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Density functional computations of the electronic structure of small-sized nickel clusters (Ni,, 2 < n < 12)
have been carried out. We explored the potential energy surface at different spin multiplicities starting from guess
structures obtained by statistical sampling. We focus this work on the search of the ground-state geometries
and their magnetic properties. In some cases, close in energy geometries appear allowing a competition for the
ground-state structure. For such cases, we investigated the energy profiles by searching for the transition states
that connect structures belonging to different spin multiplicities.
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I. INTRODUCTION

During the last decade, nickel nanoparticles have been
investigated owing to their potential as well as actual applica-
tions in catalysis [1-3] and magnetism [4,5]. The fundamental
properties of small-sized nickel aggregates are still a subject of
controversy [6—10], in particular, their ground-state structures
and, in some cases, their magnetism, as in Nis [6,7,11]
and Ni; [8,9] clusters. It is important to mention that for
some small-sized Ni clusters, the occurrence of noncollinear
magnetism has been investigated before [11]. In several
small-sized transition-metal clusters, this phenomenon slightly
modifies the binding energies and geometries. However, the
impact on the total and local magnetism is relevant in low-
symmetry structures, in particular for transition metals with
uncompleted d bands [12-17], and in 4d, 5d [11], and 4 f
[18,19] metals. Spin frustration can break the ferromagnetic
alignment reducing the overall magnetic moment. Standard
magnetic and nonmagnetic molecular systems have been also
recently investigated for the occurrence of noncollinear spin
states [20,21].

Recent Born-Oppenheimer molecular dynamics investi-
gations on small-sized transition-metal clusters showed that
structures belonging to different potential energy surfaces
(PES), characterized by the spin multiplicity, could share the
same energy window. This means that a particular structure can
modify its spin state, provided that the spin-orbit mechanism
connecting two PES is operative [22]. In gas phase synthesis,
nucleation takes place rapidly, and at finite temperature, a
number of possible structures, differing by small cohesion
energies can then coexist and eventually modify their magnetic
properties.

We have investigated the electronic structure of nickel
aggregates up to twelve atoms. The magnetic properties
have been computed paying particular attention to the spin
polarization of the local magnetic moments. We have also
determined the thermal average for structures having different
spin multiplicities.

We focus on the possible paths connecting different stable
structures belonging to different spin states. These stable struc-
tures are close enough in energy to allow for a thermodynamic
competition even at low temperatures. We also investigated
the nature of the transition states connecting the stable
structures.
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II. METHODOLOGY

The ground-state structures of nickel clusters have been
obtained at different spin multiplicities by searching the
minimum in the PES. The local minimum has been confirmed
by computing the hessian and performing the corresponding
vibrational analysis. The starting structures have been obtained
by a random search algorithm sampling using the Gupta model
potential [23] parametrized by Cleri and Rosato [24]. The
electronic structure has been computed in the DFT frame-
work (GAUSSIAN 09 code [25]) using the Stuttgart-Dresden
relativistic pseudopotentials [26] and two different semilocal
exchange and correlation functionals, PW91 [27], PBE [28],
and a meta-GGA functional MO6L [29]. Each converged
structure has been tested for the stability of the Kohn-Sham
(KS) wave functions following the standard procedure of
Bauernschmitt and Ahlrichs [30]. In all cases, we found that the
KS one-determinant description suffices to describe the ground
state of the investigated nickel clusters. Different energetic
descriptors have been computed according to the following
standard definitions. The binding energy (BE) is defined by

Ep, = E(Ni) — E(Ni,)/n, ey

where E(Ni) is the energy in the ground state of one nickel
atom and E(Ni,) is the energy of the ground state for the Ni,
cluster. The second difference in energy is defined by

A?E(Ni,) = E(Niy—1) + ENiy1) —2E(Ni,),  (2)

in accordance with the definition that the clusters with
A?E(Ni,) > 0 are more stable than those having A2 E(Ni,,) <
0. The fragmentation energy has been computed by

Efrag = E(Nln—l) + E(Nl) - E(Nln) 3

A?E(Ni,) and Efroe were computed and plotted as a function
of the cluster size. These results are summarized in Ref. [31].

Noncollinear spin states in nickel clusters introduce small
changes in geometries, binding energies, and magnetism in
respect to a collinear approach. Although a limitation, we did
not include the noncollinear possibility in the determination
of the electronic structure of the systems considered in this
investigation. The local magnetic moment per atom in the
cluster can be estimated by performing the charge population
analysis for each spin contribution. The spin polarization yields
the population unbalance and the local magnetic moment.
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FIG. 1. (Color online) Binding energy for the small-sized nickel
clusters at the ground state.

Since some of the clusters exhibit a ground state very
close in energy to other spin multiplicities (M), we have
carried out a thermal average to compute the average magnetic
moment considering a Maxwell-Boltzmann distribution. We
have explored the transition state connecting structures close in
energy and belonging to two different spin multiplicities. The
transition state (T'S) connecting two structures was located by
using the STQN method implemented by Peng et al. [32,33].

III. RESULTS AND DISCUSSION

We present the results of the electronic structure compu-
tations on small-sized nickel clusters (Ni,, 2 < n < 12). In
Fig. 1, we plot the computed BE obtained for the nickel
clusters. The use of PBE and PW91 pure GGA functionals
allows us to obtain systematic results on the same ground. The
meta-GGA functional (MO6L) is claimed to perform well with
transition metals (geometries and overall properties) [34,35].
However, besides the lower BE values found with respect to
pure GGA results, the ground state was wrongly obtained
(wrong spin multiplicities) for some clusters (see Ref. [31]).
This inability to predict the right ground states forces us
to disregard this functional. Nevertheless, these results act
as boundaries for the binding energies. It should be noted
that the nickel dimer is the only cluster for which the BE
energy is known (*1.07 eV/at). Our prediction with GGA
functionals overestimates these data, while the meta-GGA
computations underestimate it. The MO6L density functional
systematically underestimates the cohesion energy in weakly
bounded systems and it is expected that this trend is also
followed in larger systems [34,36].

In Fig. 2, the average magnetic moment is reported for
at the PW91/SD level of theory and compared with previous
experimental values and some of the theoretical calculations.
The local magnetic moment histograms for selected nickel
clusters at relevant multiplicities are sketched in Fig. 3. In
Tables I-III, we summarize the binding energies for each
structure at the different investigated spin multiplicities using
the total electronic energy and the free Gibbs energy computed
at PW91/SD theory level. The ground-state structures and
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spin densities are sketched in Fig. 4 for the PW91/SD. The
structures reported in Fig. 4 correspond to a spin multiplicity
yielding the lowest electronic as well as the formation Gibbs
free energies. In Table IV, we summarize the cluster abundance
obtained by considering a Maxwell-Boltzmann distribution of
nanoparticles at each temperature. Complementary computa-
tions were carried out at PBE/SDD theory level. Since our
results are consistent with those at PW91/SDD level, they are
summarized in Ref. [31].

Ni, has been extensively investigated. Experimentally, this
dimer exhibits a triplet ground state [37] having an average
binding energy of 1.07 eV, bond distance of 2.193 A, and a
normal frequency of 355.45 cm~!. Several electronic structure
studies has been carried out on this system [7,38-54]. Mainly
based on DFT, these computations are consistent with the
triplet ground state, systematically overestimating the binding
energy. In the present work, we obtain consistently a triplet
ground state with 1.241 eV for the binding energy and 2.11 A
for the bond length (BL).

It remains a subject of controversy whether Ni; has the
higher D3, symmetry [11,47,54] or if it is the lower Cjy,
symmetry [7,38,40,42-44,46,49,50,53] that represents the
ground-state structure. Both symmetries exhibit a triplet state.
The BE has been found to be 1.46 [44], 1.58 [49], 1.66 [50],
and 1.70 eV [46], to be compared with our result of 1.58 eV
(Tables I-III). The local magnetic moments are found to be
0.73, 0.73, and 0.54up. These differences are due to the
symmetry reduction, which is in good agreement with previous
reports [49]. A higher spin state (M = 5) is found only 63 meV
above the ground state. The statistical free energy analysis
indicates that above room temperature a small contribution
appears (0.02% at 400 K).

The ground state of Niy cluster has been found in the quintet
spin multiplicity exhibiting a slightly distorted (D,,) tetra-
hedral geometry [11,39,42-44,46,47,49,50,53,54]. However,
Reuse et al. predicted a septet state in D,,; geometry and a flat
square isomer with the same BE. The BE for the ground-state
structure scatters from 1.91 to 5.43 eV, depending on the
investigation report. We agree with the previous quintet state
reports (BE = 1.91 eV) and local magnetic moments between
0.78up and 1.32p5.

For Nis clusters, two possible structures has been found for
the ground state, a quintet spin state with a trigonal bipyramid
(D3p,) geometry [42,43,46,49,50,53-55] and a septet state
with a square pyramid (Cy4,) geometry [7,39,52,56]. The
average magnetic moment for the Cy, geometry is reported
as 1.2up [7,39,52,56,57], while in the D3, geometry a
lower magnetic moment of 0.8up [42,43,46,49,50,53,54] is
frequently found. Blonsky et al. [11] reported, after scalar
relativistic calculations, a quintet state in a D3, symmetry and
local magnetic moments between 0.71 5 and 0.8 5, which is
in good agreement with our results for the trigonal bipyramid
(M =5, Fig. 3). It is important to note that Blonsky et al.
take into account the spin-orbit coupling and add ~0.09up
to each local magnetic moment. Even with this increase in
the magnetic moment it does not reach the value predicted
by Reuse er al. [40], who obtained a trigonal bipyramid
D3, with a total magnetic moment of 1.6up in a nonet
state, more stable than the square pyramid by 1 eV. To our
knowledge, Reuse et al. [40] have performed the only DFT
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FIG. 2. (Color online) Average magnetic moment per atom for the ground state at the PW91/SD level of theory and magnetic moment per
atom from experiment, see Refs. (a) [58], (b) [64], and theory, (c) [7], (d) [52], (e) [65], (f) [54], (g) [57], (h) [56], and (i) [55].

TABLE 1. Multiplicities M, magnetic order MO (FI ferrimagnetic, FM ferromagnetic), average nearest-neighbor (d) (in A), dispersion o
(in A), binding energy BE (in eV /atom), and difference in energy with respect to the ground state ABE (in eV /atom) for Ni, clusters at the
PWO1/SD level of theory. BE; and ABEg are the free energy and free energy differences (in eV /atom), respectively.

n Structure M MO (d) o BE ABE BE; ABEg
2 Dimer 3 FM 2.11 1.240 0.000 1.103 0.000
5 FM 2.18 0.603 0.637 0.476 0.627

7 FM 2.37 —0.898 2.138 —1.016 2.119

3 Triangle 3 FM 2.24 0 = 58.51 1.576 0.000 1.382 0.000
5 FM 2.18 0 = 124.48 1.513 0.063 1.334 0.048

7 FM 2.36 6 =60.0 1.201 0.374 1.023 0.359

4 Tetrahedron 3 FI 2.30 0.07 1.848 0.066 1.599 0.070
5 FM 2.30 0.06 1.914 0.000 1.669 0.000

7 FM 2.24 0.02 1.785 0.128 1.551 0.118

S5a Trigonal bipyramid 3 FI 2.34 0.06 2.096 0.062 1.817 0.064
5 FM 2.32 0.04 2.122 0.036 1.843 0.038

7 FM 2.33 0.05 2.109 0.049 1.831 0.050

9 FM 2.34 0.07 2.070 0.088 1.790 0.091

5b Square pyramid 3 FI 2.30 0.01 2.053 0.105 1.773 0.107
5 FI 2.30 0.02 2.092 0.066 1.816 0.065

7 FM 2.30 0.00 2.158 0.000 1.881 0.000

9 FM 2.30 0.07 2.048 0.110 1.768 0.113

6 Octahedron 3 FI 2.34 0.04 2.261 0.110 1.954 0.117
5 FI 2.33 0.07 2.283 0.087 1.981 0.090

7 FI 2.32 0.03 2.293 0.078 1.987 0.084

9 FM 2.35 0.05 2.371 0.000 2.071 0.000

11 FM 2.36 0.03 2.051 0.320 1.761 0.311
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TABLE II. ( cont.) Multiplicities M, magnetic order MO (FI
ferrimagnetic, FM ferromagnetic), average nearest-neighbor (d) (in
A), dispersion ¢ (in A), binding energy BE (in eV/atom), and
difference in energy with respect to the ground state ABE (in
eV /atom) for Ni, clusters at the PW91/SD level of theory. BE; and
ABE are the free energy and free energy differences (in eV /atom),
respectively.

n  Stucture M MO (d) o BE ABE BE; ABEg

7a Octahedron
capped

FI 232 0.05 2.380 0.081 2.063 0.085
FI. 235 0.05 2.413 0.048 2.095 0.053
FM 233 0.05 2.410 0.051 2.096 0.051
FM 230 0.03 2.461 0.000 2.148 0.000
FM 237 0.04 2341 0.120 2.024 0.124
FI. 237 0.05 2.386 0.075 2.064 0.083
FI 237 0.04 2396 0.065 2.078 0.070
FM 234 0.03 2.458 0.003 2.146 0.002
FM 235 0.05 2.448 0.013 2.133 0.015

FI. 235 0.04 2505 0.068 2.173 0.071
FI. 234 0.05 2518 0.056 2.187 0.057
FI 235 0.05 2.539 0.035 2.206 0.037
FM 234 0.04 2.574 0.000 2.244 0.000
FM 236 0.04 2.464 0.110 2.136 0.108

FI. 232 0.04 2513 0.099 2.176 0.095
FI. 235 0.06 2.567 0.045 2.229 0.042
FI 235 0.04 2586 0.026 2.245 0.026
FM 233 0.04 2.564 0.048 2.228 0.043
FM 235 0.05 2.612 0.000 2.271 0.000
FM 235 0.05 2.492 0.120 2.156 0.115

FI. 236 0.04 2.651 0.017 2.298 0.021
FI 237 0.04 2.647 0.021 2.295 0.024
FI. 234 0.03 2.643 0.025 2.293 0.026
FM 235 0.06 2.668 0.000 2.319 0.000
FM 236 0.05 2.665 0.003 2.318 0.001
FM 234 0.03 2.619 0.049 2.272 0.047

—

7b Pentagonal
bipyramid

8 Octahedron
bicapped

—_
— O N W O W= O W

—_ =

10 Antiprism

W= O W W W= O JWwnWw

—_—

TABLE III. (cont.) Multiplicities M, magnetic order MO (FI
ferrimagnetic, FM ferromagnetic), average nearest-neighbor (d) (in
A), dispersion ¢ (in A), binding energy BE (in eV/atom), and
difference in energy with respect to the ground state ABE (in
eV /atom) for Ni, clusters at the PW91/SD level of theory. BE; and
ABE are the free energy and free energy differences (in eV /atom),
respectively.

n Structure M MO (d) o BE ABE BE; ABEg

11 3 FI 234 005 2.689 0.040 2.330
5 FI 233 0.04 2.684 0.045 2.328
7 FI 235 0.06 2.695 0.033 2.338
9 FM 235 0.05 2.715 0.014 2.359
11 FM 236 0.04 2.729 0.000 2.372
13 FM 235 0.04 2.691 0.038 2.339

12 5 FI 235 0.04 2722 0.055 2.359
7 FI 236 0.03 2732 0.045 2.370
9 FM 236 0.04 2.752 0.025 2.393
11 FM 234 0.04 2.777 0.000 2.416
13 FM 236 0.04 2736 0.041 2.378

0.043
0.045
0.034
0.014
0.000
0.033

0.057
0.047
0.023
0.000
0.038
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FIG. 3. (Color online) Local magnetic moments in selected
nickel clusters.

calculations that estimated a value for the magnetic moment,
close to the experimental value of 1.8 [58]. Parks et al.
[59] proposed the trigonal bipyramid or the square pyramid as
possible structures for Nis via molecular nitrogen adsorption.
However, they cannot assert which one of these structures is
the most favorable. Owing to the different possible structures
and multiplicities, Khanna and Jena [6] investigated via photo
detachment spectroscopy the ground-state structure. They
reported a square pyramid (Cy4,, M = 7) as the ground-state
geometry and a distorted trigonal bipyramid (M = 5) almost
degenerated, only 0.02 eV above the ground state.

Our results on the Nis cluster exhibit a septet ground state
in a slightly distorted square pyramid geometry (Fig. 4). How-
ever, a M = 5 structure in a trigonal bipyramid geometry is
lower in BE by 36 meV. Both structures exhibit a ferromagnetic
coupling (Fig. 4). As the square pyramid structure can be easily
viewed as a distorted trigonal bipyramid [6], and due to the
previous discrepancies, we investigated the possible transition
states connecting each two structures that are close in free
energy.
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FIG. 4. (Color online) Spin densities for Ni,(2 < n < 12) at the PW91/SD level of theory.

Here, a small digression is necessary about the possible
mechanisms connecting two PES belonging to different spin
multiplicities. In standard photophysical processes, two pos-
sible mechanisms for nonradiative transitions are commonly
considered: internal conversion involving a vibrational cou-
pling mechanism and an intersystem crossing (IC) allowing
a change in the spin multiplicity through a spin-orbit (SO)
coupling mechanism. The probability of an IC transition is pro-
portional to the SO matrix elements connecting the n-electron
wave functions of the initial and final states belonging each
to a different spin multiplicity. This computation necessitates
a particular SO (relativistic) Hamiltonian approximation. The
SO matrix elements have been investigated and codes are only
available for singlet-triplet transitions [60—63].

We start with the ground-state septet displayed with
the M symbol in Fig. 5. The possible transition states are
sketched in this figure and described in what follows. The
TS connecting the septet square pyramid (7H) and the septet
trigonal bipyramid (7 A) structures, belonging to the same PES,
is observed ~0.042 eV above the local minimum 7A. The 7A
bond lengths between the apical atoms and among the atoms
forming the central triangle are ~0.02 A larger than the bond
lengths forming the square in the 78 structure. The TS shows
ferromagnetic coupling suggesting that the transition from 7A
to 7M requires only the shortening of the bond lengths. The
local magnetic moment of 7A structure, which is lower in
the apical atoms (1.19up) and higher in two of the atoms
in the triangle (1.35u5), becomes homogeneous in the 7H
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TABLE 1IV. Thermal average composition for Ni, clus-
ters. The abundance for the clusters n(M) = 2(3),3(3),
4(5),6(9),8(9),9(11),11(11),12(11), where n is the number of nickel
atoms and M is the ground-state (7 = 0 K) multiplicity, which
is 100%. These results were obtained by considering a Maxwell-
Boltzmann distribution using the Gibbs free energies. In parenthesis,
we include the abundance obtained by using the total electronic
energy. Data obtained at PW91/SD theory level.

n  Structure M 400 K 293.15K 1355K
5 SP 3 0 (0) 0 (0) 0 (0)
5 0.01(0.01) 0 (0) 0(0)
7 99.52(99.35) 99.94(99.91) 100 (100)
TBP 3 0.01(0.01) 0 (0) 0 (0)
5 0.39(0.55)  0.05(0.08) 0(0)
7 0.07(0.08)  0.01(0.01) 0 (0)
7 oC 5 0 (0) 0 (0) 0 (0)
7 0 (0) 0 (0) 0(0)
9 5861 (62.39) 63.31(69.31) 77.63 (86.88)
PBP 5 0 (0) 0 (0) 0 (0)
7 38.45(32.85) 35.62(28.81) 22.36(13.08)
9  294(476)  1.07(2.06)  0.01 (0.04)
10 3 0.14(0.54) 0(0.10) 0 (0)
5 0.05(0.15) 0 (0.02) 0 (0)
7 0.03(0.05) 0(0) 0 (0)
9 57.22(68.27) 59.95(74.51) 70.56(91.14)
11 42.56(30.99) 40.03 (25.37) 29.44 (8.86)

structure (1.2645), just conserving one atom with alower local
magnetic moment (0.97up, Fig. 3). As it can be appreciated
in the energy profile plot, the transition from the ground state
7H to the 7 A state requires a larger amount of energy (~0.25
eV) making this less probable.

The TS over the same PES M = 5, between the quintet
square pyramid (5H) and the quintet trigonal bipyramid (54)
is =100 meV above the S (Fig 5, right side)—both structures

AG (eV)
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show ferromagnetic coupling (Fig. 4). For the S structure,
the distortion is more evident, however, the bond lengths in
the square are essentially equal (2.29 A). The transition to
the 5A structure (Fig. 5, left side) increases the bond lengths
between the apical atoms and the atoms in the central triangle:
2.33 and 2.35 A with respect to each apical atom. This
indicates that the gain in free energy results in a more open
structure. The local magnetic moments in the SH structure are
more scattered (0.47~1.1/45) than those in the 5A structure
(0.77~0.93 g, Fig. 3), as a result of a higher stability, the
local magnetic moments achieve homogeneity. In the other
case, even the difference between the local minimum SA and
SH is =0.134 eV, to reach the TS from 5A requires 234 meV
making this an unlikely transition.

Another possible transition can be considered between the
quintet trigonal bipyramid (5A) and the 7M structure. The
local minimum 5A seems to suggest that a transition to the
higher spin multiplicity 7H could be done directly via the TS
M =5 through the SO mechanism (=~0.183 eV). The lower
coordination and shortening in the bond lengths from 5A to
7H results in the enhancement of the local magnetic moments
(Fig. 3). The TS M = 5 shows a ferromagnetic coupling. The
TS M =7 (Fig. 5) from the 7H to the 5A is highly unlikely
due to the large amount of free energy required to achieve it
(=~0.707 eV), besides the loss of symmetry and the increase of
the bond lengths.

Moreover, based on the local minimum of the SA structure,
two more transition states can be found in addition to those
already mentioned above. One is directed towards the 7A
structure and the other towards the triplet trigonal bipyramid
(3A) structure. The TS M =5 from 5A to 7A, which is
~(.242 eV above in free energy, requires a greater difference in
the bonding distances between the apical atoms and the central
triangle (2.29~2.37 IOA). The TS M = 7 from the 7A structure
to the 5A structure is energetically equivalent (~41 meV) to
the TS 7A to 7, which allows for a possible transition to
the lowest spin state only due to SO mechanism. The case

0.325

FIG. 5. (Color online) Free energy profiles connecting two spin multiplicities ground-state structures for selected nickel clusters. The
square pyramid geometry is represented by M and the trigonal bipyramid is represented by A.
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FIG. 6. (Color online) Free energy profiles connecting two spin multiplicities ground-state structures for selected nickel clusters.

of the TS M =5 from the 5A to the 3A structure requires
~(.369 eV. In addition, a loss of homogeneity of the local
magnetic moments indicating a ferrimagnetic coupling was
observed in the TS. The transition from the 3A structure needs
~0.114 eV to reach the local minimum 7A preserving the
same geometry but with a spin density rearrangement from
ferrimagnetic to ferromagnetic coupling (see Fig. 3).

Nig is found close to octahedral geometry, consistent with
previous theoretical [7,11,43,49,52,54-56] and experimental
results [59]. We found M = 9 for the ground state in good
agreement with previous results [7,11,49]. We found that any
other isomer appears high in energy marginally contributing
to the overall composition at all temperatures.

For Ni7, a capped octahedron geometry in the M = 9 spin
state has been found [8,9,43,46,49]. In this work, the ground
state for the Ni; structure is found in the capped octahedron
geometry with M =9 multiplicity (Fig. 4). However, a
pentagonal bipyramid with M = 7 multiplicity is found lower
in BE by 3 meV (Tables I-III) in agreement with previous
results [8,9]. In Table IV, the abundance of Ni; clusters at
different temperatures indicates a possible competition among
different structures and multiplicities.

The TS connecting the M = 9 capped octahedron (9 He)
and the M = 9 pentagonal bipyramid (90) structures, which
are close in free energy (Fig. 6), is ~43 meV above the
ground state 9Me. The TS structure is close in geometry to
the 9Me structure, which indicates that the gain in energy
from the 9O structure to the 9Me structure is due to the
shortening of the bond lengths between the atoms in the
octahedron and the rearrangement of the local magnetic
moments from the 90 (1.05~1.30up3) to the 9Me structure
(1.00~1.22 g, Fig. 3) conserving the ferromagnetic coupling.
Another possible transition in the same PES is from the 9O
structure to the septet pentagonal bipyramid structure (70).
This TS seems to be equivalent to the previous TS mentioned

because it is 1 meV above the local minimum 90O. The
SO coupling mechanism can be responsible for reaching a
lower multiplicity state while preserving the geometry by just
increasing the bond lengths between the atoms in the pentagon
and decreasing the bond lengths between the apical atoms and
the atoms in the pentagon, to reach both homogeneous bond
lengths (2.34 A, Tables I-111) and homogeneous local magnetic
moments (0.87~0.95u g, Fig. 3) leaving only the apical atoms
with a lower magnetic moment (0.67u ). On the other hand,
the TS from the 9Me structure to the M = 7 bicapped trigonal
bipyramid (7 e Ae) is very unlikely due to the great amount of
required energy (417 meV).

The TS from the 7 e Ae to the 7O structure (right side in
Fig. 6) is possible in the same PES by gaining energy from
the 7 e Ae structure (47 meV) to reach the TS by forming
a more open central structure close to the 7O geometry. The
average bond lengths for both structures are almost the same
(Tables I-11I), but the local magnetic moments rearrange from
the 7 @ Ae (0.72~0.9214 ) to the 7O structure (0.87~0.9515)
as was previously mentioned. An FM coupling is observed
in both structures. In the same PES, the TS from the 70
structure to a higher spin state (M = 9) is highly improbable
due to the free energy required (=396 meV) and the SO
mechanism.

Two possible TS are observed in the same M =7 PES
(left side Fig. 6) starting from the 7 e Ae structure. The first
reaches a higher spin state (M =9), which is ~37 meV
above the local minimum. A greater local magnetic moment
homogeneity is observed in the 9O structure (Fig. 3), allowing
the transition due to the SO coupling mechanism to reach the
ground state. The second TS is observed to go tothe M =5
capped octahedron 5Me structure (=57 meV). This TS can be
less probable because it requires, due to SO mechanism, to go
from the FM coupling to the FI coupling in the structure and
elongation of the bond lengths.
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FIG. 7. (Color online) Free energy profiles connecting two spin multiplicities ground-state structures for selected nickel clusters.

The last TS observed is the one from the SMe structure to
a higher spin state (M = 7). The TS is ~280 meV above the
local minimum, which makes this TS unlikely.

The population analysis of these isomers close in BE
yields a contribution of 86.88% for the 9Me structure and
13.08% for the 7O structure at 135.5 K; the contributions
computed by using the free energy are similar (77.63% and
22.36%, respectively). At room temperature (293.15 K) the
OMe contribution decreases (69.31% and 63.31% for the
electronic and free energies respectively), the 7O contribution
increases (28.81% and 35.62% for the electronic and free
energies, respectively), and a new contribution appears for
the 9O structure (2.06% and 1.07% for the electronic and free
energies, respectively). At a higher temperature (400 K), the
decrease of the 9Me contribution is more evident (62.39% and
58.61% for the electronic and free energies, respectively), and
the increase for the 70 (32.85% and 38.45% for the electronic
and free energies, respectively) and the contribution for the
9O become more evident as well (4.76% and 2.94% for the
electronic and free energies, respectively).

For Nig, different closely related geometries have been
reported for the ground state: a 4,4 capped trigonal prism
[43], a bisdisphenoid D,y [7,49], and a T; symmetry [46].
Our results are consistent with a bisdisphenoid geometry in a
M = 9 ground state.

For Nig, Curotto et al. [43] suggested the lowest minimum
structure to be a twin trigonal antiprism, a fragment of an hcp
crystal. Futschek et al. [49] found a capped C};, structure in the
M = 9 spin state. A tricapped triangular prism is reported by
Luetal. [7] and Song [52] inthe M = 9 spin state. However, we
found a well defined ground state in the M = 11 multiplicity
with a shared octahedron and trigonal bipyramid geometry.

The Nig cluster exhibits an interesting competition among
several different close in geometry structures having different
spin multiplicities. The abundance analysis for the Nijg
clusters (Table IV) indicates a competition between the M = 9

and 11 associated structures. The contributions for the lower
spin state (M = 3~7) are not statistically significant because
are less than 0.5%. The ground state is found to be a 4,4
capped square antiprism, as in previous results [43,49] (double
pyramid), in a M = 9 spin state. A second structure (M = 11)
is almost degenerate by BE = 3 meV bellow the ground state.
The TS energy profile (Fig. 7) clearly indicates that the double
pyramid (M = 9) structure is the more stable structure and a
transition to a high multiplicity (M = 11) structure is possible
since the energy barrier to reach the TSatM =9 orM = 11
is low (83 meV). The local magnetic moments in the ground
state (M = 9) are more homogeneous (0.66~0.84up) than
in the M = 11 structure (0.73~1.24u 5, Fig. 3) making the
M = 9 structure more likely. On the other hand, a complex
manifold of structures appears for low spin multiplicities
(M = 3~7). The energy barrier separating the ground-state
structure to the M = 7 structure is high (=1.154 eV) making
this transformation very unlikely. However, an M = 7 structure
can more easily evolve into the ground state since the energy
barrier is around 0.182 eV, arranging the local magnetic
moments from FI coupling to FM coupling, almost preserving
the BL. Another possible TS from the M = 7 structure is
to a lower in BE and spin state structure (4 meV, M =5,
respectively), the TS is 103 meV above the local minimum
M = 7, this transition requires the SO coupling mechanism
to decrease the spin state, preserving the FI coupling and
increasing the BL ~3 A. On the other hand, the equivalent
TS from M =5 to that local minimum M = 7 mentioned
(109 meV) requires arranging the local magnetic moments
to a mostly homogeneous order due to the SO coupling
mechanism. The other possible TS in the M = 5 PES is to a
lower spin state M = 3 (*349 meV), which is highly unlikely.
Finally, the TS from the M = 3 state to a higher M = 5 state
requires 329 meV to be reached.

Ni;; appears to be in a distorted capped trigonal prism
[43,49], a tetra capped pentagonal bipyramid [52], and a
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trilayered structure with 3-5-3 stacking [7]. Our results indicate
that the ground state has an M = 11 multiplicity in a tricapped
antitwin trigonal bipyramid geometry.

Ni,, appears in a capped square antiprism structure [43] like
Nijg, an incomplete icosahedron [49] in a M = 9 ground state,
and a trilayered structure with 3-6-3 stacking [7]. However,
we found a well-defined M = 11 ground state in a bicapped
antitwin octahedron geometry.

IV. CONCLUSIONS

The present work reports the structural, magnetic prop-
erties, and transition states for several structures of Ni,
(2 < n < 12) that are close to each other energetically. The
Nis_g clusters exhibit slight distortions with respect to the
high symmetric geometries. However, Nig_;, clusters show
structures that are difficult to assign to a high symmetric
form. As the second difference energy indicates, Nip, Nig,
and Nig are the more stable structures. This result is in good
agreement with previous reports. The computed magnetic
moment compares well with previous theoretical studies. The
average magnetic moment is also in good agreement with the
experimental results, exhibiting differences that can be either
attributed to the accuracy of calculations or the orbital angular
momentum contribution.

The spin density analysis shows that the Ni, (4 < n)
clusters exhibit ferrimagnetic coupling at the low spin states
reaching a ferromagnetic coupling for higher spin states. The
Ni, and Nij clusters are ferromagnetic for all the spin states.

The Nis ground state exhibits differences in geometry with
respect to the neighboring local minima. The thermal average
analysis shows that the Nis clusters are completely dominated
by the square pyramid in the septet state. This is clearly

PHYSICAL REVIEW B 91, 075428 (2015)

observed in the free energy profile. The transition to different
geometries in the same or a different potential energy surface
is highly improbable.

Ni; shows differences in the local minima structures
belonging to different potential energy surfaces. The ground
state and the nearest local minimum exhibit a competition
in the thermal average computation. The Ni; cluster is mostly
dominated by the octahedron capped structure in the nonet spin
state. At room temperature and above, a small contribution
appears for the pentagonal bipyramid structure in the nonet
state and the contribution for the pentagonal bipyramid in
the septet spin state becomes more significant. The free
energy profile shows that a transition between the almost
energy-degenerated structures is unlikely.

For the Nij( cluster, a competition between two almost
energy-degenerated structures is observed in the thermal
average computation. Both structures have essentially the same
geometry and the contribution for the total composition is
mostly dominated by the nonet at lower temperatures. The
M = 11 spin state structure becomes more evident as the tem-
perature is increased, reaching almost the same participation at
higher temperatures for both spin state structures. The energy
profile shows that the transition state between both structures is
indistinguishable from a local minimum, due to the spin-orbit
coupling mechanism being responsible for reaching a lower or
a higher spin state.
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