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Abstract: We report results of first-principles calculation of novel
NpTM2 (Np ) naphthalene; TM ) V, Mn, Ti, Nb) sandwich
nanowires. Most importantly, we find that the magnetic ordering
in the NpV2 nanowire can be adjusted by changing its charge
state. Its intrinsic antiferromagnetic ordering can be switched to
ferromagnetic ordering by injecting electrons, whereas injecting
holes to the nanowire can further stabilize the antiferromagnetic
state. This carrier-tunable magnetic ordering appears to be unique
to the NpV2 nanowire. Moreover, we find that the bonding
between the two nearest-neighbor metal atoms plays a key role
in controlling the magnetic coupling of charge-neutral NpTM2

nanowires. We predict that the NpMn2 nanowire is ferromagnetic
while the NpTi2 and NpNb2 nanowires are antiferromagnetic.

Organometallic sandwich nanowires (SWNs) have recently under-
gone a flurry of research interest due to their intriguing nanostructures
and promising potential for future spintronic applications.1-15 A key
property of magnetic SWNs lies in the strong coupling of local
magnetic moments in the nanowire direction. In magnetic SWNs, the
magnetic coupling between axially adjacent metal atoms can be
ferromagnetic (FM), paramagnetic (PM), or antiferromagnetic (AFM),
depending on the electron configuration of the metal elements as well
as the properties of the ligand molecules.1,16 For practical applications,
it would be desirable to synthesize SWNs with tunable magnetic
coupling, as they can afford greater flexibility in design and optimiza-
tion of nanodevices. However, how to regulate the magnetic coupling
of magnetic SWNs to achieve such tunability is still little explored.

A naphthalene (Np ) C10H8) molecule can be viewed as two fused
benzene (Bz) rings. Previous experimental and theoretical studies have
demonstrated that two parallel Np molecules can encompass metal
atoms, such as V and Ti, to form stable sandwich configurations.17-20

A series of NpnVm clusters with presumed multiple-decker structures,
such as Np3V4 and Np4V6, have been synthesized.21 Hence, it is
conceivable that the NpTM2 SWNs, with each unit cell consisting of
one Np molecule and two metal atoms, can be synthesized in the
laboratory. In this Communication, we show evidence from first-
principles calculation that an NpV2 SWN not only is highly stable but
also entails carrier-tunable magnetic ordering. We find that injecting
electrons into the nanowire can switch its intrinsic AFM ordering to
FM ordering, whereas injecting holes can substantially stabilize the
AFM phase. This unique switching mechanism arises from carrier-
mediated exchange coupling between the V 3d orbitals. In addition, a
hole-induced metal-insulator transition is predicted in the NpV2 SWN
at 2+ charge state. We also find that the bonding strength between
two nearest-neighbor metal atoms within one unit cell plays an
important role in controlling the magnetic ordering in NpTM2 SWNs
(TM ) Ti, V, Mn, Nb).

The first-principles calculations are performed using VASP code.22,23

The projector augmented wave method24,25 for the core region and
spin-polarized density functional theory with the generalized gradient
approximation (GGA) of the PBE functional26 are used. A kinetic
energy cutoff of 500 eV is chosen in the plane-wave expansion. To
examine possible structural distortion in the SWNs, we set up a
supercell containing two Np molecules and four metal atoms so that
the initial structure is doubly repeated units of NpTM2. Injection of
electrons to the SWNs is simulated by adjusting the charge neutrality
level, with a uniform jellium countercharge. Dipole correction to the
total energy is considered in the calculations.27 Two adjacent SWNs
are separated by a vacuum region of 10 Å, and the 1D Brillouin zone
is sampled by 20 special k-points. The conjugate gradient method is
employed to fully relax the axial lattices and atomic positions until
the force on each atom is less than 0.01 eV/Å. In addition, test
calculations are performed by using the GGA+U method, and the
results obtained are qualitatively the same.

We have examined the NpTM2 SWNs with the 3d TMs ranging
from Sc to Cu and a 4d metal, Nb. We find that the Np molecules
remain planar only for Sc, Ti, V, Mn, and Nb, while in other cases
the two Np molecules in a supercell either form a nonzero angle with
respect to each other or are structurally distorted (see Supporting
Information, Figure S1, for details). Hence, Fe, Co, and Ni atoms are
unsuitable for forming SWNs with Np molecules. This result supports
a previous experimental finding that Fe, Co, and Ni favor forming
rice-ball structures with benzene rings, rather than SWNs.21,28 The
NpTM2 SWNs are AFM for TM ) Ti, V, and Nb and FM only for
TM ) Mn, but nonmagnetic for TM ) Sc. In view of the fact that
only the NpV2 SWN shows carrier-tunable ordering (shown later) and
that NpnVm sandwich clusters have been synthesized, we focus on the
NpV2 SWN and use the NpMn2 SWN for comparison.

The predicted most stable configurations of the NpV2 and NpMn2

SWNs are shown in Figure 1a,b. In both SWNs, each metal atom is
chemically bonded to all six carbon atoms in a carbon hexagon,
resulting in an η6:η6-coordination mode. The binding energies per V
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Figure 1. Top and front views of geometric structures, and the ground-state
magnetization densities (0.2 e/Å3) of (a) NpV2 and (b) NpMn2 SWNs.
Magnetization densities in two spin directions are distinguished by light blue
and magenta, respectively.
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and Mn atom in the SWNs are 4.17 and 1.62 eV, respectively, which
are slightly smaller than those in the corresponding BzTM SWNs.1 A
notable structural difference between the two SWNs is that two nearest-
neighbor V atoms form a weak bond but no bond is formed between
the two nearest-neighbor Mn atoms, as shown by an analysis of electron
localization function (Figure S2, Supporting Information).29 This result
is consistent with the fact that the Mn2 dimer is difficult to produce.30

To confirm thermal stability of the SWNs, we carry out a quantum
molecular dynamics (MD) simulation in the canonical ensemble using
a Nosé thermostat. The time step is set at 0.5 fs. For the MD simulation,
we used a relatively large supercell consisting of six repeated nanowire
units. At 400 K, we did not observe any signs of structure disruption
during 5 ps MD simulation for neutral and charged NpV2 SWNs
(Figure S3, Supporting Information).

We now examine magnetic properties of the SWNs. Four initial
magnetic configurations are considered for the four metal atoms in a
supercell (one FM state and three AFM states, see Figure S4,
Supporting Information). The NpV2 SWN is an AFM metal. The local
moments favor AFM coupling in the axial direction but FM coupling
between the two nearest-neighbor V atoms (hereafter denoted as the
AFM state), as illustrated in the right panel of Figure 1a. The energy
difference between the FM and AFM states, EFM - EAFM, is only 11.5
meV per supercell. So the NpV2 SWN probably exhibits a PM state
at room temperature. In contrast, the NpMn2 SWN shows a FM state
(right panel of Figure 1b), and EFM - EAFM is calculated to be -900
meV per cell (where the referenced AFM state is akin to that of NpV2).
The NpMn2 SWN possesses a high charge spin-polarization of 56%
near the Fermi level.

To gain more insight into the magnetic coupling, we computed the
spin-polarized projected local density of states (LDOS) for the V and
Mn atoms in the two SWNs (Figure 2). The C 2p states contribute
little moment and thus are not discussed here. Due to reduced system
symmetry, all the 3d orbitals of the metal atoms are nondegenerate,
but crystal-field theory is not applicable here. In the case of NpV2

SWN shown in Figure 2a, the minority of the spin states of dz2 and dxy

orbitals are located just above the Fermi level, while a small fraction
of dx2-y2 states crosses the Fermi level, rendering the system an AFM
metal. However, there are few electron carriers, as the V 3d states are
either almost fully occupied or unoccupied, so the local moments favor
AFM coupling due to a superexchange mechanism31,32 (illustrated by
the thick arrow in Figure 2c). Moreover, we observe a splitting of the
LDOS peak in each 3d state as a result of the interaction between the
two nearest-neighbor V atoms. This interaction decreases the intra-
atomic exchange splitting so that the local moment on a V atom is
0.67 µB, which is mostly contributed by the dz2 state. In contrast, for

the NpMn2 SWN, both the minority dxz and majority dxy states are
partially occupied, giving rise to a large number of electron carriers.
Hence, FM coupling among Mn spins in the axial direction is more
favorable than AFM coupling because the hopping interaction between
electrons in these states (denoted by the thick arrow in Figure 2d) is
only allowed with parallel spin alignment. This is similar to the FM
coupling in dilute magnetic semiconductors, such as (Ga,Mn)As33 and
(In,Mn)As.34 The weak interaction between the nearest-neighbor Mn
atoms results in a local moment of 1.02 µB on the Mn atom. In fact,
the electron depletion from Mn atoms is smaller than that from V atoms
in the formation of SWNs (see Figure S5, Supporting Information).

Since the AFM state in the NpV2 SWN is due to insufficient electron
carriers, we propose to inject electrons into the system to switch the
nanowire to a FM ground state. Figure 3a presents EFM - EAFM of the
NpV2 SWN as a function of the charge state. Indeed, the NpV2 SWN
rapidly turns into a FM ground state in negatively charged states. The
EFM - EAFM decreases with more negative charges and reaches -73
meV per supercell at the -2 charge state, sufficient for maintaining
room-temperature ferromagnetism. The switching mechanism to the
FM state can be understood from the LDOS shown in Figure 3b at
the -1 charge state. It is clear that injecting electrons into the NpV2

SWN makes the minority spin of tye V dz2 state partially occupied.
From the charge redistribution induced by the charge injection, we
find that the injected electrons indeed mainly occupy the dz2 orbital
(inset of Figure 3a). The much increased electron carriers in the dz2

state render the double-exchange mechanism31-36 more effective than
the superexchange mechanism so that the system has a FM ground
state, similar to that in the NpMn2. However, extra electrons in the
system strengthen the in-plane V-V bonding, thus reducing the intra-
atomic exchange splitting of the V 3d orbitals. Therefore, the local
moment on V atoms decreases slightly with enhanced negative charge
state, especially when the charge state is below -0.5 (e.g., 0.54 µB at
-2 charge state). Due to the reduced local moment, the decrease of
EFM - EAFM at high electron injection levels is no longer as fast as
that at low electron injection levels.

On the other hand, EFM - EAFM for the NpV2 SWN is sharply
increased in the +1 charge state, indicating that the AFM state can be
increasingly favorable in positively charged states. A reason for this
is that injecting holes into the system cannot induce sufficient carriers
in the 3d orbitals, in particular in the dz2 orbital that dominantly
contributes the local magnetic moment. Instead, the injected holes will
attenuate the in-plane V-V bonding so that local moment on V atoms
is increased to 0.8 µB at the +1 charge state. The AFM state is thus
further stabilized via enhanced hopping interaction between two
adjacent metal layers. When the charge state exceeds +1.5, the local
moments start to favor FM coupling between adjacent metal atoms in

Figure 2. Projected LDOS for 3d orbitals of (a) V and (b) Mn in the NpTM2

SWNs. Red solid lines denote the minority spin states, while black dashed
lines denote the majority spin states. The red arrows in (a) denote splitting of
the DOS induced by the nearest-neighbor V-V interaction. (c) Schematic
energy levels for spin-up (up) and spin-down (dn) 3d states of two neighboring
V atoms in the axial direction. The three arrows denote fully occupied level.
(d) Schematic energy-level coupling diagram for FM interaction of Mn atoms
in the axial direction. The single arrow denotes partially occupied level.

Figure 3. (a) Energy difference between the FM and AFM states, and between
the FM and AFM-II states in the NpV2 SWN as a function of the charge state.
(Inset) Iso-surface plot (0.2 e/Å3) of the charge accumulation at the -1 charge
state with respect to neutral state. (b) Projected LDOS for 3d orbitals of V
atoms in the NpV2 SWN at -1 charge state. (c) Ground-state magnetization
density (0.2 e/Å3) of the SWN at +1.5 charge state.
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the axial direction but AFM coupling between the two nearest-neighbor
V atoms (Figure 3c). We name such a magnetic ordering as AFM-II.
At the charge state of +1.5, the magnitude of local moment is 1.27
µB per V atom, notably larger than 0.91 µB in the AFM state. Since
suppression of magnetic moment costs energy, the AFM state becomes
less favorable. In fact, the nearest-neighbor V-V distance in the AFM-
II state is larger than that in the AFM state by 0.07 Å (at +1.5 charge
state). Interestingly, at higher charge state of +2, the NpV2 SWN
becomes a semiconductor with a direct band gap of 0.3 eV in the
AFM-II ground state (Figure S6, Supporting Information), giving rise
to a metal-insulator transition. The local moments of V atoms are
now all different for two nearest-neighbor V atoms and for axially
adjacent V atoms. For the two nearest-neighbor V atoms, one moment
is 1.46 µB and another is -1.08 µB, but in the adjacent pair of V atoms,
the corresponding moment becomes 1.08 and -1.46 µB, respectively.
This semiconducting behavior is absent in other charge states and stems
from the magnetic Peierls instability, which occurs when a half-filled
band exactly crosses the Fermi level at the midpoint of the symmetry
line Γ-X in the band structure of the SWN with the smallest cell
(Figure S6).

The results shown above suggest that a PM-to-AFM or PM-to-FM
transition can be induced in the NpV2 SWN at room temperature by
changing the charge state, which could be realized in reality either by
using a field-effect transistor structure or by electrochemical doping.
Note that the carrier-tunable magnetic coupling has been found to exist
in finite-sized NpV2 sandwich molecular clusters. For example, the
magnetic coupling in an Np3V4 cluster can switch from the AFM state
to FM one at the -1 charge state (see Figure S7, Supporting
Information). Moreover, we found that the contact with metal
electrodes does not affect the predicted carrier-induced switch of
magnetic ordering in the Np3V4 cluster (see Figures S8 and S9,
Supporting Information). By investigating the spin transport behavior
for the Np3V4 cluster sandwiched between two Al electrodes under
bias voltages, we observed distinct conductance in two spin channels
for the cluster at both positive and negative bias, further supporting
that the NpV2 SWN exhibits spintronic characteristics upon electron
injection.

Finally, we point out that the bonding between the two nearest-
neighbor metal atoms plays an important role in controlling the
magnetic coupling of charge-neutral NpTM2 SWNs. The NpNb2 SWN
has stronger Nb-Nb bonding than V-V bonding in the NpV2 SWN,
and the calculated EFM - EAFM is 40 meV per cell at the neutral state,
with a local moment of only 0.42 µB on the Nb atom. Injecting
electrons into the NpNb2 SWN will reduce EFM - EAFM, but the AFM
ordering is always the ground state regardless of the charge states.
This is because the strong Nb-Nb bonding leads to a small intra-
atomic exchange splitting that is less than the d bandwidth, which is
unfavorable for double exchange.34 In the NpTi2 SWN, the bonding
between two nearest-neighbor metal atoms is strongest among the
NpTM2 SWNs, and the SWN becomes a semiconductor with an AFM-
II ground state. The local moment on the Ti atom is 0.9 µB in the
AFM-II state but only 0.16 µB in the FM state and 0.07 µB in AFM
state. As such, the AFM-II state in the NpTi2 SWN is very robust to
carrier doping.

We perform similar calculations for the NpMn2 SWN and other
types of SWNs, such as BzTi and BzV SWNs, but do not find carrier-
induced switch of magnetic ordering. The carrier-tunable magnetic
coupling seems to be unique to the NpV2 SWN as a result of a delicate
interplay between the intra-atomic exchange splitting and charge
carriers, correlated with the V-V bonding.

In summary, we present theoretical evidence of carrier-tunable
magnetic coupling in NpV2 SWNs. To our knowledge, such a feature
has not been seen in other sandwich nanowires, although control of
the magnetization direction via oxidation state has been reported in

Eu2(C8H8)3 clusters.37 The default AFM ordering of the NpV2 SWN
can be switched to FM by injecting electrons, whereas injecting holes
can further stabilize the AFM states. The ease of tunability, combined
with predicted high stability, renders NpV2 SWNs promising nano-
structures for future electronic and spintronic applications.
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