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ABSTRACT: Spintronic devices are very important for futur-
istic information technology. Suitable materials for such devices
should have half-metallic properties so that only one spin passes
through the device. In particular, organic half metals have the
advantage that they may be used for flexible devices and have a
long spin-coherence length. We predict that the one-dimen-
sional infinite chromium porphyrin array, which we call
Cr—PA.., shows half-metallic behavior when the spins on the
chromium atoms are in a parallel alignment. Since the chro-
mium atoms are separated by a large distance (>8 A), the -1.0
coupling between spins is small and thus their directions can be

readily controlled by an external magnetic field. In the ferromagnetic state, the band gap for major spin electrons is 0.30 eV, while
there is no band gap for the minor spin electrons, thus reflecting the half-metallic property. This unique property originates from the
high spin state of Cr which results in the spin asymmetry of the conduction band in Cr—PA... Electron transport of Cr—PA, , 5 is
calculated with the nonequilibrium Green function technique in the presence of Au electrodes. It turned out that the spin-filtering
ability appears from the dimeric Cr—PA,. Thus, a new organometallic framework for designing a spin filter is proposed. Though
many others have designed novel spintronic devices, none of them are realized due to the lack of a practical fabrication method at

E-E; (eV)

present. However, the porphyrin-based spintronic device provides a synthesizable framework.

Aiter the emergence of molecular electronics' > which
pened new possibilities for the fabrication of electronic
devices of ultrahigh density, its spin-polarized version, molecular
spintronics soon followed.*® This novel discipline has a wide
range of applications from high-capacity storage devices to
quantum computers.”'® The operation of spintronic devices
often requires a pure and coherent spin state, which can be
achieved by the use of spin filters.""'> However, experimental
studies regarding spin filters are difficult. Therefore, theoretical
studies should complement experimental ones in order to
accelerate the advance of high-performance spintronic devices.

It has been considered that spin filters can be realized by half
metals, which are conducting for one spin direction and insulat-
ing for the opposite direction.'*'* Among the various suggested
potential half metals, those based on organic molecules deserve
special attention due to their long spin coherence length and
mechanical flexibility."”> ' To this end, many such organic/
organometallic/inorganic half metals'®>° have been predicted
theoretically. Despite their excellent spin-filtering abilities, their
synthetic methods are not feasible or practical. Thus, we hereby
suggest another structural framework which may be fabricated by
a simple synthetic method, the one-dimensional porphyrin array,
for organic spin filters.

Porphyrin derivatives have been known as a good candidate
for molecular electronic devices, and their use in molecular

v ACS Publications ©2011 american chemical Society

(a) H H H (b)
H H H

Figure 1. (a) One-dimensional porphyrin array M—PA,, and (b) a
representative example Cr—PA;.

electronics has been investigated by both theorists and
experimentalists.>’ >’ One of the directions is the porphyrin
array (PA) composed of n porphyrin rings containing a metal
(M) ion in each ring shown in Figure 1 (M—PA,,).

Zn—PA, was exgerimentally prepared and characterized by
Tsuda and Osuka.”® From the analysis of the UV spectra of
several oligomers, they claimed that the porphyrin array can serve
as a conducting molecular wire. This conducting property is
thought to come from its practically zero band gap. Kang et al.
linked both ends of Zn—PA,, to gold electrodes via a Au—S bond
and measured the length and temperature dependence of
the conductance.’ However, owing to the closed-shell dr°
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Figure 2. Nanodevice Au—(0,y)—Cr, in which Cr—PA,, is linked to
two Au(111) electrodes via Au—S bond.

Table 1. Type of Magnetism and Spin-Resolved Occupation
Number of the d Orbitals

M v Cr Mn Fe Co

Epnt — Eaen (V) 004 005 ~0 003 006
o spin occupation  (calcd) 278 378 407 410 412
(model) 3.00 400 400 400 4.00

[ spin occupation  (caled) 056 044 081 205 3.07
(model) 000 000 100 200 3.00

excess O spin (calcd) 222 334 326 205 105

Table 2. Spin-Dependent Band Gaps (eV) of M—PA_’s

M A% Cr Mn Fe Co
major spin none 0.33 none none 0.29
minor spin none none none none 0.20

configuration of the central Zn(II) ion, this porphyrin array
cannot be applied to spintronic devices.

We attempt to design a new spintronic device by substituting
zinc with other first-row transition metal ions (M = V, Cr, Mn, Fe,
and Co) that have a different number of electrons, hence different
spin states of the metal. The monomeric M—PA,’s have been
synthesized for all the candidate metal ions,”*~* and Yunging
Chen et al. found that Fe—PA, has a considerable spin-polariza-
tion in current.’’ Although their oligomers have not been
synthesized yet, it is probable that their syntheses will be achieved
with a similar methodology used in the synthesis of Zn—PA,
(n > 100).** Therefore, it is of importance to investigate their
electronic structures and the spin-dependent electron transport.

The band structures of M—PA..’s are calculated with density
functional theory (DFT). Among the five candidates, Cr—PA.. turns
out to be the best spintronic device, which will be discussed here. The
spin-dependent electron transport of Cr—PA,, (n = 1, 2, 3) in the
device Au—(0a,y)—Cr, (Figure 2) is studied using the nonequili-
brium Green function (NEGF) scheme powered by DFT.** Asa
result, we find a spin-filtering effect in this device. In order to give a
microscopic explanation to this spin-dependent electron transport,
electronic structures of the Cr—PA, dithiols without the gold
electrodes are calculated. The spin-dependent electron transport of
Cr—PA,, for large n’s is qualitatively discussed as well.

Electronic structure calculations of the M—PA.’s are per-
formed within the DFT framework using the spin-polarized
version of VASP.* The exchange-correlation effects are treated
within the form of the GGA-PBE functional.*’” The electron—ion
interactions are described by the plane-augmented wave (PAW)
method.* A 99 x 1 x 1 Monkhorst—Pack k points is used,
which generated 50 k points in the irreducible region of the first
Brillouin zone along the direction of the porphyrin array. In order
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Figure 3. d-orbital contribution to the partial density of states (PDOS)
on the chromium atom in Cr—PA... The solid line represents the major
spin (o), and the dotted line represents the minor spin (/3).

to avoid spurious interactions between images created by the
periodicity imposed, we introduce a vacuum region of about 10 A
in the y- and z-axis directions. The cutoff energy is sufficiently
high (500 eV) to guarantee accurate results.

The spin-dependent electron transport phenomena of Au—
(0t;y)—Cry, 5 are calculated with the NEGF formalism imple-
mented in POSTRANS,*** which is based on the SIESTA
code.*” The GGA-PBE functional and the single- polarization
basis set are used. The transmission functions T,,(E,V) for each
spin 0 = 0, 3 are calculated at several different bias voltages V.
First, the transmission functions of Au—(0,y)—Cr, ;3 are
evaluated at zero bias. Then, transmission functions of Au—
(0t,y)—Cr are calculated at finite bias voltages of 0.01, 0.05, and
0.20 V in order to verify that the transmission functions do not
change much upon application of a bias voltage. Finally, in order
to investigate the nature of conducting orbitals, the electronic
structures of Cr—PA, (n = 2, 3) are computed using the DFT
method in the Gaussian 09 package®® with the B3LYP exchange-
correlation and LanL.2DZ basis set.

The computational results for the electronic structure of
ferromagnetic M—PA..’s are summarized in Tables 1 and 2.
The ferromagnetic and antiferromagnetic states are almost
degenerate in the entire candidate M—PA..’s, because the
intermetallic distances (~8.5 A) are far for the spins to be
coupled. Additional noncollinear spin calculations suggest that
there is no energy barrier for spin flip, and consequently, the
ferromagnetic state can be switched on by means of an external
magnetic field when the thermal fluctuation is suppressed at low
(~5 K) temperatures (See Supporting Information). Therefore,
these porphyrin arrays under such conditions behave like mole-
cular ferromagnets in the presence of a magnetic field.

The splitting of d orbitals of a transition metal atom sur-
rounded by the porphyrin ligand usually results in four d orbitals
close in energy and one high-lying orbital,>" which we call the 4 +
1 splitting’. In order to explain the magnitude of the magnetic
moments listed in Table 1, we hereby employ a simple d-splitting
model where there are four degenerate levels and one high-lying
level. This model generally agrees with the magnetism calculated
with DFT.
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Figure 4. Band structures of M—PA..’s for M = H,, V, Cr, Mn, Fe, and Co. The solid lines represent the major (@) spin, and the dotted lines represent

the minor (f3) spin. The Fermi level is indicated with a thin dotted line.
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Figure S. Band structures of antiferromagnetic and ferromagnetic
Cr—PA., calculated with a supercell containing two porphyrin units.

As direct evidence to the model, the partial density of states on
the chromium atom of Cr—PA.. is given in Figure 3. Since the
direction of the PA is taken as the x axis and the plane on which it
lies is regarded as the xy plane, the d,, orbital should be the high-
lying antibonding 0* orbital. Although it is unclear in Figure 3, the
d.»and d,»_,. orbitals give narrow peaks because they cannot form 77
bonding due to their symmetries. The d,, and d,, orbitals give broad
peaks which arise from the 77 bonding with the porphyrin moiety.

Deviation from the model decreases as the atomic number
increases; thus, V—PA., is the most deviated one. Such behavior
may be attributed to the delocalization of o spin density to the
adjacent atoms and inflow of 5§ spin density from the adjacent
atoms. This delocalization will be less important when the
effective nuclear charge is high enough to keep the electrons
around the metal ion.

The calculated band structures of M—PA.s are shown in
Figure 4, and the band gaps are tabulated in Table 2. It is

important to notice in Table 2 that there is a 0.30 eV band gap for
the major spin electrons of Cr—PA.., whereas the minor spin has
none. V—, Mn—, and Fe—PA.. form conducting molecular wires
since the 77 bands marked with asterisks allow electron transport.
Co—PA.. is semiconducting for both spins with a slight differ-
ence in the band gaps. Since none of the porphyrin arrays have a
band gap difference larger than that of Cr—PA.., we confirm that
chromium is the best choice for designing a new spin filter. This
result remains unchanged even under the DFT+U calculations
which are known to give a better description of materials with
strong electron correlation.”>>

The origin of this spin polarization can be found by comparing
the band structures of the PA’s with that of the one without central
metals. The bands with asterisks in Figure 4 play a key role in the
spin-filtering effect. Since the wave function of these bands has the
same symmetry as the d,., orbital that has different spin occupation
depending on the type of metal atoms, the interaction between
them results in different splitting of the asterisked bands for
different metal atoms, as shown in Figure 4. Although such a
splitting is observed in all the M—PA..’s presented, Cr—PA.. is the
only one with the Fermi energy located within the gap. This
positioning of the Fermi level originates from the electron spin
configuration in Cr—PA... By the 4 + 1 splitting of d orbitals,
minor spin states can be occupied only after filling four major spin
states. From the band structures, V—, Mn—, and Fe—PA,_, are
conducting for both electrons because of the partially filled d bands.
Co—PA.. is semiconducting for both spins because the unoccupied
minor spin d band does not mix with the 77 bands of PA. For the
case of Cr—PA.., however, the Fermi level intersects d bands of the
minor spin, and thus, it is only conducting for the minor spin
electrons. It can be explained from the fact that Cr** is the only one
with fully filled low-lying d orbitals for the major spin and empty d
orbitals for the minor spin under the 4 + 1 splitting scheme.

Given the small energy difference of ferromagnetic and anti-
ferromagnetic ground states, it is essential to assess the electronic
structure of the antiferromagnetic ground state as well. The band
structures of both magnetic ground states of Cr—PA., are
calculated using a supercell containing two porphyrin units. Those
band structures are compared in Figure 5, where it can be seen that
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Figure 6. Spin-resolved transmission functions T,(E) of Au—
(ay)—Cr, at zero bias voltage for n = 1, 2, and 3. The solid line
represents the major spin (0 = o), and the dotted line represents the
minor spin (g = f3).
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Figure 7. Enlarged transmission functions of Au—(a,y)—Cr, at var-
ious bias voltages.

the antiferromagnetic state is semiconducting for both spins. The
band gap of 0.29 eV can be attributed to occupation of the d,,
orbitals of both spins. In the ferromagnetic Cr—PA.,, only the
major spin conduction band is lifted up due to the interaction with
the filled d,. orbital having major spin electrons, but in the
antiferromagnetic state, both conduction bands are destabilized
through the interaction with the filled d,, orbitals of both spins.
This semiconducting feature allows us to design a spintronic
device with Cr—PA., despite the fact that only the ferromagnetic
state is half-metallic.

Figure 6 shows the calculated transmission functions for
Au—(0,y)—Cr, (n =1, 2, 3) in their ferromagnetic state, and
the conducting peaks are marked with arrows for n =2 and 3. We
can clearly see that the peaks from major and minor spins are
separated. Above the Fermi energy, the minor spin peak is closer
to the Fermi energy than the major one.** Below the Fermi

i A
'a'!:'.- :-?"lgfz‘%:fﬁ
N RN
Iy, 2 VT A -
izl “|

| ’4&*“‘,1"' A %

S
T
’# h"\}?"ﬂﬁf

LUMO of Cr-PA,

Figure 8. Comparison of the conducting orbital and the LUMO of the
corresponding porphyrin array dithiol for (a) Au—(@,))—Cr, and (b)
Au—(a,y)—Crs.

energy, both are far away from the Fermi energy. This structure
gives a spin-filtering effect to the device. To check bias effects on
the transmission peaks, we performed calculations of electron
transport at finite bias voltages with self-consistently converged
electron density. The transmission function of Au—(a,y)—Cr,;
changed little below the bias voltage of 0.2 V, as can be seen from
Figure 7, and the transmission functions of Au—(a,y)—Cr,;
presented in the Supporting Information show no considerable
deformations but shifts of the peaks. Moreover, in the case of
Au—(0,y)—Cr,3, spin-polarized currents can be generated by
an infinitesimally small bias voltage. Thus, we can safely assume
that the spin-filtering effect remains intact upon application of a
bias voltage. The spin polarization can be approximated by the
ratio of To(E) and Tg(E) at the Fermi energy. The spin
polarization of Au—(a,)y)—Cr, is only about 59%, while those
of Au—(@,y)—Cr, 3 are practically 100%, showing the half-
metallic characteristics. While it might be difficult to form a very
long ferromagnetic porphyrin array due to statistical effects, small
oligomers can be made ferromagnetic because they are less prone
to such effects. Therefore, it is a meaningful finding that Au—
(a,y)—Cr,, functions as a spin filter for an n as small as 2.

To understand the spin-filtering effect of Au—(a,))—Cr,3,
we need to know where the peaks marked with arrows in Figure 6
come from. There are many possible channels through which the
charge carriers can be conveyed. The molecular orbitals giving
rise to the peaks are compared with the frontier orbitals of
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Cr—PA,; dithiols calculated with B3LYP/LanL2DZ using
Gaussian 09. It turns out that the conducting molecular orbitals
of Au—(a,y)—Cr,; match with the LUMOs of isolated Cr—
PA, ; dithiols, respectively, as shown in Figure 8. Since the shapes
of the orbitals in each pair are alike, the peaks represent the
electron transport through LUMOs. The low conductance of
Au—(0,y)—Cr; comes from the fact that the LUMO level is
located far away from the Fermi energy, while the high con-
ductance of Au—(0,y)—Cr, 3 originates from the fact that the
LUMOs are close to the Fermi energy. Applying the same
argument for Cr—PA.., the porphyrin array is expected to have
spin-filtering ability since its lowest unoccupied bands for o and
[ spins are about 0.30 eV apart.

It can be concluded from the above that the spin-dependent
electron transport of Au—(a,y)—Cr, originates from the spin
asymmetry of the electronic structure caused by the presence of a
paramagnetic metal ion at the center of each porphyrin unit. This
implies that the spin-filtering capacity is inherent in the Cr—PA,, not
in the interface. Therefore, Cr—PA,s are expected to function as
spin filters also for nonmagnetic electrodes such as carbon nanotubes
or graphene nanoribbons that have a long spin coherence length.

We theoretically demonstrated that Cr—PA, based on the one-
dimensional porphyrin array containing paramagnetic Cr** ionsis
a new type of organometallic spin filter operating with a magnetic
field. Its spin-filtering ability starts to appear from n = 2 for which
its LUMO level becomes low enough to transport electrons from
the electrode. For larger n’s, it can be deduced from the band
structures that Cr—PA, will also function as a spin filter. The
electrons are transported from one electrode to the lowest
unoccupied levels of the minor spin electrons and then to the
other electrode. Therefore, the spins of outgoing electrons are
determined by the direction of magnetization of the Cr*" ions,
which can be controlled by an external magnetic field, since the
calculated spin—orbit coupling effect is smaller than 0.005 eV
(See Supporting Information). Though many others have proposed
novel spintronic devices, none of them are realized due to the lack of
a practical fabrication method at present. However, a spintronic
device based on Cr—PA,, offers a synthesizable framework.
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