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Organometallic multidecker sandwich clusters and nanowires
have attracted increasing research attention because of their novel
structural, electronic, magnetic, and transport properties.' ' Similar
to the well-known ferrocene [FeCp,] (Cp, CsHs),! a number of
multidecker sandwich complexes can be highly stable, for example,
T™,Bz,+; (TM = transition metal, Bz = C¢Hg) and TM,Cp,+
complexes, as well as the lanthanide rare earth metal—CgHg
complexes.> 2! Also, quintuple-decker V,(BZ),+; clusters have
been synthesized successfully and exhibit an intriguing ferromag-
netic property.> Subsequent theoretical studies have shown a
possible structural transition from achiral Dg, to chiral D, symmetry
in these clusters, and the clusters’ magnetic moments increase
linearly with size n.°~'” Considerable theoretical effort has also
been devoted to the one-dimensional (1D) sandwich nanowires,
including [TMBz].., [TMCp].., and [TMAnt].. (Ant = anthracene,
C,H)p), as well as the hybrid nanowires structures.”? ' Some
nanowires show novel magnetic, electrical transport, or half-metallic
properties. As a result, metallocene clusters and nanowires can offer
prototypes for molecular-based ferromagnet and spintronic devices,
which may be exploited for applications in high-density information
storage and quantum computing.

A pentalene (Pn = CgHg) is a polycylic hydrocarbon composed of
two fused cyclopentadiene rings. Like Cp and Bz ligands, the
pentalenes can encompass metal centers between two Pn planes. Since
two metal atoms can be sandwiched between two Pn ligands, Pn—metal
complexes are bimetallic analogues to the metallocenes. Katz et al.
were the first to synthesize pentalene sandwich clusters Pn,M, (M =
Co and Ni). They observed diamagnetic properties, in contrast to the
paramagnetic behavior in the bis(cyclopentadienyl) forms.**** Cloke
and coworkers synthesized the complex [u:%°,73-CgHy(1,4-
Pr3Si),]M, (M = Cr, Mo, Mn, Rh, Pd).>* 37 O’Hare and co-
workers documented the synthesis of the permethylpentalene
(Pn* = CgMey) derivatives Li,Pn*(TMEDA) and Pn*(SnMe;).>®3°
Recently, successful synthesis of bimetallic permethylpentalene
complexes Pn*,M, (M = V, Cr, Mn, Co, and Ni) has been
reported by Ashley et al.*® They found that the complexes show
structural, magnetic, and electrochemical behaviors markedly
different from those found for their mononuclear cyclopentadi-
enyl analogues.*’

Here, we present the first ab initio study of 1D double
metallocence nanowires, which are periodic units of the Pn,M,
complexes. We found that the 1D double metallocence nanowires
can exhibit rich structural and electronic properties as well. All
calculations were performed by a spin-polarized density-functional
theory (DFT) method within the generalized gradient approximation
(GGA) with the Perdew, Burke, and Ernzerhof (PBE) functional,*!
as implemented in the Vienna ab initio simulation package.***?
Interactions between ions and electrons are described by the frozen-
core projector augmented wave method.***> The plane-wave basis
set cutoff energy is 500 eV, and a k-mesh of 1 x 1 x 15 within
Monkhorst-Pack k-point scheme is adopted.*® (Test calculations
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with a higher cutoff energy of 700 eV were also performed, and
nearly the same results were obtained as shown in Figure S1 and
Table S1). In the structural optimization, convergence of the
Hellmann—Feynman forces (<0.01 eV/A per atom) is achieved.
Previous theoretical studies have shown that structural distortion
may occur in 1D nanowires due to the Peierls transition.*”~** To
entail this possibility of structural distortion, we set up a supercell
containing two Pn molecules and four metal atoms such that the
initial structure is doubly repeated units of PnM,. The tetragonal
supercell has dimensions of 30 x 30 x ¢ A%, where c is the periodic
length in the axial direction. During the structural optimization,
the periodic length ¢ and positions of all atoms are relaxed.
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Figure 1. Top and front views of 1D PnM, (Pn = CgHg, M =V, Cr, Mn,
Co, or Ni) nanowires. Two transition metal atoms are encompassed between
two Pn planes; the 1D PnM, nanowires are periodically stacked Pn,M,
molecules in the direction normal to the Pn plane.

The predicted most stable structures of PnM, nanowires are
displayed in Figure 1. The optimized structures are strongly
dependent on the type of metal centers and electronic states of the
nanowires (see Figure S2). The coordination characters of the metal
and carbon atoms can change due to the interaction between two
neighboring units, leading to different structures compared to their
cluster analogues. In the molecular complexes, each V, Cr, or Mn
atom is bonded to all five carbon atoms of a Cp ring, resulting in
an 7°:p’-coordination mode; each NI atom is bonded to three
nonbridged carbon atoms, i.e., in an 7%:3-coordination mode, and
each CO atom has an 7°:773-coordination mode with two faced Pn*
fragments and the two neighboring Co atoms in the same layer
show antisymmetric Co—C bonds.*® On the other hand, in the 1D
nanowires, each V or Cr atom is bonded to nonbridged C atoms,
i.e., in the 5*773-coordination mode. Co and Ni atoms still retain
the same coordination modes as in the molecular complexes, but
the Pn planes are tilted in the PnCo, nanowire while the Ni atoms
are shifted (unlike their symmetric position in the molecular
complex), resulting in metal—carbon bonding with bridged C atoms
in the PnNi, nanowire. Another striking change can be seen in the
PnMn, nanowire, where the two Mn atoms in the same layer are
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Table 17
nanowire c(A) GS band gap (eV) Si(i=1t4) charge; (i=1to 4) AE M—M E,
PnV, 7.402 AFM semicond 0.56 (indirect) —-1.12, 1.12, 1.12, —1.12 1.39, 1.39, 1.39, 1.39 0.061 2.383 —5.24
PnCr, 7.727 AFM semicond 0.031 (direct) —3.05, —3.05, 3.05, 3.05 1.15, 1.15, 1.14, 1.14 0.189 2.585 —3.20
PnMn, 7.360 FM metal / 1.51, 3.34, 3.33, 1.57 1.06, 1.05, 1.05, 1.06 —0.048 2.561 —3.18
PnCo, 7.131 NM metal / 0,0,0,0 0.69, 0.69, 0.69, 0.69 / 2.567 —4.32
PnNi, 7.404 NM semicond 0.027(indirect) 0,0,0,0 0.60, 0.61, 0.61, 0.61 / 2.671 —4.14

“The lattice constant ¢ in the axial direction, the ground state (GS), the electronic band gap, the local magnetic moment (S;, i = 1 to 4, in up unit) of
metal atoms in one supercell, and the charge (Charge;, i = 1 to 4 in e unit) of metal atoms in the supercell. The energy difference between the FM and
AFM state (AE, in eV unit per metal atom, AE = E(FM) — E(AFM)), the average metal—metal distance (M—M, in A unit), and the average binding
energy per metal atom, defined by E, =[2E(Pn) + 4E(M) — E(Pn,M4)]/4, where E(X) is the energy of X (E,, in eV unit).

bonded to C rings, i.e., in the %’ and 5*:77°-coordination mode,
respectively. In the two nearest-neighbor layers, two Mn atoms
switch their coordination modes. The Mn—C bond lengths are
different in the %°:17° and 5’:37°-coordination modes, resulting in a
weakly zigzag-like arrangement for the Pn planes in the PnMn,
nanowire (Figure 1).

The intriguing zigzag-like structural distortion in the PnMn,
nanowire may result from the Peierls instability, which might occur
in a 1D nanowire if a partially filled energy band crosses the Fermi
level at exactly the wavevector k = 7r/2¢ (c is the lattice constant).
The partially filled energy band could become unstable at low
temperature due to strong electron—phonon interactions, resulting
in dimerization along the axial direction in a nanowire.*’*°
Previous theoretical studies have shown that TMCp and TMBz
nanowires are very stable without showing any Peierls transition.?’
Our electronic band-structure calculations with the smallest unit
cell show that a half-filled band indeed crosses the Fermi level near
the midpoint of the symmetry line of I'Z for the PnMn, nanowire
(see Figure S3). Hence, the coupling between the charge-density
wave and the lattice vibration with a wavelength 2¢ can account
for the structural distortion through the dimerization in a nanowire.
In contrast, the band structure of PnV, does not exhibit such a half-
filled band and thus its 1D wire structure is expected to be stable
without structural distortion. As an independent test, we also started
the structural optimization from a distorted structure (i.e. a structure
with unparallel Pn layers) for all nanowires. All but the PnMn,
nanowire recovered from the distorted configurations. Lastly, to
ensure that the predicted structural distortion in the PnMn, nanowire
is not due to the relatively small supercell, an independent
calculation with a larger supercell (having quadruply repeated units
of PnM,) was performed, and the calculation confirms the occur-
rence of structural distortion in the ground state (Figure S4).

In Table 1, some structural, electronic, and magnetic properties
of each PnM, nanowire are summarized. Specifically, the electronic
structure calculations predict that the PnMn, and PnCo, nanowires
are metallic, while other three nanowires are semiconducting with
either direct or indirect band gaps, ranging from 0.027 to 0.56 eV.
It is known that DFT-GGA tends to underestimate the band gap of
semiconductors. The ground states of both PnV, and PnCr,
nanowires are antiferromagnetic (AFM) with the energy difference
between the ferromagnetic (FM) and AFM states being 61 and 189
meV per TM atom, respectively. The local magnetic moment is
1.12 and 3.05 up for V and Cr atom, respectively. The PnCo, and
PnNi, nanowires exhibit nonmagnetic (NM) ground states. Interest-
ingly, the ground state of PnMn, nanowire is ferromagnetic. In the
supercell, the local magnetic moments of the two Mn atoms in
the n*:13-coordination mode are 3.34 and 3.33 ug, and those of
the two Mn atoms in the 7°:7’-coordination mode are 1.51 and
1.57 ug, respectively. The energy difference between the FM
and AFM state is ~ —48 meV per Mn atom. Note that we
considered three initial AFM states, one like that (i.e. spin
configuration) of PnV, [see colored spin density distribution

shown in Figure 2a], another like that of PnCr, [see colored spin
density distribution shown in Figure 2c], and the third with up—up
local spin in one layer and down—down in the next layer. The AFM
state like that of PnCr; is the most stable among the three. Note also
that, for the molecular complexes, both Pn,Co, and Pn,Ni, are
diamagnetic,’>*> while the Pn,Mn, is in the triplet ground state.>
In general, the magnetic behavior of PnM, nanowires is different
from that of corresponding TM-Cp, TM-Bz, TM-Ant, or hybrid
TM-CpBz nanowires. Many of the latter ones can be (quasi) half
metallic.>> ' The notable difference in the magnetic behavior is
likely due to a relatively stronger M—M interaction in double
metallocene nanowires. As shown in Table 1, the M—M distance
in the double metallocene nanowires is <2.7 A, much less than the
distance between two nearest metal atoms in either [TMBz].. or
[TMCp].. nanowires (usually >6 A, along the axial direction).
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Figure 2. Spin charge density isosurfaces and electronic band structures
along the I'=Z7 line for (a) PnV,, (b) PnMn,, and (c) PnCr, nanowires, as
well as the electronic band structures along the I'—Z line for (d) PnCo,
and (e) PnNi, nanowires. The value of the isosurface is 0.003 au. The
electronic band structures for the major and minor spin states are shown
with black and red lines, respectively. The dotted line denotes the Fermi
energy level.

In Figure 2, the spin-charge density isosurfaces and electronic band
structures of major and minor spin states of PnV,, PnCr,, and PnMn,
nanowires are plotted. In the PnV, nanowire, the two V atoms in one
layer favor the AFM coupling; the magnetic order of V atoms in the
nearest-neighbor layer is opposite, which can be viewed as two parallel
metallocene wires, each in the AFM ground state. In the PnCr,
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nanowire, the two Cr atoms in one layer still favor the AFM coupling,
but the Cr atom in nearest-neighbor layers have the same magnetic
order, equivalent to two parallel metallocene nanowires, each in the
FM ground state. In contrast, in the PnMn, nanowire, all Mn atoms in
one layer and neighboring layers favor the FM coupling. PnCo, and
PnNi, nanowires have NM ground states without a net spin-charge
distribution. Due to the interaction between two metal atoms in the
same layer, the crystal field theory cannot be applied here for
understanding the band structures near the Fermi level. For example,
in the electronic band structures of the PnV, nanowire, the two lowest
unoccupied bands are mainly contributed by 3d.2 and 3d,> orbitals of
V atoms, and the highest occupied state is mainly contributed by the
3d,, orbital of V atoms and the 2p, orbital of C atoms. In the PnMn,
nanowire, the energy band crossing the Fermi level in the spin channel
is mainly contributed by 3d,2-,> and 3d. orbitals of Mn atoms, and
the two energy bands in the minor spin channel are mainly contributed
by 3d,,, 3d.2-,2, and 3d. orbitals, respectively.

Previous theoretical studies have suggested two mechanisms to
explain the ferromagnetism in 1D organometallic sandwich nanowires,
including the charge-transfer-based (CT) and double exchange (DE)
mechanisms.?**°°~>2 The ferromagnetism of Bz-based nanowires
is due to the DE mechanism, and that of Cp-based wires is due to the
CT mechanism. Like Cp, the Pn tends to capture two electrons to form
a stable aromatic configuration with 4m + 2 (where m is an integer)
valence electrons (the Hiickel rule), leading to an M,*" and Pn*~
alternative structure in a nanowire. The Bader charge analysis also
confirms a charge transfer between metal atoms and Pn, as summarized
in Table 1.°*75° The anionic Pn rings are slightly polarized in the
PnMn, and PnCr, nanowires. For example, the Pn ring in a PnMn,
nanowire has a total magnetic moment of —0.17 ug. However, the
partial density of states (PDOS) near the Fermi level (Figure S5) show
that the ferromagnetism of the PnMn, nanowire stems mainly from
the 3d orbitals of Mn atoms and, to much less extent, from the 2p
orbitals of C atoms near the Fermi level. The strong coupling between
Mn and Pn can be observed in the region below the Fermi level. Hence,
the ferromagnetism of the PnMn, nanowire appears mainly due to the
DE mechanism, but also, to a lesser extent, to the CT mechanism.

In conclusion, we have investigated properties of 1D double
metallocene nanowires PaM, (M = V, Cr, Mn, Co, Ni) by a DFT
method. We have shown that these 1D PnM, nanowires can exhibit
rich structural, electronic, and magnetic properties. For example, the
PnMn, nanowire is FM while other nanowires can be either AFM or
NM. The PnMn, nanowire exhibits zigzag-like structural distortion
that might result from the Peierls instability. The PnV, nanowire
possesses the largest binding energy per atom (i.e., cohesive energy)
and shortest metal—metal distance and is likely the most stable structure
among the 1D double metallocene nanowires.
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