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ABSTRACT Spin transport in a series of organometallic multidecker clusters made of alternating nickel

atoms and cyclopentadienyl (Cp) rings is investigated by using first-principles quantum transport simulations.

The magnetic moment of finite Ni,Cp,+; clusters in the gas phase is a periodic function of the number of NiCp

monomers, n, regardless of the cluster termination and despite the fact that the band structure of the infinite

[NiCp].. chain is nonmagnetic. In contrast, when the clusters are sandwiched between gold electrodes, their spin

polarization is found to strongly depend on the molecule—electrode coupling. On the one hand, a substantial

magnetic moment and a large spin polarization can be detected for NiCp, and Ni,Cps with both weak and modest

molecule—electrode coupling. On the other hand, when the coupling of the clusters is strong and mediated by

Ni adatoms, the spin polarization of all Ni,Cp,+1 (n = 1—4) clusters is destroyed, although their low-bias

conductance is large. This demonstrates that the magnetism and the spin-transport properties of fragile molecular

magnets, such as Ni,Cp,+1, can be tuned in a controllable way by changing the contact geometry.

KEYWORDS: multidecker clusters and nanowires -

nanomagnetism - spin

transport - molecule—electrode coupling - density functional theory - non-equilibrium

Green'’s function

*Address correspondence to
smhou@pku.edu.cn.

Received for review December 7, 2009
and accepted March 08, 2010.

Published online March 16, 2010.
10.1021/nn901784t

© 2010 American Chemical Society

2274

pintronics is winning growing atten-

tion as a technological platform for

logic and memory devices as the
more conventional silicon-based microelec-
tronics faces serious challenges of the na-
nometer length scale.! In this context, the
ability to manipulate electron spins in mo-
lecular materials offers a new and extremely
tantalizing prospect for spintronics, from
both fundamental and technological points
of view.>~* In particular, the idea of produc-
ing all-organic spintronics devices is attrac-
tive,* where the magnetic properties of the
organic material can be manipulated elec-
trically.® These future devices will require or-
ganic spin injectors, that is, organic mag-
nets with large spin polarization at room
temperature. In recent years, many linear
molecular clusters with unique spin polar-
ization properties have been proposed
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theoretically. First-row transition metal mul-
tidecker clusters, whose spin polarization is
dominated by the 3d electrons of the metal
atoms, are a good example.®” '®
Vanadium—benzene (V,Bz,+1) and
iron—cyclopentadienyl (Fe,Cp,+1) mul-
tideckers are two representative members
of such a family. If made in practice, these
compounds will have extremely attractive
properties. For instance Fe,Cp,+; clusters
have been predicted to be the first half-
metallic linear molecules with high spin fil-
ter efficiency (SFE). Furthermore, two-
terminal devices based on Fe,Cp,-1 are
expected to show negative differential
resistance.'®

Most of the research to date has fo-
cused on molecular wires with a robust half-
metallic electronic structure in either a bulk
(infinite) one-dimensional form?® 1012131618
or as finite clusters sandwiched between
ferromagnetic electrodes.?® 2 The present
work investigates a conceptually different
material system, namely, we look at the
magnetically fragile Ni,Cp,+1 clusters at-
tached to gold electrodes. Although the
band structure of the parental infinite
[NiCpl.. chain is not spin-polarized, finite
Ni,Cpn+1 clusters do exhibit a spin polariza-
tion. Intriguingly, such a spin polarization
depends on the details of the specific clus-
ter, with a periodic dependence of the mag-
netic moment over the number of NiCp
monomers in the molecule.

This study is based on a fully self-
consistent ab initio approach, which com-
bines the non-equilibrium Green'’s function
(NEGF) formalism with spin density functional
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Figure 1. Band structure (a) of the infinite [NiCp].. chain and
charge density isosurfaces of the crystalline orbitals (b) cor-
responding to the Ni 3d shell calculated at the I" point. The
Fermi level is set to zero.

theory (DFT), that is, the NEGF+DFT method.?* 33 Our
results show that the spin-transport properties of finite
Ni,Cpp+1 clusters depend critically on their coupling
strength to the electrodes. In particular, when the
bonding between the molecule and the electrodes is
weak or modest, large charge spin polarization (CSP)
and high SFE can be realized for certain Ni,Cp,-; clus-
ters. In contrast, strong molecule—electrode coupling
always destroys the spin polarization and turns Ni,Cpp1
into high transmission diamagnetic molecules.

RESULTS AND DISCUSSION

Electronic Structure of the Infinite [NiCp].. Chain and Finite
Ni,Cp,+1 Clusters. We start our analysis by looking at the
electronic structure of the main building blocks of our
proposed devices, namely, Ni,Cp,+ clusters in the gas
phase. Let us first look at their structural properties. The
C—Cand C—H bond lengths in the Cp ring for the
eclipsed infinite [NiCp].. chain are optimized, respec-
tively, to be 1.461 and 1.096 A, with the perpendicular
distance between the nickel atom and the Cp ring be-
ing 1.825 A. The calculated band structure is shown in
Figure 1a. In contrast to the infinite [FeCp].. chain, which
has the electronic structure of a half-metal with a mag-
netic moment per unit cell of 1.0 pg,"®~ '8 [NiCp].. is only
a normal metal. Its electronic structure is not spin-
polarized, and a doubly degenerate band cuts across
the Fermi level (Ef). This indicates that the Hund’s en-
ergy for Ni is much weaker than that for Fe.

In Figure 1b, we provide additional details of the en-
ergy bands around E¢ by presenting the crystalline or-
bitals associated with the Ni 3d levels and calculated at
the I" point. As one can see from the figure, the band lo-
cated at 0.6 eV is doubly degenerate and composed of
both Ni 3d,; (or 3d,,) and Cp ring m-type orbitals, while
that at —1.8 eV is also doubly degenerate with the main
orbital contributions coming from Ni 3d,, (or 3d,2—2).
In contrast, the band at —2.1 eV is not degenerate, and
its wave function is mainly composed of Ni 3d,2. Simi-
larly to [FeCp]..,'”'® we can rationalize the electronic
structure of the infinite [NiCp].. chain in terms of a
charge-transfer mechanism as follows. Although an iso-
lated Ni atom has the [Ar]3d®4s? electronic configura-
tion, in the chain, the Ni s-shell is lifted in energy to
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above E¢, and the strong Ds, crystalline field splits the
d-shell into the A, (d,) singlet and the E, (d, 3d,,?)
and E; (dy, d,,) doublets. One of the 10 valence elec-
trons is transferred from Ni to the Cp ring, thus form-
ing a Cp~/Ni™ ionic structure. Since six valence elec-
trons completely fill the lower-lying two bands with A,
and E, symmetry, the remaining three valence electrons
can only partially occupy the doubly degenerate E;
band. Consequently, the E; band crosses Eg, and the
eclipsed infinite [NiCpl.. chain remains a normal metal.
We have also examined the staggered infinite [NiCp]..
chain, where the neighboring Cp rings are rotated by
36° with respect to each other, and find that this has the
same electronic structure of the eclipsed one. Given
their close similarity and in the spirit of brevity, only the
eclipsed configuration is considered in what follows.
We now move our attention to finite Ni,Cp,+1 (n =
1—28) clusters. The C—C bond length and the perpen-
dicular Ni—Cp distance for NiCp, are optimized, respec-
tively, to 1.444 and 1.815 A, both being slightly smaller
than the corresponding values in [NiCp]... In contrast,
the C—H bond lengths in the Cp rings are calculated to
be 1.096 A; that is, they are the same in NiCp, and
[NiCpl.. When compared to the experimental geom-
etry of NiCp, in the gas phase,** namely, 1.430 A (C—C),
1.083 A (C—H), and 1.823 A (Ni—Cp), both the C—C
and C—H bond lengths are slightly overestimated while
the Ni—Cp distance is slightly underestimated. In the
larger Ni,Cp,+1 (n = 2—38) clusters, depending on the
precise location within the molecule, the Cp C—C bond
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Figure 2. Energy diagram of the frontier molecular orbitals
of Ni,Cp,+1 (n = 1—8) clusters for spin-up (red) and spin-
down (blue) electrons.
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TABLE 1. Magnetic Moments (M) of Finite Multidecker
Clusters Composed of Ni Atoms and Cp Rings

cluster M (jg) cluster M () cluster M (prp)
NiCp, 2 NisCp, 2 Ni,Cp, 2
Ni;Cps 1 NiyCps 1 NisCps 1
NisCpy4 0 NisCp 0 NiyCp4 0
NisCps 1 NisCps 1 NisCps 1
NisCps 2 Ni;Cps 2 NisCps 2
NiCp; 1 NisCp; 1 Ni;Cp; 1
Ni;Cpg 0 NigCpg 0 NigCpg 0
NigCpg 1 NizoCpy 1 NigCpg 1

lengths vary in the range of 1.446—1.460 A and the
Ni—Cp distance varies in the range of 1.795—1.844 A,
while the C—H bond lengths remain almost
unchanged.

Since the low-bias junction conductance is signifi-
cantly affected by frontier molecular orbitals, it is inter-
esting to take a look at the energy diagrams of Ni,Cp,1
(n = 1—8), which are shown in Figure 2. An important
feature of Ni,Cp,+1 clusters is that many frontier molec-
ular orbitals are doubly degenerate and their spin state
is quite different from that of the parental infinite
[NiCp]... The magnetic moments of the various clusters
are listed in the second column of Table 1. As we can
see, among the eight Ni,Cp,.; clusters investigated
here, only Ni;Cp4 and Ni;Cpg are a nonmagnetic sin-
glet, with the other six in either a doublet or a triplet
ground state. Intriguingly, we notice that Ni,Cp,1 and
Nip+4Cpn+s have the same magnetic moment regardless
of n, indicating that the magnetic moment of a finite
Ni,Cpn+1 cluster is a periodic function of the number of
NiCp monomers with a period of four. Furthermore,
we have carried out additional calculations for clusters
as long as to 16 NiCp monomers (not shown here) and
found that the periodicity of the magnetic moment is
kept at least up to those lengths. This indicates that the
diamagnetic ground state of [NiCp].. can be recovered
for substantially longer clusters.

The electronic properties of finite Ni,Cp,; clusters
can also be understood by the charge-transfer mecha-
nism used for the infinite case. For a given Ni,Cpy.1
cluster, the Ni atoms provide 10n valence electrons in
total. Among these, n + 1 are captured by the Cp rings
to form the more stable Cp~ anions, while 6n com-
pletely fill the 3n molecular orbitals composed of Ni 3d
levels of A; and E; symmetry. The remaining 3n — 1 va-
lence electrons occupy n doubly degenerate molecular
orbitals composed of the Ni 3d levels of E; symmetry
and the mr-type orbitals of the Cp rings. The details of
the filling of such extremal orbitals determine the mag-
netic state of the cluster. Thus for nickelocene, NiCp,,
Hund’s rule requires the remaining two valence elec-
trons to occupy the doubly degenerate molecular or-
bital with the same spin orientation, resulting in a trip-
let state. In contrast for Ni,Cps, four of the five
remaining valence electrons completely fill the lower
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Figure 3. Optimized anchoring structure of a Ni,Cp,+ cluster
sandwiched between two gold electrodes. Here the Ni;Cp,
cluster is chosen as a representative member of the Ni,Cp,.+1
family. (a) Two gold adatoms are used as linkers; (b) face-to-
face geometry; (c) two nickel adatoms are used as linkers.

molecular orbital, while the final electron occupies the
upper one in a doublet configuration. Then, in NisCp,,
the eight remaining valence electrons fill completely
the two lower doubly degenerate molecular orbitals, re-
sulting in a singlet state. Finally, 8 of the 11 valence
electrons of Ni,Cps fill completely the two lowest mo-
lecular orbitals, while the remaining three electrons par-
tially occupy the upper molecular orbital, resulting
again in a doublet spin state. When compared with
Ni,Cpp+1 (n = 1—4), the Ni,+4,Cp,+5 cluster has 12 addi-
tional valence electrons and 4 more doubly degener-
ate molecular orbitals. These 12 valence electrons fill
the three lowest molecular orbitals completely, thus
that the magnetic moment of the Ni,4Cp,+s cluster is
the same as that of Ni,Cp,+1.

Furthermore, we also investigate both Ni,,Cpp+1
and Nip41Cp,+1 (0 = 1—8) clusters. These are con-
structed by adding one more Ni atom either at both or
only at one side of the parental Ni,Cp,-1 cluster. The
calculated magnetic moments are listed in the fourth
and sixth columns of Table 1. The most interesting re-
sult for these two different classes of clusters is that the
spin state of Ni,+,Cp,+1 and Ni,+1Cpp+1 is identical to
that of the corresponding Ni,Cp,+1. In fact, for every Ni
atom attached to Ni,Cp,+1, 10 more valence electrons
and five more 3d orbitals are added. The 10 valence
electrons completely fill the five 3d orbitals, thus the ad-
ditional Ni atom does not change the spin state of the
cluster.

Transport Properties of Finite Ni,Cp,, Clusters Attached to Au
Electrodes. We now investigate the transport properties
of finite Ni,Cp,+1 (n = 1—4) clusters sandwiched be-
tween nonmagnetic Au electrodes. As shown in Figure
3, we consider three different classes of molecule—
electrode geometries, in which (I) Ni,Cp,+ is attached
to the electrodes through one Au adatom on each side
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Figure 4. Transport properties of Ni,Cp,+; attached to Au(111) electrodes through two Au adatoms. (a) LDOS of the Au
adatom only, and (b) LDOS of the Au adatom when also a Ni,Cp,+ cluster is attached. (c) Energy-dependent spin-resolved
transmission spectra of Ni,Cp,+1 (n = 1—4 when moving from top to bottom): solid red curves for spin-up electrons and

dashed blue curves for spin-down.

of the junction (Figure 3a); (I) Ni,Cp,+1 is attached to
the electrodes directly, thus forming a face-to-face con-
tact (Figure 3b); (Il) Ni,Cp,+1 is joined to the elec-
trodes through one Ni adatom on each side. In this
last case, the central molecule is essentially a Ni,+2Cpp+1
cluster (Figure 3c). A common feature of all these geom-
etries is that either the Au or the Ni adatoms or the out-
most Cp rings are placed on top of the Au(111) hollow
site, thus the most energetically stable configuration is
formed. In order to quantify the spin polarization effi-
ciency of the junction, we use the definition SFE = (T«
— Tin)/ Tmax Where Ty and T, are, respectively, the
maximum and minimum between the transmission co-
efficients for the spin-up and spin-down channels at E.
The CSP is defined as CSP = Q; — Q, where Q; and
Q, are numbers of the spin-up and spin-down elec-
trons, respectively.'®

The geometry (1) is the one displaying the weakest
molecule/electrode interaction since the Au adatom is
placed at 2.33 A from the Au(111) surface and 3.02 A
away from the plane of the outmost Cp ring. Since the
Cp anions in Ni,Cp,+; capture one additional electron
from Ni and a benzene-like stable aromatic configura-
tion is formed, their interaction with the Au adatom is
very weak.> This is also confirmed by comparing the lo-
cal density of states (LDOS) of the Au adatom when
the Ni,Cp,+1 cluster is either in contact to or separated
from it. For the separated case (see Figure 4a), the Au 5d
orbitals form a sharp peak at about 2.1 eV below E, to-
gether with a small shoulder at a slightly higher en-
ergy. Around E, the LDOS is mainly of s-character and
rather small. Figure 4b, obtained when the Ni,Cp,-1
cluster is in contact with the adatom, reveals a rather
similar situation, with the LDOS being only marginally
affected by the bonding. We then expect the transport
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to be dominated by the electronic states of the free-
standing Ni,Cp,-1 clusters.

The spin-resolved transmission spectra of the
Ni,Cpp+1 (0 = 1—4) clusters are shown in Figure 4c.
We can observe that all of the clusters retain their spin
polarization even after being contacted to the elec-
trodes, with the only exception being that of NizCp,,
which is nonmagnetic in the gas phase and remains
nonmagnetic in the junction. Due to the weak
molecule—electrode coupling, only narrow transmis-
sion peaks appear around E;.

In order to gather a deeper understanding into
the Ni,Cp,+1 conductance, we project the junction
transmission onto the frontier molecular orbitals of
the central Ni,Cp,+ cluster. This is performed by us-
ing our previously developed projection method
based on scattering states.®® For nickelocene, NiCp,,
the first transmission peak below Er corresponds to
the spin-up HOMO, while the first transmission peak
above E originates from the spin-down LUMO. Then,
for Ni,Cps, the transmission peak at E¢ is contrib-
uted by the doubly degenerate spin-up HOMO, while
the first transmission peak above E; corresponds to
the doubly degenerate spin-down LUMO. In con-
trast, the transmission peak at Er of NiysCps is associ-
ated with the doubly degenerate spin-down HOMO,
while the first transmission peak above E¢ corre-
sponds to the doubly degenerate spin-up LUMO.
Thus, there is a spin-polarized resonant transmis-
sion at the Fermi level for both Ni,Cps; and Ni,Cps
clusters in geometry I. This is dominated by spin-up
and spin-down levels, respectively, for Ni,Cps and
Ni,Cps, and in both cases, the spin polarization ap-
proaches 100%. For all of the other clusters exam-
ined, there are no resonant peaks at the Fermi level,
so the transport is tunneling-like and the tail of the
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Figure 5. Energy-dependent spin-resolved transmission
spectra of Ni,Cp,+ attached to Au(111) electrodes via the
face-to-face geometry (n = 1—4 when moving from top to
bottom): solid red curves for spin-up electrons and dashed
blue curves for spin-down.

transmission peak closer to Er determines the spin
polarization of the current. Thus, for NisCpy, the
transmission at Er is close to zero and it is not spin-
polarized, while for NiCp,, the spin polarization is
about 53%.

The extraordinary large spin polarization of Ni,Cp;
and Ni,Cps is rather unexpected, considering that the
electronic structure of the parental infinite [NiCp]..
chain is spin-degenerate. Interestingly, the CSP values
for the Ni,Cp,1 clusters attached to gold are 1.88, 0.66,
0.00, and 1.28, respectively, forn = 1, 2, 3, and 4. An-
other interesting fact is that, although in the gas phase
Ni,Cps and Ni,Cps have the same magnetic moment,
they have different CSP values after being contacted to
Au electrodes via Au adatoms. This originates from the
fact that the Ni,Cp; HOMO is occupied by a spin-up
electron, while the HOMO of NisCps is occupied by a
spin-down one. All of these transport properties can be
rationalized by looking again at the level diagram of
Figure 2, where one can note that the HOMOs of Ni,Cps
and NisCps are singly occupied doubly degenerate or-
bitals, in contrast to NiCp, and Ni;Cp,, whose HOMOs
are fully occupied. This means that, while for the Ni,Cps
and Ni,Cps clusters the electrodes’ Fermi level can pin
at the HOMO, it will instead align in the HOMO—LUMO
gap for NiCp, and NizCps.

We now move our attention to geometry Il. This an-
choring structure provides a stronger
molecule—electrode coupling than that of I, as is dem-
onstrated by the broadening of the peaks in the trans-
mission spectra shown in Figure 5 (the distance be-
tween the Au(111) surface and the outmost Cp ring is
now 3.39 A). The transmission of the NiCp, and Ni,Cps
clusters is still spin-polarized and at the Fermi level is
dominated by the spin-up HOMO in NiCp, and by the
spin-down HOMO in Ni,Cps. The resulting spin polariza-
tion efficiency is 98.3% for NiCp, and 65.9% for Ni,Cps;
that is, it is reduced from that of I. This time Ni,Cps rep-
resents an exception since the enhanced electronic
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coupling strength to the electrodes destroys its spin po-
larization. The transmission peak around E; receives
contributions from both the spin-up HOMO and spin-
down LUMO, which now merge into a single unpolar-
ized peak centered at 0.11 eV above E¢. Correspond-
ingly, the CSP values of the four Ni,Cp,+1 (n = 1—4)
clusters are 1.47, 0.03, 0.00, and 1.33, respectively, for n
=1,2,3and 4.

Finally, the anchoring structure lll provides the
strongest electronic coupling between the molecule
and the electrodes among the three geometries exam-
ined. The Ni adatoms are now optimized to be 1.98 A
above the Au (111) surface and 1.71 A from the neigh-
boring Cp ring. In order to obtain a better insight into
such a strong interaction, we investigate the LDOS of
the Ni adatoms deposited on the Au surfaces in the situ-
ations where they are either separated from (Figure
6a) or in contact with the Ni,Cp,+; molecules (Figure
6b); that is, we perform a similar analysis to that done
for the Au adatoms in I. In the case of Ni, one sharp peak
in the LDOS rises at about 0.3 eV below E¢. This is al-
most completely dominated by Ni 3d atomic orbitals
and provides the largest contribution to the LDOS
around Er. When the Ni,Cp,+; cluster is attached to
the adatom, the overall shape of the LDOS changes sig-
nificantly and four sharp peaks appear in the energy
range [—2.0 eV, —0.5 eV], demonstrating a strong
molecule—electrode electronic coupling.

The corresponding spin-resolved transmission spec-
tra for the Ni,Cp,+1 (n = 1—4) clusters are shown in Fig-
ure 6¢. The most striking feature is that the spin polar-
ization of NiCp,, Ni,Cps, and Ni,Cps clusters is destroyed
by the strong molecule—electrode coupling, thus their
CSP and SFE both approach zero, despite the fact that
the isolated Ni,Cpp+1 and Nip+2Cpn+1 (0 = 1, 2, and 4)
clusters are all spin-polarized (see Table 1). Certainly,
this strong coupling does enhance the transmission of
all four Ni,Cp,+1 clusters, and a broad transmission pla-
teau close to T = 2 appears around E, indicating that
several frontier molecular orbitals contribute to the
transmission at the Fermi level.

Because of this large molecular orbital mixing, pro-
jecting the transmission coefficient onto molecular or-
bitals is no longer informative. We then employ for fur-
ther analysis the concept of transmission
eigenchannels.3”® For all of the four Ni,Cp, clusters
examined, we find two spin-degenerate eigenchannels
contributing equally to the transmission at E¢. The isos-
urface plots of such eigenchannels for the junction in-
corporating NiCp, are displayed in Figure 7a,b. As we
can see, in the region of the molecule, the eigenchan-
nels consist of both Ni 3d,, or 3d,, and Cp m-orbitals.
These latter couple strongly to the conducting states
of the Au electrodes through the 3d,, or 3d,, orbitals of
the Ni adatoms. Such a conducting behavior can be
traced back directly to the electronic structure of the in-
finite [NiCpl.. chain, in which the doubly degenerate E,
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Figure 6. Transport properties of Ni,Cp,+1 clusters attached to Au(111) electrodes through Ni adatoms. (a) LDOS of the Ni
adatom where there is no molecule, and (b) LDOS of the Ni adatom when the Ni,Cp,+; molecule is attached. (c) Energy-
dependent spin-resolved transmission spectra of Ni,Cp,+1 (n = 1—4 when moving from top to bottom): solid red curves

for spin-up electrons and dashed blue curves for spin-down.

band for both spin-up and spin-down electrons cuts
across Eg (see Figure 1a). Such a doubly degenerate E;
band extends into the Au electrodes by coupling with
the Ni adatom 3d,, or 3d,, orbitals and thus provides
two highly conducting channels.

In order to obtain a deeper understanding into the
role of the Ni adatoms on the transport of the Ni,Cp,+1
clusters, we take NiCp, as a prototye and examine one
additional anchoring structure. This is similar to the ge-
ometry lll, but now there is only one Ni adatom at one
of the two sides of the molecule, while at the other side,
a Cp ring bonds directly to the Au surface. This is named
geometry i. Its spin-resolved transmission spectrum is
shown in Figure 8a. Although spin polarization is now
present, the spin filter efficiency is decreased from
98.3% for Il to only 30.8%. This is due to the enhanced
transmission at E¢ of the spin-down electrons, indicating
that the electrode—molecule coupling strength in i is
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Figure 7. Isosurface plots of the two conducting eigenchan-

nels at the Fermi level for a NiCp, molecule coupled to two
gold electrodes through two Ni adatoms.
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between those of Il and lll. The projected transmission
analysis shows that for the spin-up electrons the narrow
transmission peak centered at —1.0 eV mainly origi-
nates from the HOMO, which also largely contributes
to the shoulder around E;. At the same time, the
HOMO-2 also makes a small contribution to this peak
and to its shoulder. In contrast, the HOMO-1 state does
not contribute to the transmission around the Fermi
level, only leading to a small peak at about —2.1 eV.
When looking at the spin-down transmission, we note
that, although the LUMO dominates the transmission at
Er and the first transmission peak above the Fermi level,
the transmission peak centered at —0.8 eV receives
considerable contributions from the LUMO, HOMO,
HOMO-2, and HOMO-3. Again, the HOMO-1 plays a neg-
ligible role in the transmission around the Fermi level
but dominates the transmission peak at about —2.0 eV.
When comparing the transport properties of
Ni,Cpn+1 (n = 1—4) clusters contacted to two gold elec-
trodes with different anchoring geometries, we find
that NiCp, and NisCps exhibit large spin polarization
for both weak (I) and modest (ll) electrode—molecule
couplings. In contrast, the strong coupling in lll de-
stroys almost completely the spin polarization of all
four Ni,Cp,+1 clusters, although their transmission at
the Fermi level is much improved. Our results for nickel-
ocene NiCp, are summarized in Table 2, and one can
note that they differ significantly from our previous
findings for Fe,Cp,+1."® In fact, Fe,Cp,+1 (n > 2) clus-
ters attached to Pt electrodes through Pt adatoms not
only can act as nearly perfect spin filters but also show
a large transmission around the Fermi level, as a result
of the strong molecule—electrode coupling and the
large contribution of d-electrons to the Pt DOS around
the Fermi level. These markedly different transport
properties between Ni,Cp,+; and Fe,Cp,-; for strong

VOL. 4 = NO.4 = 2274-2282 = 2010

),

=4

2279



20 2.0

1.51

-1
Energy(eV)
(a)

-2

Energy(eV)
(b)

2.0

===TOTAL
—LUMO
~——HOMO
HOMO-1
= HOMO-2

=1
Energy(eV)
c)

Figure 8. Transport properties of NiCp, attached to Au(111) electrodes via the face-to-face geometry on one side and one
nickel adatom on the other. (a) Energy-dependent spin-resolved transmission spectrum: solid red curves for spin-up elec-
trons and dashed blue curves for spin-down. (b,c) Projected transmission coefficients onto the NiCp, frontier molecular or-
bitals as a function of energy for the (b) spin-up and (c) spin-down electrons.

molecule—electrode couplings are rooted in the differ-
ent electronic structures of the corresponding infinite
molecular wires: [FeCpl.. is a half-metal, while [NiCp].. is
only a spin-degenerate normal metal.

In conclusion, we have investigated the electronic
structure and the spin-transport properties of Ni,Cp,+1
clusters attached to Au electrodes via a variety of an-
choring geometries resulting in different
electrode—molecule coupling strengths. Although the
ground state of the infinite [NiCp].. chain is spin-
degenerate, most of the finite Ni,Cp, clusters have a
spin triplet or doublet ground state and their frontier

TABLE 2. Zero-Bias Conductance of the Nickelocene NiCp,
Molecule Contacted to Two Gold Electrodes with Different
Molecule—Electrode Anchoring Geometries, Along with
the CSP and the SFE

coupling G19(ns) G| (S) (sp SFE (%)
| 2.58 1.20 1.88 53.4
] 35.86 0.62 1.47 98.3
i 22.24 15.40 0.81 30.8
I} 74.65 7434 0.01 0.4

%G, = e*hT,(E), where e is the electron charge and h is Planck’s constant.

COMPUTATIONAL METHOD

Geometry optimization and electronic structure calculations
have been performed by using the SIESTA package.*® The core
electrons are described by improved Troullier—Martins pseudo-
potentials,40 and the wave functions for the valence electrons
are expanded in terms of a finite range numerical basis set. The
pseudopotentials of the C, H, Ni, and Au are generated with the
atomic valence configurations s?p?, s', d°', and d'%’, respec-
tively. By means of an extensive optimization, a user-defined
double-{ polarized (DZP) basis set is constructed for the C, H, and
Ni, and a single-{ polarized (SZP) basis set is used for Au. The
Perdew—Burke—Ernzerhof generalized gradient approximation
(GGA) for the exchange and correlation functional is used in all
our calculations to account for the electron—electron interac-
tions.* Geometry optimization is performed by conjugate gradi-
ent relaxation until the forces are smaller than 0.03 eV A",

The spin-polarized transport calculations have been per-
formed by using the SMEAGOL package,?%*>33 which is a practi-
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molecular orbitals are composed of Ni 3d,;, or 3d,
atomic orbitals and mr-orbitals of the Cp rings. When at-
tached to Au electrodes through the weak Au—Cp
bond (I) or the modest face-to-face geometry (Il), both
the NiCp, and NiyCps clusters do exhibit large spin po-
larization, reflecting their electronic structure in the gas
phase. In contrast, the strong coupling of the clusters
with Ni adatoms (lll) destroys almost completely the
spin polarization of all four Ni,Cp,+1 clusters investi-
gated but significantly enhances their transmission
around the Fermi level. This is realized thanks to the
3d,, and 3d,;, orbitals of the Ni adatoms, which effi-
ciently couple the E;-like frontier molecular orbitals of
the central Ni,Cpp+1 cluster to the conducting states of
the electrodes. When compared to Fe,Cp,+1 (n > 2)
clusters, which all exhibit both large spin polarization
and large transmission around Er when sandwiched be-
tween Pt electrodes through Pt adatoms, the spin-
transport properties of Ni,Cp,+1 clusters appear to be
tunable by the different molecule—electrode coupling.
These findings are helpful for the design of future mo-
lecular electronic and spintronic devices based on orga-
nometallic multidecker clusters.

cal implementation of the NEGF +DFT approach. Since SMEAGOL
uses SIESTA as the DFT platform, we employ the same pseudo-
potentials, basis set, and GGA functional for both the geometry
relaxation and the transport. Periodic boundary conditions are
applied in the transverse directions. The unit cell of the extended
molecule comprises the Ni,Cp,1 cluster and either four or five
Au(111) atomic layers with a lateral (3 X 3) supercell as part of
the electrodes. Furthermore, we use an equivalent cutoff of 150.0
Ry for the real space grid. The charge density is integrated over
80 energy points along the semicircle, 18 energy points along
the line in the complex plane, and 12 poles in the Fermi distribu-
tion (the electronic temperature is 25 meV). The zero-bias trans-
mission function for the spin-up (majority, o = 1) and spin-
down (minority, o = | ) electrons is calculated from the
Landauer formula

T,(E) = Tr[,G,I,G1(E)
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where G, is the spin-dependent retarded Green'’s function of
the extended molecule and I';; are the broadening functions
of the left and right electrodes. It should be noted that the
broadening functions, I'; ,, are independent of spin since the
semi-infinite Au electrodes are not spin-polarized. More details
about the numerical implementation can be found in the
literature.>?
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