal 3 -0.64
Center 3 -0.10
Tetragonal 1 0.28
Ni Hexagonal 0 -0.78
Tetragonal -0.48
Center 2 -0.28
Cu Center 1 -0.12
Tetragonal 1 -0.10

cubic supercell of side 15 A was used to ensure that the
periodically repeated cluster images do not interact with each
other. The Brillouin zone integrations are carried out at the "
point only. The geometry of the clusters has been determined
by ionic relaxation using a conjugate gradient minimization
and the exact Hellmann-Feynman forces. The geometries are
considered to be converged when the force on each ion be-
comes 0.01 eV/A or less. The total energy convergence was
tested with respect to the plane-wave basis set size and simu-
lation cell size, and the total energy was found to be accurate
to with in 1 meV. In order to check the effect of relativistic
corrections, total energy calculations were carried out after
incorporating the spin-orbit coupling effect. However, no
significant changes were found on the binding energies of
these clusters.

A fixed magnetic moment calculation on a series of mag-
netic isomers yields important information on magnetostruc-
tural effects. In order to obtain the information on the mag-
netic isomers, we have used the fixed moment mode>® where
the total magnetic moment of the cluster was constrained to
a fixed value by fixing the occupation numbers of the spin-up
and spin-down channels. The local magnetic moments were
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FIG. 2. (a) The total density of states of the Fe atom, (BN)34 cluster, and Fe(BN)s¢ clusters. The up and down arrows represents the alpha
and beta spins, respectively. The vertical line indicates the position of the HOMO energy level for the (BN)s¢ cluster. (b) The fragmented

density of states of Fe and Ni atoms in free and encaged states.

obtained by projecting the plane wave into angular momen-
tum components of all occupied eigenstates onto spherical
waves within slightly overlapping atomic spheres and inte-
grating the resulting spin-polarized local densities of state.
The radius of the spheres has been chosen such as to repro-
duce the correct total moment. However, this decomposition
is only representative and is expected to give a qualitative
character of each state.

III. RESULTS AND DISCUSSION

In order to understand the geometrical and electronic
changes that occur by the presence of M atoms or M, clus-
ters inside (BN);4, we have systematically calculated the ge-
ometries of (BN)35, M(BN)34, My, and M4(BN);4 clusters,
respectively. In the following section we present our results
in the above mentioned sequence.

A. Geometries and stabilities of (BN)3;¢ and M(BN)34 clusters

The ground state atomic configuration of the (BN)34 clus-
ter is depicted in Fig. 1, which favors cagelike geometry
formed by six squares and 32 hexagonal rings. The B-N
distance in the four member ring is found to be 1.47 A,
which elongates up to 1.49 A in the hexagonal ring. The

internal diameter of this cage is estimated to be 7.97 A,
which is slightly more than the C¢, cage. The average bind-
ing energy of (BN)s cluster is calculated to be
8.43 eV/atom, which after correcting with respect to the
spin-polarized atom energy is found to be 6.76 eV/atom (av-
erage binding energy=[E(BN)ss-E(B)-E(N)]/72). The
higher stability of this cage cluster is further corroborated by
its large energy gap of 4.95 eV observed between the highest
occupied molecular orbital and lowest unoccupied molecular
orbital (HOMO-LUMO) energy levels. These results were
compared with previous reports and found to be in good
agreement, 331,32

The equilibrium geometry of the M atom encapsulated
(BN);4 clusters was obtained by optimizing four initial guess
structures: (i) the M atom occupying the center position of
the cage, (ii) the M atom is placed off center and close to the
tetragonal ring, (iii) the M atom is placed off-center and
close to the hexagonal ring, and (iv) the M atom is connected
to the bridge site of the tetragonal and hexagonal ring. After
geometry optimization, a comparison of total energies be-
tween different isomers shows, while few M atoms (Ti, V,
Fe, Co, and Ni) favor to occupy an off-center position close
to the hexagonal ring others remain at the center (Cr, Mn,
and Cu) due to very weak interaction with the cage. The
results are summarized in Table I by enlisting the interaction
energy and magnetic moment for the lower energy isomers
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TABLE II. Magnetic moment and interatomic separation (IS) of
M, dimers along with its experimental values (expt.) are taken from
Ref. 33.

IS IS

M, Mg A) (A) (expt.)
Ti 2 1.90 1.94

\ 2 1.74 1.77
Cr 0 1.52 1.68
Mn 10 2.59 ~3.4
Fe 6 1.98 2.02
Co 4 1.96

Ni 2 2.08 2.15
Cu 0 2.22 221

that has been calculated in this work. In this context, it
should be mentioned that in another recent study, Batista et
al.® have reported the interactions of Fe and Co atoms with
(BN)s¢ cage, where impurity atoms were found to occupy
the tetragonal and bridge sites from outside the cage. In an-
other study, Oku and co-workers 14 carried out semiempirical
calculations on endohedral Fe(BN);4 cluster and found that
the doping element attaches to one of the hexagonal ring
resulting in expansion of host cluster.

It is clear from this table that when metal atoms are
placed close to the hexagonal ring, the interaction is stronger
than that placed at the center. From the geometrical point of
view, the presence of metal atoms inside the (BN),¢ cage has
very negligible effect on the cage structure. So also in the
case of electronic structure, except that for Ni, for which the
atomic moment of Ni is quenched and the Ni(BN);4 cluster
shows singlet spin state. Apart from it, all elements follow
the trend of their respective atomic moments in the gas
phase. Moreover, the details of the eigenvalue spectrum of
these clusters suggest that impurity atoms introduces their
energy states in the large gap between the HOMO-LUMO
energy levels of the (BN);4 cage, which is consistence with
previous observations.?> This feature has been illustrated in
Fig. 2 by considering two representative cases as Fe(BN)34
and Ni(BN);4 clusters. It is found that while in case of Fe
atom, the spins are polarized even after encapsulating it, for
Ni, the spin moments are completely quenched, thereby re-
sulting in singlet spin multiplicity for the Ni(BN)s, cluster.

(a)

N (b) J —>
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B. Geometries and stabilities of M4 and M4(BN);4 clusters

Before proceeding to calculate the ground state geom-
etries and energetics of M, clusters of transition metal ele-
ments, test calculations were performed for M, systems to
understand the interactions between M atoms. The results are
summarized in Table II. A comparison between these results
and experiment values®? shows good agreement, which pro-
vide confidence of the computational method adopted in this
work.

The stable low-lying isomers of free M, clusters was cal-
culated by optimizing different configurations starting from a
planar to compact tetrahedron structures. It is found that de-
pending on the nature of the interatomic forces, M, clusters
adopt (a) planar rthombus, (b) bent rhombus (BR), and (c)
tetrahedral structure. The typical geometrical representations
are shown in Fig. 3. The geometrical transformation from the
planar rhombus to three dimensional compact tetrahedron
has been analyzed in terms of the dihedral angle (DA) of
atom 3 (viz., Fig. 3) with respect to the plane formed by 1, 2,
and 4. The diagonal distances (2-4) and (1-3) have also been
taken into account to visualize the closing and opening of the
geometry. Details of the geometrical parameters, binding en-
ergy, and magnetic moment values are listed in Table III for
all M, clusters.

Once the geometries of the (BN)s¢ cage and M, clusters
are established, it is of interest to study the structural and
electronic properties of M4(BN);4 cluster. In particular, it is
important to investigate the stability and structural evolution
of tetramer when the M atoms agglomerate inside the cage
and compare these results with previously calculated M,
clusters in the free state. For this purpose, we have carried
out a series of geometry optimizations of M, clusters placed
at the center of (BN);4 cage, as shown in Fig. 4. To get the
lowest energy isomer of the M, cluster inside (BN)s¢ cage,
three different isomers of M, clusters [(a) planar rhombus,
(b) bent rhombus, and (c) tetrahedral (shown in Fig. 3)] were
used as the starting configurations. The geometry optimiza-
tion of the whole M,(BN);4 system was carried out without
any symmetry constraint. The results are summarized in
Table IV giving the details of the interatomic separations and
bond angles for the bare and caged clusters. In the following
sections, we have systematically discussed the comparative
analysis of the M, and M,(BN);4 cluster separately.

The equilibrium geometry of the Ti, cluster is reported by
several workers. Using the density functional theory (DFT)-
local spin density approximation method,’® Wei et al. have

J

(0

FIG. 3. Three different geometries that represent the ground state atomic configurations of M, clusters: (a) planar rhombus, (b) bent

rhombus, and (c) tetrahedral.
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TABLE III. Geometry, energetics, and magnetic moments of
free M, clusters. Bulk cohesive energy values for these metals have
been taken from Ref. 34.

Bulk

Magnetic cohesive

Optimized moment BE/atom energy
Cluster geometry (up) (eV) (eV)
Tiy Dis. T, 4 -2.60 4.67
A T, 0 -2.38 5.11
Cry BR 0 -1.28 3.94
Mn, T, 20 -1.18 2.79
Fey Dis. T, 14 -2.13 4.14
Coy BR 10 -2.27 4.23
Niy Dis. T, 4 -2.26 4.28
Cuy Planar Dy, 0 -1.58 3.37

found a capped triangle (C;, symmetry) as the lowest energy
structure. Followed by this, Zhao et al.® have obtained a
regular tetrahedron using the ultrasoft nonlocal pseudopoten-
tials. In another work by Castro et al.,’7 distorted tetrahedron
was reported to be the lowest energy isomer. In good agree-
ment with this work, we found a distorted tetrahedron (more
compressed than regular 7,; with dihedral angle of 65°) with
magnetic moment of 4ug. The distances between the Ti at-
oms are found to be 2.51 (1-2, 1-4, 2-3, and 3-4) and 2.38 A
(1-3 and 2-4). The binding energy of the Ti, cluster is esti-
mated to be 2.60 eV/atom. The compact tetrahedron struc-
ture with lower magnetic moment (2uz) is found to be
0.23 eV higher in energy. When the geometry of the Tiy
cluster was optimized inside the (BN);4 cage, starting with
possible isomeric forms of Tiy cluster, the lowest energy con-
formation of the Tiy cluster is found to adopt the trigonal
pyramidal structure (symmetry Cs,). It may be noted that this
is different than its lowest energy isomer in the free state,
which forms distorted tetrahedron. The elongation in the in-
teratomic separations between Ti atoms results in an increase
of the dihedral angle from 65° to 68°. The Ti-Ti separations
in the base plane of the equilateral triangle are 2.71 A and
the distance between the capping atom and the base atoms is
2.45 A. For the Tiy,(BN)s cluster, the Ti-B and Ti-N dis-
tances are found to be 2.36 and 2.24 A, respectively. The
magnetic moment of the Ti, cluster inside the cage is re-

FIG. 4. Representative atomic configuration of the M, clusters
inside the (BN)s4 cluster.
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duced from 4up to 2ug. The next higher energy isomer of
Tiy, which form a bent rhombus configuration (DA=83°)
with a magnetic moment of 4 up is 0.30 eV higher in energy
with respect to the Cs, isomer. Another isomer with similar
structural configuration (DA=80°) but having the magnetic
moment of 6up shows 0.51 eV higher in the energy. Here, it
should be noted that the isomer with C5, symmetry is not an
equilibrium structure in the free state. The average binding
energy (average binding energy inside the cage (BE)
={E[M 4(BN)36]op-E[(BN)36]op-4E(M)}/4) of the Ti, cluster
inside the cage is estimated to be 2.51 eV/atom.

The equilibrium structure of V, cluster has been predicted
previously*$~40 using different methodologies. While Gron-
beck and Rosen have found planar structure of V, based on
the linear combination of atomic orbital (LCAQO) approach,
Wu and Ray have carried out an all electron calculation and
obtained regular tetrahedral geometry with zero magnetic
moment. Recently, Li et al., using a real-space pseudopo-
tential method, have found V, as rhombus.*’ In the present
work, we show that V, favors a regular tetrahedron as the
lowest energy isomer with zero magnetic moment. The bond
distance among the vanadium atoms is estimated to be
2.22 A and the DA is 70.54°. The average binding energy of
the V, cluster is found to be 2.38 eV/atom. The optimization
of the V, cluster inside the (BN) cage leads to very small
change (about 0.04—0.06 A) in comparison to its ground
state geometry outside. For V4(BN),, the smallest V-B and
V-N distances are found to be 2.32 and 2.22 A, respectively.
Another isomer of bent rhombus configuration (DA=83° and
a magnetic moment of 2u;) was found to be 0.31 eV higher
in energy than the 7, isomer. So unlike Tiy, V, cluster favors
similar atomic configuration inside and outside the cage of
(BN)s¢ cluster. The average binding energy calculated for V,
cluster inside the cage is found to be 2.49 eV/atom. Thus, it
is clear that the stability of the V, cluster is enhanced inside
the cage of (BN)3 cluster.

The geometry optimization of the Cr, clusters attracts
some special attention as it is formed by two extraordinary
stable Cr, fragments.*! Cheng and Wang have found the
higher symmetry D,, planar rhombus as the lowest energy
isomer for Cr, cluster.*! In another study, Hobbs et al. have
reported a tetrahedron structure for Cr,.*>. Wang et al.*> have
investigated magnetic chromium clusters at the DFT/BPW91
level, taking all electron into account, and obtained a bent
rhombus structure having two short and two long bond
lengths with D, symmetry as a lowest energy structure of
Cry. A similar structure was also found in our present study.
The short bond length of bent rhombus is 1.64 A which is
only 0.12 A larger than the bond length of chromium dimer.
The larger side of rhombus is 2.72 A which reflect very poor
interaction between two Cr atoms. The dihedral angle is
found to be 113.05° for this structure. The binding energy of
this Cry cluster is estimated to be 1.28 eV/atom.The geom-
etry optimization of the Cry(BN);4 cluster was carried out
starting with different initial geometries that were found for
Cry cluster inside the cage. The relaxation of the Cr, isomer
inside the cage showed significant geometrical transforma-
tion, where the slightly bent rhombus (DA=113°) optimizes
into a more compact structure by reducing the DA up to 83°.
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TABLE IV. Comparison of the interatomic distances between metal atoms, bond angle and dihedral angle (DA) of M cluster in free and
encapsulated states numbers presented in parentheses correspond to the encaged clusters.

1-2 1-4 2-3 3-4 1-3 2-4 Angle Angle Angle Angle DA
M, (A) (A) (A) (A) (A) (A) 2412 4432 £123 L1143  124/3
Ti 2.51 2.51 2.51 2.51 2.38 2.38 56.54 56.54 56.54 56.54 65.01
(2.70) (2.45) (2.71) (2.45) (2.71) (2.45) (60.22) (67.13) (56.69) (56.46) (67.70)
\Y% 222 2.22 2.22 2.22 2.22 222 60 60 60 60 70.54
(2.31) (2.29) (2.26) (2.23) (2.26) (2.28) (59.59) (61.22) (59.28) (60.12) (70.45)
Cr 2.72 1.64 1.64 2.72 2.96 2.96 81.23 81.08 81.34 81.34 113.05
(2.31) (2.58) (1.90) (2.72) (2.84) (2.25) (65.82) (62.92) (71.1) (66.6) (82.99)
Mn 2.70 2.70 2.70 2.70 2.70 2.70 60 60 60 60 70.75
(2.47) (2.47) (2.35) (2.35) (2.35) (2.47) (60) (63.55) (58.22) (58.24) (69.06)
Fe 2.24 2.24 2.24 2.24 2.53 2.53 69 69 69 69 86.6
(2.32) (2.25) (2.34) (2.39) (2.30) (2.25) (59) (56.8) (59.18) (59.34) (74.76)
Co 2.14 2.14 2.14 2.14 2.72 2.72 79 79 79 79 110.93
(2.44) (2.31) (2.21) (2.17) (2.30) (2.44) (59.13) (59.13) (59.88) (59.31) (68.78)
Ni 231 2.31 2.31 2.31 2.21 221 57 57 57 57 73
(2.33) (2.33) (2.28) (2.36) (2.44) (2.35) (60.52) (60.77) (63.76) (62.64) (74.73)
Cu 2.38 2.38 2.38 2.38 2.27 4.17 123 123 57 57 180
(2.31) (2.33) (2.33) (2.31) (2.35) (2.77) (73.01) (73.45) (60.48) (60.83) (78.05)

o

The smallest Cr-B and Cr-N distances are 2.27 and 2.21 A,
respectively. The structural changes were derived by the re-
duction of the diagonal bond to facilitate the packing of the
geometry. As the Cr, cluster modifies its geometry inside the
cage, so also its electronic and magnetic structures. The mag-
netic moment of the Cry cluster inside the (BN);, cage is
found to be enhanced up to 8 up. The average binding energy
of the Cry, cluster inside the cage is estimated to be only
0.76 eV/atom. The reduction in the stability of Cr, inside the
cage can be attributed to the significant stain created by the
bending of the rhombus structure, which is more stable in the
free state.

Previous calculations by Pederson et al.** and Bobadova-
Parvanova et al.*> have predicted regular tetrahedron struc-
ture of Mn, cluster with large magnetic moment of 20up. In
the present study, we find a regular tetrahedron structure
(2.70 A bond length and DA=70.75°) as the lowest energy
isomer for Mn, cluster, which is in line with the previous
results. The total magnetic moment is estimated to be 20up
which is distributed homogeneously over all the atoms. The
average binding energy of this Mn, cluster is calculated to be
1.22 eV/atom. Another isomer, with C3, symmetry where an
atom is capping the equilateral triangle, was found 0.07 eV
higher in energy. The Cj, isomer has its base as an equilat-
eral triangle with 2.67 A as the interatomic separation be-
tween the base atoms and the capping atom is 2.51 A away
from each of the atoms of base triangle. The optimization of
the Mn, inside (BN), shows that it prefers capped triangle
(Cs, symmetry) rather than a regular tetrahedron. The equi-
lateral triangle is formed with 2.45 A as the interatomic
separation between the base atoms and the capped atom is
2.34 A away from each of the atoms of the triangle, but the
dihedral angle of capping atom (atom 3) from the plane of
triangle remains same. The smallest Mn-B and Mn-N dis-
tances are found to be 2.27 and 2.17 A, respectively, for the
Mn,(BN);4 cluster. The total moment of the Mn, cluster in-

L 44

side the cage is found to be reduced from 20up to 10up,
which can be attributed to the changes, occurred in the geo-
metrical parameters of the Mn, cluster. Further calculations
were carried out by fixing the magnetic moment at 14up,
16up, 20 which resulted in 0.51, 1.97, and 4.27 eV, re-
spectively, in comparison to that of the lowest energy isomer.
The average binding energy of the Mn, cluster inside the
cage is estimated to be only 1.04 eV/atom.

The ground state geometry of the Fe, cluster has been
reported by several groups. It is found that Fe, cluster favors
a regular or slightly distorted tetrahedron, depending on the
theoretical methods adopted*? [local density approximation
(LDA) or generalized gradient approximation (GGA)]. The
results showed that Fe, favors distorted tetrahedron structure
under both these schemes but there is a difference in mag-
netic structure at these two levels. While LDA predicts total
magnetic moment of the Fe, cluster as 12up, GGA gives
higher value of 14uz.** In another study, using the LCAO
approach, Chen et al.*® have found Fe, as a regular tetrahe-
dron structure with 12u; magnetic moment. Jones et al.*’
have found Fe, as a distorted tetrahedron (2.19 10\, 2.38 10\,
BE=2.11 eV/atom) with a magnetic moment value of 14u.
In overall agreement with previously reported results,*> we
have obtained a distorted tetrahedron (DA=87°) as the low-
est energy isomer of Fe, with total moment of 14ug. The
interatomic  separations are found to vary from
2.24 to 2.54 A (Table IV). The binding energy of this Fe,
cluster is estimated to be 2.13 eV/atom. The next higher en-
ergy isomer having the total magnetic moment of 12up and
the distorted tetrahedron structure is 0.14 eV higher in en-
ergy. The optimization of caged Fe, cluster was made con-
sidering the three different geometries inside the (BN);4 cage
using the same method. The results show that the distorted
tetrahedron structure of Fe, structure becomes more compact
by reducing the DA from 87° to 75° and the corresponding
diagonal distances decrease from 2.54 to 2.30 A. The clos-
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ing of the geometry inside the cage results in quenching of
the magnetic moments of Fe, cluster from 14uz to 10up. For
the encapsulated Fe,(BN);4 cluster, the Fe-B and Fe-N dis-
tances are found to be 2.02 and 2.25 A, respectively. We
have also attempted to optimize the Fe,(BN);4 cluster by
freezing its total magnetic moment as 14up, but the results
showed that this isomer is 2.1 eV higher in energy. The av-
erage binding energy of the Fe, cluster inside the cage is
estimated to be 2.24 eV/atom. Thus, it is clear that the sta-
bility of the Fe, cluster is enhanced inside the cage of (BN);4
cluster.

The geometrical structure of the Co, tetramer cluster has
been investigated by many workers and it has been realized
that Co, prefers to form a bent rhombus configuration as the
ground state structure with total magnetic moment of
105.47* Our calculation also suggest a bent rhombus ge-
ometry as the most preferred isomer with all bond lengths of
2.14 A and a magnetic moment of 10u,. The dihedral angle
of atom 3 from the plane formed by 1-2-4 atoms is 110.93°.
The binding energy of this Co, cluster is estimated to be
2.27 eV/atom. Another isomer with compact motif (DA
=63.64°) and 6 uz magnetic moment is found to be at 0.8 eV
higher in energy.When the geometry of Co, was optimized
inside the (BN);4 cage, significant geometrical changes has
been observed. The open rhombus structure bends into a
compact tetrahedral geometry as the dihedral angle reduces
from 111° to 69°. This structural change is considered to be
significant in comparison to other elements. Due to this
structural change, the arms (1-2, 1-4, 2-3, and 3-4) are elon-
gated and the diagonal bonds (1-3 and 2-4) are reduced con-
siderably to form the close packed tetrahedral configuration.
The smallest Co-B and Co-N distances are 2.18 and 2.32 A,
respectively, which indicate that the smallest Co-B distance
is 0.14 A less than that of Co-N distance. The total magnetic
moment of the Co, encapsulated inside (BN);¢ cage is cal-
culated to be 6up. The reduction in the magnetic moment is
attributed to the structural transition of Co, tetramer to a
more compact geometry. As stated before, similar bent rhom-
bus structure with DA=63.64° and 6up magnetic moment
was found be the second lowest energy structure for the bare
cluster. The average binding energy of the Co, cluster inside
the cage is estimated to be 2.44 eV/atom. The higher stability
of the Coy, cluster inside the cage in comparison to its bare
state indicates that it is possible to encapsulate these clusters
inside the BN nanocage.

Previous studies on the Ni tetramer cluster showed that it
favors tetrahedron configuration as the lowest energy
isomer.*®4? In line with previous results, the present calcula-
tions show the distorted tetrahedron as the lowest energy
isomer with magnetic moment of 4 ug. The distance between
Ni-Ni atoms are found to be 2.31 (1-2, 1-4, 2-3, and 3-4) and
2.21 A (1-3 and 2-4) and DA=73°. The average binding en-
ergy of this Niy cluster is found to be to be 2.26 eV/atom.The
optimized geometry of the Ni, cluster inside the (BN);4 cage
suggest negligible change in the geometry in comparison to
that of the free state. In particular, the geometry is now
opened up slightly as the dihedral angle of atom 3 from the
plane of remaining atoms has increased from 73° to 75°.
Small bonds (1-2, 1-4, 2-3, and 3-4) were marginally ef-
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fected by 0.03 A but the larger diagonal bonds 1-3 and 2-4
were elongated up to 2.44 and 2.35 A, respectively. How-
ever, interestingly, this small change in the geometry of Niy
has reduced the magnetic moment from 4ug to 2up. It may
be noted that the 7, isomer with 4uz magnetic moment
(DA=74°), when optimized inside the cage, shows 1.18 eV
higher in energy. For Niy(BN);4 cluster, the Ni-B and Ni-N
distances are found to be 2.17 and 2.22 A, respectively. It
has been noted that in case the optimization of Niy(BN)s is
carried out by freezing the magnetic moment at 4up, the
total energy is found to be higher by 1.19 eV. The average
binding energy of the Ni, cluster inside the cage is estimated
to be 2.66 eV/atom, which is 0.40 eV/atom more than its
stability outside the cage. Therefore, Ni clusters can be
grown inside the cage more efficiently than outside.

The ground state geometry of the Cu, cluster has been
reported based on density functional,®®>?  hybrid
functional,® and tight binding>* calculations. Although the
results are different depending on the method adopted, but an
overall trend suggests that Cu, cluster favors planar square
or thombus structure over three dimensional conformations.
In the present work, we found a planar rhombus as the lowest
energy isomer (D,;) with zero magnetic moment, which is in
line with previous reports. The binding energy of this Cuy
cluster is estimated to be 1.39 eV/atom. The square planar
isomers (D,;,) with magnetic moments of 2uy and Ouy are
found to be 0.78 and 0.91 eV higher in energy, respectively.
Another isomer, which shows bent rhombus (D, symmetry)
geometry, is 0.81 eV above in energy. In sharp contrast to
this, the optimized geometry of the Cu,(BN)34 cluster shows
distorted tetrahedron. Here, it should be noted that although
the geometry of Cuy is a planar thombus in the bare state, it
relaxed into a close packed geometry inside the (BN);4 clus-
ter. This significant deformation in the geometrical configu-
ration results in lower stability of the Cu, cluster inside the
cage. The diagonal bonds 1-3 and 2-4 have shortened to 2.35
and 2.77 A, respectively. For the encapsulated Cu,(BN);q
cluster, the Cu-B and Cu-N distances are found to be 2.19
and 2.16 A, respectively. The average binding energy of the
Cuy cluster inside the cage is estimated to be 1.21 eV/atom,
which is lower than the binding energy of Cu, outside the
cage.

C. Electronic and magnetic properties of M4(BN);4 clusters

Once the geometrical configurations of M, clusters are
established, we now discuss the energetics which primarily
govern their stability aspects. In Table V, we have listed the
binding energy (inside and outside) and interaction energies
of M, with (BN) cage. While the binding energy provides
information about their stability inside and outside the cage,
the interaction energy shows the strength of interaction be-
tween (BN);c and M, cluster inside it. From Table V, it is
clear that in all clusters (except Cu), the interaction energy is
negative, i.e., magnetic clusters are interacting with cage
strongly. A comparison in the binding energy of M, clusters
inside and outside the cage indicates that while V,, Fe,, Coy,
and Niy are more stable inside the cage, Tiy, Cry, Mny, and
Cuy are more stable outside the cage. Such difference in the
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TABLE V. Interaction energy (interaction energy (IE)
=E[M4(BN)36]0pt_E[(BN)36]opt_E(M4)having inside geometry) (IE) and
binding  energy  (binding energy  (BE)=E[M4(BN)sc]opy
—E[(BN)36)op—4E(M)) (BE) of M, clusters in encapsulated state.
Last column give the total binding energy of M, Clusters in free
state.

BE
IE BE @V)
M4(BN)36 B (eV) (eV) (free M)
Ti 2 -0.31 —10.05 -10.41
\" 0 -0.51 -9.94 -9.52
Cr 8 -3.79 -3.04 -5.13
Mn 10 -2.68 -4.16 -4.66
Fe 10 -1.12 -8.96 -8.54
Co 6 -1.57 -9.76 -9.10
Ni 2 -1.73 -10.64 -9.04
Cu 0 0.59 -4.84 -6.33

stability of these clusters can be related to the (i) geometrical
deformation (ii) strength of M-M, M-B and M-N interac-
tions, (iii) amount of packing of M, cluster (value of DA)
inside the cage and its comparison with the counterpart of
free state, and (iv) the magnetic structure of the M, clusters
inside and outside the cage. It may be noted that all M,
clusters that have a compact structure (Cs, or T;, DA~70°)
as the lowest energy isomer in the free state improves their
stability inside the (BN)¢ cage.

In order to illustrate the variation in the magnetic moment
of M, clusters outside and inside the cage of the (BN)sq
cluster, we have plotted their total moments, as shown in Fig.
5. In case of bare M, clusters, it is found that V,, Cry, and
Cu, favor singlet spin multiplicity in these series of tetramer
clusters. The comparison of these two curves [M, and
M ,(BN)34] shows that in general the total magnetic moment

22
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Ti \Y Cr Mn Fe Co Ni Cu

M, cluster inside (BN), Cage

FIG. 5. Comparative magnetic moments (ug) of M, and
M 4(BN)s¢ clusters shown by empty and filled squares, respectively.
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FIG. 6. Density of states of V, cluster-free, (BN)34 cluster, and
V,4(BN);34 cluster for up and down spins. The vertical black line
represents the HOMO level for up spin for the respective cluster.

of the M, clusters are reduced for all the elements except
Cry, which can be accounted for significant structural modi-
fication. The reason for the reduction in the magnetic mo-
ment could be explained based on their geometrical changes.
For example, in case of open structure, atoms are apart which
results in less overlap or more unpaired spin, while in closed
structure due to higher overlap of orbital spins may lead to
reduction in the total moment.

The detail comparison between the electronic structure of
M, clusters outside and inside the cage [M, vs M4(BN)s]
have been studied by plotting their electronic density of
states, as presented in Fig. 6. Although we have done the
comparison for all systems but for the sake of clarity, we
have presented only one typical example of V, and
V,4(BN)s clusters. From this figure, it is clear that the pres-
ence of V, cluster in the (BN);¢ cage has influenced the
electronic structure of both V, and (BN)sg clusters. It is
found that the energy state of the V, clusters appear in be-
tween the large gap (HOMO-LUMO) provided by the
(BN);4 cage. This trend is followed for all systems studied in
this work including the M(BN)4 clusters. The appearance of
these gap states in the presence of the M, clusters results in
lowering the HOMO-LUMO gap of these clusters. This im-
plied an induce reactivity of the BN nanocage clusters by the
encapsulation of transition metal clusters.

IV. CONCLUSION

Atomic, electronic, and magnetic structures of M and M,
encaged (BN);4 clusters (M=Ti, V, Cr, Mn, Fe, Co, Ni, and
Cu) have been investigated under the density functional for-
malism using the plane-wave based pseudopotential method.
For M(BN)sg, the lowest energy isomers show that the im-
purity M atom either prefers to stay at the center or placed
closed to the periphery by connecting with the hexagonal
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ring of the cage. Geometry and electronic structures of M,
clusters have been optimized inside and outside the octahe-
dral (BN)ss cluster. For free M, clusters, it is found that
depending on the nature of interatomic interactions, they pre-
fer (a) planar rhombus, (b) bent rhombus, and (c) tetrahedral
structures. Except Cuy, which forms a planar thombus struc-
ture, all other tetramer clusters form a three dimensional bent
rhombus or tetrahedron. When these M, clusters are placed
inside the (BN)sq cluster cage with different geometrical
configurations that have been considered in the free state, the
optimized structures of the M4(BN);¢ cluster shows signifi-
cant change in comparison to their free state. The overall
trend suggests that all M, clusters prefer close packing inside
the cage which can be argued to the restrained imposed by
the cage diameter. The extent of geometrical changes in the
M, clusters depends on how open they were outside the
cage.

From the energetics point of view, the tetramers of V, Fe,
Co, and Ni atoms inside (BN);, were found to enhance their
stability, while others such as Ti, Cr, Mn, and Cu tetramers
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destabilizes inside the (BN);, cage. In general for all M,
clusters, the magnetic moment values were found to decrease
inside the (BN);4 cage except that for V, and Cuy. In sharp
contrast, for Cr,, which showed a zero magnetic moment in
the bare state, shows 8up when encapsulated inside the
(BN);4 cage, which is due to the major structural modifica-
tion. The electronic density of state analysis of M(BN);4 and
M ,(BN)34 clusters shows similar nature, that is, M atoms or
M, clusters which resides inside the cage introduces energy
states in the large energy gap (HOMO-LUMO) originated by
the (BN);4 octahedral cage. Thus, the BN nanocage can be
used to provide a physical coating to the metallic nanopar-
ticles retaining their magnetic character, which may find fur-
ther application in the magnetoelectronic industries.
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