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Electrical conduction through molecules is a basic chemical
property which has been investigated intensively in recent years.
Well-developed organic synthesis enables exploration of a large
space of molecular electronic structures with a wide variety of
transport properties. Through redox, charging, and conformational
flexibility, molecules can, for instance, switch curréngxhibit
negative differential resistance (NDR@nd even show hysteresis
under applied bias.

To look for additional mechanisms of NDR, it is fruitful to
consider analogies with semiconductor structures. In a quantum o y
double-dot systerhelectron tunneling is resonantly enhanced when V(V)
two discrete levels, one in each dot, become aligned. Upon increaserjgure 1. (a) Molecular double dot (MDD) sandwiched between rodlike
of the applied bias, the two levels fall out of alignment and the gold electrodes. Gold, white, gray, red, blue, and yellow denote gold,
current drops, thus causing NDR. Following this, we look into hydrogen, carbon, cobalt, iron, and sulfur atoms, respectively. The molecule
diblock structured molecules a molecular double dot (MDD). To ~ Contains a cobaltocene moiety on the left and ferrocene on the right. The

. . highest occupied molecular orbital (HOMO) of ferrocene is the nonbonding
reahz_e a MDD, th? mole(?ule Sho“"_‘ bear spatially separated orbital ag and (fig is the lowest unoccupied molecular orbital (LUMO).
functional groups with localized and discrete molecular levels. In sojated cobaltocene has one unpaired electron? jtargibonding orbital
addition, the voltage should drop between the two groups, an is half-occupied.An insulating barrier is generated by thgHG unit, which
essential requirement leading to the crossing of the localized levelsis linked to those molecular dots by triple bonds. The molecule is adsorbed
as bias is scanned. Molecules containing metallocene méieties &t four-fold hollow sites of (001) semi-infinite 4 A 4 A rodiike gold

. . . leads. (b)—V characteristic of the molecule in panel a. Positive voltage is
appear to be a good choice. The frontier orbitals Of a metallocene applied on the left lead. The black curve, scanned from 0 to 1.5 V, shows
largely preserve the d character of the transition metal; the a sharp peak and dramatic NDR. The dashed red curve shows the current
cyclopentadienyl (CP) ligands spatially and energetically confine when scanned from voltage higher than 1.2 V to 0 V.
the d states, making the transition metal atom an intrinsic molecular
dot. Additionally, as those d states are higher in energy than a
m-bonding orbitals of common organic conjugated systems, low-
bias operation can be realized. In fact, conduction through single
organometallic molecules has been measured in a number of case:
recently’

Our implementatiohof the DFT—Green function approaghs
used for the electronic transport calculations. We use dotiplas
polarization basis sets (DZ¥®)and optimized TroullierMartins b4
pseudopotentials. The PBE version of the generalized gradient
approximation (GGA) function&} is adopted for exchange-cor-
relation, and the SIESTA packdfés used for the unrestricted DFT 5 08
calculation. =08

We show here in Figure 1 that an organometallic MDD junction
does show NDR; in addition, a hysteretic jump-dt.2 V is present. .
When the voltage is swept forward from zero (i.e., the self- 0 00500 05 10 15 %5 -10-05 00 05 10 15
consistent I_-Iamiltonian matr_ix_ at lower bigs is used as initial input E-Er(eV) E-Er(eV)
for Ia.rger bias), the Current initially remains less than ,&)Al.and Figure 2. (a) Projected density of states (PDOS) on the iron (dashed) and
then increases to 2/8A in less than 0.4 V. Upon approaching 1.2 cobalt (solid) atoms. (b) Evolution of PDOS on the molecule and (c)
V, the current drops abruptly to 04A and stays low at higher  transmission probability as functions of electron energy and bias voltage.
bias, resumng ina |arge NDR peak with a peak-to_va"ey ratio of The triangle defined by white lines is the bias window; solid and dashed

. ; : ; ; ;< lines refer to the chemical potentials of the left and right leads, respectively.
30:1. When the voltage is swept backward (i.e., using a higher bias Solid and dashed green lines mark the PDOS localized on cobaltocene and

result as inpu_t) from a voltage higher than 1.2 V, the&/ curve is ferrocene, respectively. Note that the sharp peak of the ferrocene HOMO
completely different from that of the forward scan. in panel a is truncated from 1000 to 500 in magnitude in panel b to make

To understand why the sharp increase in current starts at 0.8 V,other states more visible. The transmission sharply increases when the
we study in Figure 2 the evolution of molecular levels as a function cobaltocene and ferrocene levels cross.

t Department of Chemistry. of bias voltage. First, according to the density of states projected
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= Figure 5. Charge difference of spin-up (a) and spin-down electrons (b) at

- 1.1 V between backward and forward scanning. White denotes electron
Figure 3. Potential drop through the molecule at an applied bias of (a) 0.5 10ss, and red denotes electron gain.

V and (b) 1 V. Dashed red and blue lines indicate where the Co and Fe

atoms are located, respectively. At low bias, the voltage drops across the

alkane barrier, while in the resonant regime there is significant drop between cobaltocene moiety loses 0.18 e of spin-up and gains 0.12 e of

the leads and the metallocene moieties. spin-down electron, while the ferrocene moiety undergoes a 0.24
e gain of spin-up and a 0.27 e loss of spin-down electrannet

loss of 0.09 e when sweeping backward. We attribute this charge
redistribution to a degenerate perturbation between the two crossing
levels.

Thus, we have shown that molecular-level crossing in an
organometallic MDD system leads to NDR and hysteresis. It is
important to point out that one could have NDR in the absence of
bistability in such diblock structured molecules; upon reverse sweep
the two crossing levels would simply pass each other, as for a
forward sweep. In this case, localized molecular orbitals become
more important since they completely determine the span of the
NDR peak. We have considered a number of possible modifications
localized at ferrocene and cobaltocene. Panel b then shows howto our basic molecule of Figure 1a. First, we increased the insulating
these orbitals move as voltage is applied. spacer by exchanging thelfs group for GHs, resulting in similar

At low bias, despite the cobaltocene state within the bias window NDR and hysteretic behaviors. Second, we considered a symmetric
(indicated by solid green line), incident electrons encounter a large Molecule containing two ferrocenes. It has a much wider HOMO
barrier consisting of the central and right parts of the system, LUMO gap of~1.5 eV. The high voltage needed to overcome this
yielding low transmission (Figure 2c). Note that the ferrocene and 9ap prevents a level crossing because of a substantial voltage drop
cobaltocene molecular levels closely follow the chemical potentials at the contacts, similar to that in Figure 3b; therefore, this molecule
of the right and left leads, respectively. The reason for this becomesdoes not show NDR. These examples make clear the importance
clear by looking at the potential profile in Figure 3a: the voltage ©f having molecular levels which are close to the lead chemical
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Figure 4. PDOS evolution when swept from high to low bias. (a) Spin-up
and (b) spin-down components.

drops mainly over the spacer, with negligible drop in the vicinity
of ferrocene and cobaltocene sites.

At intermediate bias, 0.8 to 1.2 V, resonant tunneling occurs as
the HOMOs of ferrocene and cobaltocene cross. A high-transmis-
sion spot appears in Figure 2c right at the crossing area, which
causes the sharp increase in current shown in Figure 1b.

At bias just below 1.2 V, a discontinuity takes place. This sudden
drop in current results from the fact that the HOMO of ferrocene
and the HOMO of cobaltocene become misaligned.

A backward voltage sweep reveals bistability from 1.2 to 0.5 V.
DFT is being used for a nonequilibrium problem here, so the
variational principle does not apply. The self-consistent procedure
seeks convergence of an open boundary system within the non-
equilibrium Green function descriptidn- a match between the
densities resulting from DFT and the lesser Green function. It is
thus possible to get two solutions depending on the initial input, in
contrast to the unique ground-state solution. Figure 4 shows the
PDOS evolution in this case: a dramatic change of the orbital
evolution compared with Figure 2b, especially the spin-down
component, is seen for the two states of the cobaltocene moiety
(more clearly shown in Figure 2a). As the voltage is scanned
forward, its energy level becomes lower during the crossing process,
approaching the left chemical potential (white solid line in Figure
2Db); in contrast, under reverse scanning, it remains in line with the
left chemical potential until 0.5 V. A softer NDR appears as the
voltage is swept backward because it is purely due to level crossing
of broadened molecular levels, as shown in Figure 4b, while in the
forward sweep case the sharp current drop is due to charge
redistribution. To explore the origin of the bistability, we plot the

potential in energy.
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1.1 V in Figure 5. Notice a clear charge redistribution: the
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