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ABSTRACT: By using first-principles calculations, we investigate
the electronic structures and transport properties of a self-assembled
Fe,—PTCDA chain. This experimentally observed chain can grow as
long as a few tens of nanometers and our calculations suggest that it
conducts as a half-metal. Spin-polarized transport properties are
attributed to conducting bands of the minority spin near the Fermi
energy, raised by the hybridization between orbitals of the molecule

15.17A g

and the iron atoms, while a band gap of the majority spin exists.
Moreover, this system features a highly spin-polarized negative differential resistance, due to the alignment of conducting bands
and the match of their symmetries, which can be integrated to build multifunction spintronic devices.

B INTRODUCTION

The active control and manipulation of spin degrees of freedom
in molecules, namely the molecular spintronics," is one of the
promising avenues toward efficient nanoscale devices for high-
density information storage and processing. To achieve a
spintronic device, the most crucial issue is the generation of
highly spin-polarized (SP) currents. Therefore, researchers look
for molecular half-metals which have the characteristics of long
spin-relaxation time/distance, pure single spin states, and
distinct spin-dependent conduction behaviors. So far, pioneer-
ing theoretical works have pointed out possible materials for
molecular half-metals, such as graphene nanoribbon (or carbon
nanotube), modified by an external field or doped with
functional groups,z_7 and a transition metal—organic molecule
complex.®~"* However, the difficulty of patterning a circuit with
the former makes that approach a challenge, whereas the latter
can only be built to a few stacks'*™"® and is experimentally
limited to short lengths, which constrains their potential
applications.

In addition to the issue of experimental feasibility, under-
standing the spin transport behaviors of the molecular half-
metals, especially in the nonlinear region, is an important step
toward the device design and optimization. For instance,
negative differential resistance (NDR), where the current
decreases as the voltage increases, is widely used in conven-
tional electronic devices such as frequency multipliers, memory,
and fast switches.'” A SPNDR device will enrich spintronics as
well. While SPNDR can be generated through the spin-
blockaded® or the Aharonov—Bohm effects,*"** injecting a SP
current into charge-based NDR device may not produce
SPNDR, because an imperfect interface can induce spin
scattering and greatly lower the spin-polarization of the current
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or offset other advantages.”*** A half-metal with intrinsic NDR
can avoid this interface problem.

A molecular assembly is a promising candidate for nanoscale
electronic and spintronic devices with novel functions,*° as
extended regular structures with different spatial dimensions
can be formed.*” The molecular wires, such as single chain
magnets, show extra-interesting magnetic properties (e.g.,
soliton nucleation and kickoffs)*** and can serve as a
connecting lead or a functional device. Recently, rectangular
PTCDA (perylene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhy-
dride) molecules and Fe atoms have been self-assembled on
Au(111) surface to make various shapes.’>*' A long molecular
chain that extends to a few tens of nanometers has been grown
experimentally.>> While the Au substrate complicates the
transport nature of the chain, these assemblies could be further
transferred to (built on) dielectric substrates, where the chain—
surface coupling is rather weak, for electronic and spintronic
applications by using the nanoimprint (on-surface synthesis)
technique.* > Therefore, PTCDA and Fe assemblies would
play important roles in both fundamental research and technical
developments. However, a detailed understanding of the
electronic structure and transport properties of these systems
has not been addressed yet.

In this work, we theoretically explore the geometric,
electronic, and transport properties of a one-dimensional
Fe,—PTCDA chain and predict that the ground state of this
system is half-metallic. The minority-spin metallic state around
Fermi energy is produced by hybridization between the
molecular orbitals (MOs) of PTCDA and the d orbitals of Fe
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atoms. Furthermore, the calculated current—voltage (I-V)
curve shows a highly spin-polarized current with a distinct
NDR region. We give a clear physical picture to understanding
this behavior,>**’ offering an efficient way to engineer it.

B METHODS

The first-principles calculations were carried out by using spin
density functional theory (DFT) within the generalized
gradient approximation (GGA), in the Perdew—Burke—
Ernzerhof parametrization (PBE),*® for the exchange-correla-
tion functional. The calculation was divided into two parts. In
the first part, we used Quantum ESPRESSO (QE) code® to
optimize atomic structures and compare the total energy of
different spin configurations. All calculations were under the
kinetic energy cutoffs of 46 Ry for wave functions and 370 Ry
for charge density and potential. Ultrasoft pseudopotentials®’
were applied to represent the interaction between valence
electrons and ion cores. During the relaxation, the 1 X 1 X 2
Monkhorst—Pack k-point grid was chosen to sample the
Brilluin zone, while 1 X 1 X 20 k-points were used for
calculating total energies. After relaxation, the force acting on
each atom is smaller than 107 Ry/a,. In the second part, we
analyzed the electronic structure and transport properties of the
system at its ground state, by using Nanodcal code,*" based on
DFT and nonequilibrium Green’s functions formalism
(NEGF). Here 1 X 1 X 256 k-points were adopted to sample
the Brilluin zone of the electrode. Optimized basis sets of the
double-{ with polarization (DZP) and Troullier—Martins
norm-conserving pseudopotentials were employed.** Their
quality was tested against the plane-wave results (band
structures) of QE and good agreements were achieved. When
calculating transport properties, both the left and right
electrodes were semi-infinite molecular chains, while the device
scattering region consisted of two unit cells of the chain. The
bias voltage is applied at the edge of the scattering region,
which can be achieved by gate electrodes,”” causing rigid
shifting of the band-structure of the leads.>”** The potential
drop across the junction, calculated self-consistently, can occur
since the junction current is restricted. Increasing the number
of unit cells at the scattering region to four made no difference
to the results. The electronic temperature was set at 300 K to
stabilize calculations. The incoherent transport process, such as
phonon scattering, was ignored due to the long coherence time
in the molecular system." The atomic structure and the spin-
density map were plotted with the VESTA package.**

B RESULTS AND DISCUSSIONS

As shown in Figure 1, two Fe atoms with a PTCDA molecule
form a unit cell, and two unit cells construct a super cell. We
optimized this supercell with five possible spin configurations,

y I~ 15.17A "

Figure 1. Optimized one-dimensional Fe,—PTCDA molecular
structure with a lattice constant of 15.17 A. The Fe, C, H, and O
atoms are shown in golden, brown, light gray, and red balls,
respectively.

named PP, Ns, AP, PA, and AA. The first P/A denotes the spin
of two nearest Fe atoms in two adjacent unit cells being
parallel/antiparallel, and the second P/A indicates the spin of
two Fe atoms within one unit cell being parallel/antiparallel.
The Ns configuration keeps the spin of the Fe atoms in one
unit cell pointing to the same direction but those in another
unit cell pointing to the opposite direction. After relaxation, the
Fe atoms are sandwiched in between two carboxylic oxygen
atoms of adjacent PTCDA molecules and the lattice constant is
close to 30.34 A for all configurations. This molecular chain is
stable, with a binding energy around —12.18 eV, defined as
E[Fe,—(PTCDA),] — 2E[PTCDA] — 4E[Fe], the energy
difference between the chain structure and its gas-phase form
(molecules and Fe atoms). However, the magnetic coupling
energy contributes to the total energy and determines the
ground state.

Figure 2 shows the spin density maps, arranged according to
their stability. The PP configuration where all Fe atoms point to

Figure 2. Spin-density maps (Pmyjority — ) of five spin

pminority
configurations, arranged according to their stability, as the higher
one has the lower total energy. The blue (red) color represents
positive (negative) value. Isovalue = 0.002 /A%,

the same direction has the lowest total energy (20.31 meV
lower than the Ns configuration), and thus is the ground state.
Figure 2 also shows the magnetic couplings between the four
Fe atoms, through the spin-density patterns on the PTCDA
molecule and as a function of the Fe atom spin states. The
absolute magnetic moment of each Fe atom has little
configuration dependence, all about 3.01 py. However, the
spin-density patterns on PTCDA are quite different. Taking the
PP state, for example, there are reflection symmetries along its
horizontal and vertical central axis. Viewing along the z axis, an
antiparallel spin coupling exists in each site, except at the C—C
interface at the molecular center and the O—Fe interface at the
molecular ends. For the Ns state, viewing along the z axis, an
antiparallel spin coupling occurs in one unit cell, while another
is similar to the PP state. Some C atoms have opposite spin
with their surrounding atoms, resulting in little net spin
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moment. Other states show different magnetic distributions
which indicate rich spin behaviors of this system. Since direct
coupling between Fe atoms does not occur duo to the long
distance, we believe that Fe atoms couple to each other via the
molecules.

Since the PP state has the lowest energy, we investigate its
electronic structure and transport properties. The magnetic
moment per Fe atom is 3.014 up, and the net magnetic
moment per PTCDA molecule is —0.028 ujy, giving a total
magnetic moment of 6.000 yp per unit cell. The band structure
and the projected density of states (PDOS) of the majority and
minority spin are shown in Figure 3, panels a and b,
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Figure 3. Spin-resolved electronic structures of the infinitely long
Fe,—PTCDA chain at the ground state. (a) The band structure and
the projected density of states on each angular channel (p orbitals,
black; d orbitals, green) for the majority spin. The flat band is
represented by solid line while the sloping band is drawn with a dash
line. Panel b is similar to panel a but for the minority spin. (c) The
transmission spectrum of the minority spin at the zero bias. (d) The
wave function at the I' point of each band. Blue and red indicate
opposite signs of the real part of the wave function.

respectively. Around the Fermi energy, a gap of about 1.14
eV exists for the majority electrons while a continuous PDOS
occurs for the minority electrons. Both the integer number of
the total magnetic moment and the band structure display the
half-metallic feature. There are several PDOS peaks, resulting
from the flat bands in Figure 3b, indicating that their
corresponding electrons are localized. On the other hand, the
sloping bands of the minority spin drawn with a dashed line in
Figure 3b, contribute to the conduction and result in the
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transmission spectrum shown in Figure 3¢, where the number
of sloping bands is equal to the number of transmission
channels. We note that the localized states have little
contribution to transmission even though their PDOS is high.

Figure 3d plots the eigenstates of the corresponding bands at
[ point. The (A) and (H) bands show the similarity as the
lowest unoccupied molecular orbital(LUMO)+1 and LUMO of
an isolated PTCDA molecule, respectively. In contrast, the (B)
and (C) bands are new states created by the hybridization
between the d orbitals of Fe and the MOs. The (D), (E), (F),
and (G) bands mainly consist of d orbitals of Fe and have very
small components on the molecule, which illustrate their
localized nature. Based on PDOS on the p,d orbitals and the
wave functions, we know that these conduction bands of the
minority electrons are mainly composed of the p, orbital of the
PTCDA molecule and the d,, orbital of the Fe atoms. This
indicates that the hybridization between them is strong and
causes a broadening of these states. On the other hand, the flat
bands are formed by the d,, d.,, d,>_?, and d* orbitals of the Fe
atoms. Therefore, near the Fermi energy the overlap of MOs
and these d orbitals is weak. Their difference can be understood
from the spatial shapes of the MOs and the iron d orbitals. The
hybridization is mainly through the Fe—O bonds and a p,like
orbital locates at the carboxylic oxygen. We calculated the
overlap integral of p, and all d orbitals depending on the atomic
geometry. The result points out that only the iron d,, orbital
has a large overlap with the molecular P, orbital, but the other
four d orbitals do not. The discussion here explains the origin
of the sloping/localized band. Furthermore, wave function
analysis indicates that bands labeled with an asterisk have a
reflection antisymmetry along its horizontal central axis,
whereas other bands own a reflection symmetry. This character
is important for nonequilibrium conduction properties of the
chain.

From the half-metallic feature, we expect that a SP current
will appear in this system, when the bias voltage is applied. The
I-V characteristics, shown in Figure 4a, indeed display the
remakable SP current with a NDR region. The majority-spin
current is almost zero since there is no state in the applied bias
window. On the other hand, the minority-spin current increases
linearly as the bias voltage increases. The increasing rate slows
down when the bias voltage is above 0.10 V, and the magnitude
of current arrives at the maximum, 3.00 pA, at 0.13 V.
Afterward, it starts to decease as the bias increases further. It
reduces to 1.99 pA at a bias of 0.30 V, giving a ratio of I,/ ;.
of about 1.50. Finally, the current increases again, as the bias
increases more.

To understand the mechanism of SPNDR, the non-
equilibrium transmission spectra under bias voltages are
shown in Figure 4b. Beginning from zero-bias, the conduction
is dominated by the transport between the (B) band of both
electrodes. One transmission channel is formed, leading to the
linear dependence of the bias voltage. At 0.3 V, a gap occurs in
the transmission spectrum, where the (B) band of left lead and
the (C*) band of right lead overlap. However, as the (C*) band
has an odd reflection symmetry and the (A)/(B) band has an
even reflection symmetry along the horizontal central axis, the
electrons cannot transport between the (B) and (C*)
bands,** giving a transmission gap and the I ;. Further
increasing the bias voltage makes the (B) band of the left
electrode begin to align with the (A) band of the right
electrode. They are symmetry-matching states, and thus the
transmission coefficients as well as the current increase again.
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Figure 4. (a) Spin-polarized current—voltage characteristics. (b) The
band structure of the left electrode, the band structure of the right
electrode (shifted by a bias voltage), and the corresponding
nonequilibrium transmission spectrum. The vertical coordinate stands
for energy (E) in units of eV and the zero-energy point is defined as
the chemical potential of the left electrode.

However, the (C*) band can couple with the (A)/(B) band if
the symmetry of wave functions is broken, for example, by
applying a transverse electric field perpendicular to the
transport axis.”” The intrinsic and switchable features of the
SPNDR effect are therefore important for future spintronic
device design.

B CONCLUSIONS

In conclusion, using first-principles calculations, we suggest that
the spin-polarized negative differential resistance (SPNDR) can
happen in a long self-assembled molecular chain. This
interesting conduction behavior is due to the half-metallicity
and the match of intrinsic band symmetries in such a system.
We believe that the Fe,—~PTCDA chain, with the nature of self-
assembly and controllable SPNDR, is a promising candidate
not only for fundamental research but also for application in
molecular spintronics.
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