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With the trend toward miniaturization, the notion of molecules
as building blocks in electronic devices® has gained increasing
popularity since its introduction in 1974.2 Over the past decade,
molecular electronics has been combined with spintronics,® often
employing nonmagnetic molecular bridges with magnetism intro-
duced to the system via ferromagnetic electrodes or via circularly
polarized light.* Another experimental approach to molecular
spintronics is amagnetic molecule between, in general, nonmagnetic
probes. These magnetic bridges typically contain metal atoms,” but
recently, organic radicals have been investigated in gold nanoarrays®
as well as in in electron transfer experiments.”

Here, we carry out first-principles transport calculations on stable
organic radicals®® to test them for their properties as spin filters,
i.e., as devices favoring transport of electrons with either spin up
or spin down. We predict that the transport properties of benzene-
based model radicals may differ to a sufficient extent for electrons
of different spins to make them suitable candidates for such filters
and that they may be tuned systematically by introducing additional
substituents. Furthermore, the qualitative predictions made for our
model systems are transferable to certain larger stable radicals.

As in previous work on electron tunneling through magnetic
molecular systems,™® we assume that correlations between tunneling
electrons and the unpaired spins on the molecule play aminor role.
Thereis both theoretical and experimental work on the importance
of spin flips in tunneling processes.®** Our analysis only holds for
situations in which spin flips can be neglected, and it is not entirely
clear yet to which molecules and conditions this applies.

Thistheoretical analysis of molecular transport propertiesin gold-
molecule-gold junctions uses the Landauer—Imry approach®? in
combination with nonequilibrium Green's functions (NEGF)*® and
spin-unrestricted Kohn—Sham density functiona theory (UKS-
DFT).* This approach™ relates the current 14(V) for electrons of
spins e {a,f} to thetransmission function T¢(E, V), integrated over
an energy (E) interval which we take to be centered at the system’s
Fermi energy Er, with a width determined by the symmetrically
applied bias voltage V,

ev
V) = fE =2 dET(E,V) ©)
2

e isthe unit charge, and h Planck’s constant. This relationship holds
in the coherent tunneling regime, i.e., for low temperatures and short
molecular bridges with a large separation between the one-particle
energy levels and the Fermi energies of the electrodes (* of f-resonant”
conditions). Furthermore, the number of eectrons on the molecule is
assumed to be constant in time. The zero-voltage differential conduc-
tance may be estimated from the transmission a Er. In the NEGF
approach, Ts is caculated from a trace over matrices describing the
coupling of a central region™® to the left and right electrodes, s,
and the central system subblock of the retarded and advanced Green's
functions of the electrode-molecule-electrode system G, *7

T(EV) = tr(Tr Gc I\ G¢. @
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the advanced Green's function being the complex conjugate of the
retarded. I'xs and Gt are caculated from the overlap and Fock
matrices of a finite-cluster electrode-molecule-electrode system,

Iys = —2IM[(ES,c — ch,s)Tgx,s(Ech —Hyedl

ro_ 1 1\t

GC,s - (ESC - HC,s + IirR,s + IEFL,S) 4

The Fock and overlap matrices of the electrode-molecule-electrode
system are divided into central, left-electrode, and right-electrode
regions. Sxc and Hyc s denote the coupling block of electrode X and
molecule in the overlap and Fock matrix, respectively, while the
molecule (or “central region”) subblocks of these matrices are
indicated by the subscript C. The Green’s function matrices gy s of
theisolated, infinite electrodes are described in the wide-band-limit
approximation (see Supporting Information (S)) and are not taken
to be spin polarized. To construct the finite-cluster system, the
structures of the dithiol molecules were optimized, the thiol
hydrogen atoms were removed, and the molecules were placed
between two Aus clusters mimicking hollow site adsorption on
Au(111) surfaces, with a sulfur—gold distance from a previous DFT
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Figure 1. o (majority spin) and 5 (minority spin) transmission calculated
for meta- (left) and para-connected (right) model structures with various
radical centers X in the doublet state. Closed-shell structures with an H
atom added are given as a reference (bottom). B3LYP/LANL2DZ.
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study.*® In the self-consistent field algorithm, the density matrix
was cal culated assuming a closed system (see S for further details).

For efficient spin filtering, the transmission for the two spin
quantum numbers must differ appreciably over a sufficiently broad
energy range near Er to be experimentally observable. The two
most pronounced types of features in the transmission which are
useful for this purpose are peaks and dips. Peaks occur close to
the molecular orbital (MO) energies obtained from solving the
secular equation for the central region subblock of the one-particle
Hamiltonian matrix. Since, for optimal spin filtering, these peaks
need to be close to E, this would imply moving into the resonant
tunneling regime, in which eq 1 is no longer a good approximation.
Thus, the type of feature suited for designing spin filters within
the Landauer regime are dips, which may be caused by destructive
interference,"®2° and which may occur far from any resonances
(i.e., centra subsystem MO (CMO) energies). Conduction properties
may vary with the molecular conformation and with the way the
molecules are adsorbed on the electrodes.?>?? Therefore, it will be
an important task for future studies to ensure that the trends
observed for the minimum energy structures of the isolated dithiols
are consistent over the full range of experimentaly relevant
structures. Prior studies on closed-shell systems with dominant dips
near Er have indicated that these features remain in the presence
of structural variations likely at ambient temperature.®

Transmission curves have been calculated for benzene derivatives
connected to gold electrodes, with sp? hybridized CH,, NH, and O
radical groups attached, modeling radical centers found in typical
stable radicals.®® The radicals are assumed to be in a doublet state,
with the unpaired electron having an o spin. Two modes of
attachment to the electrodes are considered, with the unsubstituted
closed-shell meta-connected benzene species known to have amuch
lower conductance than the para-connected one.**3 Figure 1 shows
the transmission through the radical systems and their closed shell
counterparts. Near Er severd features shift with the substituent and,
in the radical systems, shift with spin projection. In the radical
systems, these features are ordered systematically from high to low
energies such that CH, > NH > O. For the meta-connected radicals,
peaks are dominant, while their para-connected analogues show
pronounced dips. This may be related to the transmission for the
unsubstituted systems, i.e., the “baseline”, being higher for the para
system. Except for the X = O f transmission, the peaks in the
meta-connected structures are less significant than the dips in the
para-connected ones. The broadest dip isin the 5 transmission of
the X = O structure, but this changes with the basis set or functional
used (see Sl). The dip is close to Er, —5.5 eV3* for bulk gold,
making this a possible candidate for dominant o (or majority spin)
conductance.

The Fermi energy of bulk gold is a very rough estimate for E¢
suitable for use in eq 1, when employed in combination with a
finite-cluster approach involving only small electrode clusters and
a minimal central region (the “band lineup problem”2®). The
approximations inherent in using small clusters, however, are
expected to have a minimal impact on qualitative comparisons
between different molecules, as long as the same set of gpproxima:
tionsis used throughout. Once the location of Ex can be determined,
for example, through sophisticated calculationsinvolving very large
electrodes,?® this information could be transferred to other small-
cluster calculations on similar molecules.

Since, in the Landauer approach, explicit interactions between
electrons on the bridge and tunneling electrons are neglected, the
transmission does not directly depend on MO occupations. It does
so indirectly, of course, because the number of o and /5 electrons
will influence the CMO shapes and energies, which control the
transmission. Differences between o and /5 orbitals will thus lead
to differences in transport. As can be seen in Figure 2 for the para-

spin density

Figure 2. Central subsystem MO energies and isodensity plots of central
subsystem system MOs and the total system’s spin density for the para-
connected X = O radical. B3LYP/LANL2DZ.

connected X = O radical, the o. and 3 CMO shapes differ only a
little, while the 5 CMOs are shifted to higher energies. This shift
is most pronounced for the HOMO,/LUMO; pair, and it corre-
sponds to the features in the 5 transmission being qualitatively
similar to the o ones, but shifted to higher energies. Figure 2 also
illustrates that the spin density islocalized on the molecular bridge
and does not “spill” onto the electrodes. It cannot be excluded,
however, that this is an artifact of the approximate exchange-
correlation functional.

To control spin transport properties, the ability to shift the
featuresin the transmission is crucial. The peaks and dips reported
here are due to the 7 orbital system (see Sl), and interference
features arising from the 7z orbitals have been shown to be highly
amenable to energetic tuning by chemical substitution.?” Indeed,
when adding a nitro or amino substituent ortho to the radical group
in the para-connected species (Figure 3), the dips are shifted by
up to 1.5 eV to lower and higher energies, respectively. Where
multiple dips are visible, the relevant ones were identified by
comparing the energies and shapes of the CMOs of the substituted
system with those of the unsubstituted system.

The modd systemsillustrate the interesting dud cheracter that these
spin filters can exhibit. Taking the transmission at the bulk gold Fermi
energy of the X = O systems for example, it appears that the nitro
substituent gives preferential transport of the a spin component;
however, with the amino substituent there will be preferentia 3 spin
transport. Thus, a system can be designed to filter either spin
component, irrespective of the magnetization of the radical.

To check whether these conclusions can, in principle, be
transferred to stable organic radicals, spin-resolved transmission
curves for a meta-connected trityl radical and a para-connected
dimer subunit of a stable ferromagnetic radical polymer® are
displayed in Figure 4. For both species, the qualitative features of
the corresponding model radicals (X = CH; curve on the | eft-hand
side and X = O curve on the right-hand side of Figure 1) are
reproduced, athough the peaks and dips tend to be more narrow.
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Figure 3. o (mgjority spin) and 5 (minority spin) transmission calculated
for the para-connected model structures in the doublet state with one
additional substituent Y ortho to the radical group X. B3LYP/LANL2DZ.
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Figure 4. o (mgority spin) and 5 (minority spin) transmission calculated
for ameta-connected trityl singlet radical (left) and a para-connected triplet
dimer of a stable ferromagnetic radical polymer.2 B3LYP/LANL2DZ.

It may be anticipated that, in actual devices, the radicals will
not necessarily be sandwiched between two electrodes as assumed
here. Instead they might, for example, serve as magnetic building
blocks combined in a ferromagnetically or antiferromagnetically
coupled way and thus control the overall charge transport properties.
Alternatively, they may act as bridges which mediate electronic
communication to a different extent for electrons of different spin.
From a conceptual point of view, the results discussed here may
nonetheless be relevant for these scenarios, and further studies on
chemical tuning of stable organic radicals might lead to interesting
test systems for experimental investigations of their conduction
properties. Such experiments, as well as further theoretical work,
might also help to elucidate the types of systems and experimental
conditions under which spin flip scattering plays an important role.
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