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We simulate the spin-flip current and transmission function through rings containing elements with a
spin-orbit interaction. In a previous study (J. Chem. Phys. 123 (2005) 204714) we predicted that such
a system can show spin-birefringence, i.e., a spin current polarized parallel to the molecular axis can flip
its direction due to a phase lag due to the spin-orbit interaction. Here we demonstrate the effect in a

semi-empirical extended Hiickel theory (EHT) molecular simulation. The ring systems studied are
naphthalene-bitellurium, gold-porphyrin, and cyclometallated chlorogold, connected to polyacetylene.

© 2009 Published by Elsevier B.V.

1. Introduction

A rapidly emerging field in modern microelectronics is spin-
tronics [1,2], the use of electron spin degrees of freedom to process,
store and transmit information, in contrast to semiconductor elec-
tronics where this role is played by the charge. Spintronics discov-
eries include giant magnetoresistance and the spin-valve effect in
metallic multilayers, and spintronics may eventually be crucial
for quantum computation.

It is natural to ask whether spin-dependent transport can be
accomplished in molecular electronics. Although such a combina-
tion has been mostly studied in the context of inorganic semicon-
ductors [3,4], the possible use of other materials in spintronics, e.g.,
7 conjugated semiconductor, organometallic, molecular wire, and
atomic carbon wire, DNA molecular monolayer and carbon nano-
tubes [5-10], has also been explored considerably in the past few
years, leading to molecular spintronics. Recently, the use of spin-
polarized graphene has also attracted much attention [11].

The manipulation of the spin-polarized current can be done by
magnetic fields (responsible for the Zeeman and Aharonov-Bohm
effects); this however is potentially difficult since the direct effect
of the magnetic fields on the electrons is proportional to the area
on which they act, making their effect small for nano and sub-nano
systems unless very large fields are used.

Recently it was proposed [12] that spin-orbit coupling could
also be exploited to influence spintronics in ring-type devices
which contain one or a few atoms with strong spin-orbit interac-
tion. By coupling the ring to a lead at an angle the [, — —I, symme-
try of the loop can be broken, i.e., the coupling of the ring states to
incoming and outgoing states is asymmetrical.
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The asymmetric coupling leads to an interesting birefringence
phenomena in which there is a phase lag between the different
conserved ‘Z’ polarizations of a planar device. Birefringence implies
that if the spin is initially polarized in, e.g., the ‘x’ direction, i.e., is
the coherent sum of the two ‘z’ polarizations, then as a function of
initial energy it can come out polarized in the ‘X’ direction or be
polarized in the opposite direction, ‘—x’, depending on the phase
lag between the two ‘Z’ polarizations. In short, a molecule can flip
the spin.

Here we move beyond the schematic model systems in Ref. [12]
to a more explicit molecular simulation with atoms that have
strong spin-orbit coupling. The first system is a tellurium dimer
connected to a ring-like structure, in our case naphthalene. This
creates an effective triangle with the spin-orbit atom in one vertex.
The other two vertices are then coupled at an angle to two poly-
acetylene wires.

The second type of compounds contains gold. We examine first
the connection of gold to a porphyrin group. In addition, we study
chlorogold, a gold atom complexed to a chlorine atom and con-
nected to a pyridine ring and two benzene rings, forming a triangu-
lar structure again. In this case the compounds are again coupled at
an angle to two polyacetylene wires. The presence of the non-lin-
ear angle is important to produce an effect mimicking that of the
original model system, where the shift away from the linear angle
broke the [, — —I, symmetry.

The atomic model is studied here with a fairly quantitative
approach, extended Hiickel theory (EHT) [13], using the Landauer-
Biittiker formalism with a non-equilibrium Green’s function
methods (see e.g., [5,8,14,15]), based here on the use of absorbing
potentials. EHT can handle large systems and describes the relevant
excitation energies well.

Section 2 gives details of the wire-loop geometry. Section 3
describes the EHT method used to construct the Hamiltonian
corresponding to the extended system; spin-orbit interaction is
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included in the Hamiltonian locally. The transmission probability
functions as well as the current-voltage features are calculated
using a Green’s function formalism. Section 4 presents the results
and conclusions follow in Section 5.

2. Systems studied

The three molecular systems studied are shown in Fig. 1. Current
flows through a linear planar trans polyacetylene chain (not
shown), which acts as a ‘lead’. The molecular loop is sandwiched
between two leads (having 44 -CH- groups each) connected at an
angle. The loop in (a) consists of a 7 conjugated naphthalene aro-
matic ring disubstituted at the 1 and 8 positions with two Te atoms,
which are covalently bonded to each other again in the same plain.
This geometry was inspired by the recent use of a closely related Te
based compound periditellurium-bridged polyacene donor com-
plex, 2,3,6,7-tetramethylnaphtho[1,8-cd:4,5-c'd'|bis[1,2]ditellurole
(TMTTeN) in molecular electronics applications [16]. The other
geometries studied are (b) a porphyrinato gold complex [17] and
(c) a cyclometallated chlorogold(Ill) complex [18]. All ground-state
geometries were obtained by Gaussian03 [19] using RHF/STO-3G.

3. Methodology
3.1. EHT

Several analogues of tight-binding semi-empirical methods
have been suggested for studying molecular conductance and elec-
tron transfer. We use EHT, and the EHT Hamiltonians were gener-
ated using ICoN-Edit [20]. EHT Hamiltonians have been used
extensively in electronics simulations [21,22], and have also been
used specifically for molecular conduction [23]. The advantages
of EHT are its low number of parameters, its modest computational
expense, and its transferability. In addition, EHT has compared
favorably with density functional theory in predicting band gaps
as well as changes in electronic structure [21].

While the charge distribution is not calculated in a self-consis-
tent manner here, the overall effect of spin-birefringence is not
dependent on the specific form of the charge distribution, as will
be shown later. The transport itself is not expected to influence
the molecular geometries and energy levels much; rather, the volt-
age difference will shift the energy level, but as shown later the re-
sults are not qualitatively sensitive to these effects.

The EHT Hamiltonian, Hy, solves

HoC = SC¢, (1)

where C is the coefficient matrix and S is the overlap matrix.

a b

The basis functions used here are not orthonormal, and need to
be orthogonalized, by defining

C = Sl/ZC, (2)
SO

HC =Cl, 3)
where

H=S5"12H,512 (4)

The Hamiltonian is supplemented by absorbing potentials on
each lead, I'; and I, so that the Green’s function for the interact-
ing system is [24]

1

O =FHrin i (3)

One interesting question is whether the absorbing matrices I';
and I'; need to be likewise rotated via S'/?, i.e., whether I'; and
I'k should be diagonal matrices (each non-zero only near the
ends of the left or the right lead) or should they be rotated to
be S2I,57'? (and similarly for I'z), where I'y is a diagonal
matrix. Luckily, the effect of rotating the absorbing matrices was
found to be negligible, as shown later, so that either choice is
acceptable.

3.2. Spin-orbit

The EHT Hamiltoniag iisupplemented by a spin-orbit term,
which is taken to be # L - S, where # is an atom-dependent con-
stant which depends on the element involved. For Te, this value
is 3384 cm™! from the HF wave functions. For Au, this value is
5104 cm™! from the HF wave functions [25]. Note that the spin-or-
bit term is localized on each atom. Physically, the reason is that the
spin-orbit term is generated due to motion of core electrons and is
a rapidly falling function of the distance from the nucleus of the
heavy atom; therefore, it is reasonable to assume that it needs to
be considered only over the valence orbital of the heavy atoms.

Further, since the basis set is not completely orthonormal, there
is uncertainty over whether a local description is completely quan-
titative; however, in practice, the inaccuracies this introducej are
small. Thus, we got very similar results (Fig. 9b) if we add #L - S
to Hy or H.

The electron transmission probability from source to drain
across the molecular wire for small bias is calculated by the
flux-flux formula [26].

c

Fig. 1. Ground-state optimized geometries of the molecular wires. Orange stars denote Te, magenta diamonds denote Au, blue triangles denote N, green ovals denote Cl, black
circles denote C and red circles denote H. The shaded regions are the molecular loops. The polyacetylene leads connected to each complex are not fully displayed. Above, the
molecules are (a) a naphthalene-bitellurium complex; (b) a gold—porphyrin complex; and (c) a cyclometallated chlorogold complex. (For interpretation of the references in

colour in this figure legend, the reader is referred to the web version of this article.)
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N(E) = 4 Tr(rLG(E)FRGf(E)). (6)

We generally used absorbing potentials of length 20 A with
maximum peak at 10.0 eV. These parameters were found to be
appropriate to achieve convergence.

Current is calculated using the Landauer-Biittiker equation in
the limit of zero temperature [27],

(V)

_2e /Ef ™ NE)dE. (7)

h Jg vy

Here, E; is the Fermi energy. The spacers and leads considered here
are polyacetylene, which has a band-gap due to Peierls bond-alter-
nation. In reality, the true leads will have to be a metal (e.g., gold, or
even doped polyacetylene) or a narrow-band semiconductor; we
did not simulate this part of the leads, but simply assumed the de-
vice will be gated so that the Fermi energy of the true leads will
match the HOMO of the polyacetylene, at —11.67 eV for the EHT
calculations, so that we consider here hole conduction. Since the
band gap of the polyacetylene is smaller than that of the inherent
molecular system, the non-metallicity of the leads does not affect
quantitatively the results, as shown below.

Another potentially important aspect is the charge distribution.
Since the spin-orbit effect is local, the results are not expected to
depend on the specific voltage distribution in the molecule. There-
fore, in most simulations we assume that the voltage on the mol-
ecule is constant. To confirm that this assumption is immaterial
we have done an additional set of simulations in which there is a
linear voltage drop off along the molecule. As will be shown later,
the results are qualitatively similar for different voltage distribu-
tions assumed along the molecule.

Finally, the main part of the calculations is the computation of
the flip transmission, defined as the summed probability to start
with an up spin along the x-axis and end up with a down spin
(by symmetry it can be shown that this is the same as the proba-
bility to start with down spin and end up with up spin, as we also
verified numerically). This summed probability is calculated as,

Npip(E) = 4 Tr(I'P. G(E)TP-G'(E)), (8)

where P.. are projection operators to a spin polarized in the positive
and negative x-axis (the long axis of the polymer) defined as

P =l +1B)({xl + (B)/2, 9)

and similarly for P_;|o) and |B) denote the semi-conserved spin
components along z, the axis perpendicular to the molecule.

4. Results and discussion

Figs. 2 and 3 display the electron transmission across the molec-
ular wire as function of energies (in eV) for the three molecular
wire-loops shown in Fig. 1a-c; Fig. 2 is for flip transmission and
Fig. 3 for non-flip transmission. The spin-dependent transmission
for ditellurium is not very high, especially near the Fermi energy.
The same is true for gold-porphyrin, but the results for chlorogold
are more promising. Importantly, this is also true near the Fermi
energy of —11.75eV. Note that the fermi energy (—11.67 eV in
the polyacetylene wire EHT calculation) is too low compared with
more accurate RHF and DFT calculations, which predict it at be-
tween —6 and -5 eV; therefore, in principle all energies should
be shifted upward by the difference in free energies, about 6 eV,
and should therefore not be interpreted literally. This shift is not
done in the figures below since it does not impact the main conclu-
sions, i.e., the [ vs. V curves. Figs. 4 and 5 display the corresponding
current-voltage graphs.
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Fig. 2. Flip electron transmission (N(E)) as a function of energy for the ditellurium,
gold-porphyrin and chlorogold complexes. The above show the ditellurium as
having little electron transmission, but it is more significant for the gold-porphyrin,
with even higher electron transmission for the chlorogold complex.
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Fig. 3. Non-flip electron transmission (N(E)) as a function of energy for the
ditellurium, gold-porphyrin and chlorogold complexes. The above graphs show the
electron transmission decreasing from the ditellurium to the chlorogold complex.
This is consistent with the results for the flip electron transmission.

As the results from chlorogold were promising (Fig. 6), they
were followed by a study of two chlorogold functional regions in
tandem (Fig. 7) with all other factors remaining unchanged.
Fig. 8 clearly shows that using two chlorogold groups in tandem
dramatically improves the ratio of spin-flip to total conduction.

To verify that the absorbing potentials can be used properly
within the EHT formalism, we simulated (Fig. 9) the flip transmis-
sion for the chlorogold molecule with both rotated and unrotated
absorbing potentials (i.e., adding to H either S™"/*(I', + I'z)S 2 or
(I'L + I'r)). The results are identical, proving that there is no ambi-
guity in the application of the absorbing potentials in EHT.

Finally, we studied two important methodological aspects men-
tioned above. First, the dependence on the specific leads used. As
mentioned, polyacetylene has bond alternation, and therefore a
band gap of order 1.5-2 eV; to verify that this band gap is immate-
rial to the results we simulated the chlorogold molecule again, now
using idealized leads with polyacetylene with equally spaced
bonds. Such idealized leads are metallic. As Fig. 10 shows, this does
not impact the results significantly; both idealized and alternating
leads give the same results. The reason is clear - the birefringence
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Fig. 4. Flip current as a function of voltage for the ditellurium, gold-porphyrin and
chlorogold compounds. The graphs show an increase in flip current at higher
voltages, i.e., as one moves away from the Fermi energy.
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Fig. 5. Non-flip current as a function of voltage for the ditellurium, gold-porphyrin
and chlorogold compounds. An increase in voltage raises immediately the non-flip
current, since the non-flip transmission is significant even near the Fermi energy.
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chlorogold compounds. Chlorogold shows significant current flip ratio both at low
voltages (near 1V) where both currents are very small, and, more importantly, at
higher currents (above 3 V) where V/2 approaches the band gap around 1.5-2 V.

effect is local (due to the spin-orbit) and involves interference
within the actual molecule, and the nature of the leads is not
important for this qualitative effect.

In addition, simulations were performed to ensure that the form
in which the voltage was applied to the molecule did not affect the
overall results. A voltage was applied in four different ways: as a
flat voltage applied across the entire molecule, as a flat voltage

4

Fig. 7. Optimized ground-state, obtained by using RHF/STO3G, of the chlorogold
groups in tandem, as well as the molecular wire. Magenta diamonds denote Au,
blue triangles denote N, green ovals denote Cl, black circles denote C and red circles
denote H. The polyacetylene leads are not fully displayed. (For interpretation of the
references in colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 8. (top) Flip and non-flip current as a function of voltage for molecule with two
chlorogold rings. (bottom) Flip current as a fraction of total current for a molecule
with one (solid line) and two (dashed line) chlorogold rings. The graph shows a
significant increase in flipped current using the molecule with the two chlorogold
rigs in tandem.
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Fig. 9. (top) Flip transmission (N(E)) as a function of energy for the chlorogold
molecule with both rotated and unrotated absorbing potentials. (bottom) Flip
transmission (N(E)) as a function of energy for the chlorogold molecule with both
rotated and unrotated Hso. In both cases, the two curves are virtually
indistinguishable.

with V = —V/2 on the incoming lead and V = V/2 on the outgoing
lead and a linearly-varying voltage applied across the molecular
loop, as a flat voltage with V = —V/2 on the incoming lead and
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current as a function of voltage for the chlorogold complexes with idealized and
alternating leads. There are a few differences, but both types of leads produce
similar flip electron transmissions.

V = V/2 on the outgoing lead and V = 0 on the molecular loop, and
as a linear voltage ranging from V = —V/2 on the incoming lead to
V =V/2 on the outgoing lead applied across the entire molecule.
While applying a voltage directly on the molecule did alter N(E),
and thus I(V), Fig. 11 shows that the spin-birefringence is not
dependent on the specific voltage distribution used; both ex-
tremes, of a flat voltage along the molecule and a linearly-varying
voltage distribution give similar results.

Note that all geometries were optimized at the Hartree-Fock
(RHF/STO-3G) level and thus more detailed studies would be nec-
essary to examine effects such as the suitability of basis set or use
of density functional methods instead of EHT. A-priori, no physical
effects are expected from a larger basis set. More accurate calcula-
tions are primarily expected to affect the charge distribution. The
effects will be small relative to those expected from the fact that
in the transport calculations, EHT is used with an assigned charge
distribution as explained below, since EHT is not a self-consistent
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Fig. 11. (top) Flip current as a function of voltage for the molecule with one
chlorogold ring, with a bias applied on the molecule in four different ways. (bottom)
Flip current as a fraction of total current for the molecule with one chlorogold ring,
with a bias applied on the molecule in four different ways.

polarizable method; however, as explained below, we find that
the effects of different charge distributions are not qualitative,
and therefore there is no need for highly accurate calculations. In
addition the present work employs only a few model systems;
many more remain uninvestigated.

5. Conclusions

In conclusion, we used here realistic simulations to demon-
strate that spin-birefringence can be substantial in molecular sys-
tems and be controlled by the interactions of the molecular ring
(naphthalene or other organic ring systems) and bounded heavy
atoms (tellurium and gold here).

Note that all geometries were optimized at the RHF/STO-3G
level and thus more detailed studies would be necessary to exam-
ine effects such as the suitability of basis set or use of density
functional methods instead of EHT. In addition the present
work employs only a few model systems; many more remain
uninvestigated.

There are several interesting aspects to the study. First is the
structure of the molecule; based on a simple birefringence picture,
we could have predicted that the molecule itself, especially when
two molecules are used in tandem, needs to be chiral rather than
see-saw; however we found that a chiral combination (i.e., making
the system spiral) is actually less effective in the spin-birefrin-
gence. This is a puzzling effect which needs to be further studied.

Another is the controllability. To be used as an actual device,
two conditions must occur. First the incoming spin current must
be polarized; this can presumably be achieved by connecting to a
ferromagnetic lead. But equally important is the ability to gate this
device. This can be done by brute force gating to prevent current
passing through; a more interesting possibility is to keep the total
transmission but to change the transmission characteristics from
flip to non-flip and vice versa. This can be achieved in some sys-
tems by gating; we are working on the most interesting option,
whereby rotating some chemical bonds can induce a change in
the combination of the spin-orbit effect so that the spin-flip trans-
mission will be changed.
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Appendix A. Spin-orbit calculations

The first step in adding the spin-orbit coupling effect is to ex-
pand a spin-independent Hamiltonian into a spin-dependent Ham-
iltonian. The Hamiltonian is then considered to be the sum of the
original Hamiltonian and a spin-orbit effect:

H = Hy + Hyo, (A1)
where

Hso=nL - S, (A2)
and

L=t s, (A3)

so that, given a closed-shell EHT Hamiltonian using size N basis set
j=1,2,...,N, of the form |a;, n;,[;, m;), where a, n, I, m denote the
atom, principal quantum number, and the two angular indices),
the full 2N"2N Hamitonian is then:
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1,

Hiyjy = (Ho)y0ym + 7<limi|L+“jmj>5u,a; (S-)

”m
U <
+ 7 <liml'|L7 “jmj>oa,-aj (S+)y;]
+ naj <lfmi‘LZ‘ljmj>60iﬂj (32)7'117 (A4)
where Mg, is the spin-orbit amplitude for atom a;.
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