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Graphical rules — Device design (1)
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Graphical rules — Device design (2)
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Integrating logic functions inside a single molecule
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Graphical rules - anthraquinone configurations (1)



Graphical rules - anthraquinone configurations (2)



Graphical rules - anthraquinone configurations (3)

Graphical rules — benzene — ortho, meta,para

T. Markussen, R. Stadler and K. S. Thygesen, Nano Letters 10 (2010) 4260



Graphical rules — Cross-conjugated molecules

QI effects in cross-conjugated molecules have
been investigated in a series of recent papers by
Gemma Solomon, Mark Ratner and co-

workers.



Graphical rules — derivation within NEGF (1)



Graphical rules — derivation within NEGF (2)



Graphical rules — topology and TB matrices (1)
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Graphical rules — topology and TB matrices (2)
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Which side-groups can cause QIE? (1)

D. J. Mowbray, G. Jones and K. S. Thygesen, JCP 128 (2008) 111103



Which side-groups can cause QIE? (2)
R. Stadler, PRB 80 (2009) 125401
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Which side-groups can cause QIE? (3)



Within a single-particle picture, the transmission prob-
ability of an electron entering a molecular junction with
an energy F is given

T(E) = Te[GTLG'T )(E) (1)

where G = (E—H o — X1 — X i) ! is the Green function
of the contacted molecule, X,/ is the self-energy due to
the left/right lead, and I'y, ) p = i(Xy /g — EE/R)' Let us
assume that the Hamiltonian describing the molecule is
given in terms of a basis consisting of localized atomic-
like orbitals, ¢1,¢9,...,dn, and that only the two or-
bitals ¢; and ¢x couple to the leads. In this case the
transmission reduces to

T(E) =~(E)*|Gin(E)|. (2)

Often the energy dependence of the lead coupling
strength, . can be neglected. It then follows that the
transport properties are entirely governed by the ma-
trix element Gy (FE). The latter can be obtained using

Cramer’s rule

Cin(E — Hpol)

Gin(E) =
v (B) det(E — Hpol — X1, — Sg)

(3)

where M1y (E — Hmo1) is the (1N) co-factor of E — Hyol
defined as the determinant of the matrix obtained by
removing the 1st row and Nth column from E — Hy,q
and multiplying it by (—1)!T%.

Where 1s the minimum? (1)
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Figure 1: Junction setup for a C7 chain with an oxygen side
group (top). The generalized diagram is shown in the bottom.
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Where 1s the minimum? (2)

¢\(q E)t’ [(-E)(e1 - E) = t*(e1 - E) - *(=E)] = 0(5)

T. Markussen, R. Stadler and K. Thygesen
Phys Chem. Chem Phys. 13 (2011) 14311

—E)—t*(e1 — E) —t*(-E) = 0
E? — e E? —2t°E+t%, = 0. (6)

Figure 3: Junction setup for a benzoquinone (top) and all the

generalized diagrams (bottom).
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Fano (1)
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Thermopower and figure of merit
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Two site — tight
binding model
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From a simple TB model of two
levels, where one is coupled to
the leads and the other
represents the side group
analytical expressions for the
minimum and two maxima in
T(E) can be derived.
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Molecular orbital analysis (1)

(b)
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TB-AO representation of C chains with sidegroup X at -0.5 eV (CH2)

C9-X-5 C9-X-4 C8-X-4
Ae=|0.5| eV Ae=|1.49| eV Ae=|0.5| eV
t=-1.07 eV t=-1.02 eV t=0.73 eV

R. Stadler and T. Markussen, J. Chem. Phys. 135 (2011) 154109



Molecular orbital analysis (2)
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TB-AO rep. of C chains with sidegr. Y at -2.5¢V (O) and 1.5¢V (NO2)
C9-Y-5 C9-7Z-5 C8-7-4
Ae=|0.91| eV Ae=|1.5| eV Ae=|0.5| eV
t=1.07 eV t=-1.07 eV t=0.73 eV
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Only the topologies from the
TB molecular orbital analysis
corresponding to neutral
molecules were investigated
with density functional theory
based electron transport
calculations, and not those
corresponding to radicals or
diradicals.

In all studied systems the
peak shapes obtained from
DFT are very close to those
from TB calculations, which
confirms that they are indeed
completely defined by the
topologies of p z orbitals.



DFET-results (2)

Molecule  C9-CH,-5 C9-0-4 C8-NO»,-4  C9-NO,-5
Ac] 0.40 0.9] 0.6] .60
™ 1.03 112 0.32 0.40
E, 0.26 ~1.44 1.6 .72
AE]| 0.89 0.65 0.40 0.20
S (E) 170 (0.21) 184 (=1.39)  199(1.65) 349 (1.74)

0.82 (0.19) 0.93 (—=1.37) 1.00 (1.67)

0.003 (0.19) 0.01 (=1.37) 0.03 (1.67)

3.00 (1.77)
0.48 (1.77)

Also the DFT results show the same dependency on A€ and t as the TB
models, which is sufficient to explain the trends in ZTel and even in ZT,
where a constant value of the thermal conductance (50 pW/K) has been

assumed to account for the phonon contributions.

R. Stadler and T. Markussen, J. Chem. Phys. 135 (2011) 154109



Conclusions

1) Quantum interference effects (QIE) can induce dips in the transmission
function, thereby reducing the conductance by several orders of magnitude,
for conjugated organic molecules with side groups. The dependency of the
occurrence of QIE on the molecular structure (configuration) can be already
studied and understood on the level of topological tight binding models,
where simple graphical rules can be derived.

2) The structure dependence of the peak shape of such QI induced dips 1s
highly relevant for some applications such as thermoelectric devices and
there 1s some resemblance with so-called Fano peaks.

3) I presented a study of the dependence of the peak shape on two parameters
in 2-site tight-binding models with the aim of mapping the structural
properties of molecular wires with sidegroups onto this models. This should
provide a route towards investigating the structure dependence of the peak
shapes systematically, and enable the chemical engineering of this property.

Thank you for your attention!
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