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ABSTRACT: Destructive quantum interference (QI) in molecular junctions
has attracted much attention in recent years. It can tune the conductance of
molecular devices dramatically, which implies numerous potential applications
in thermoelectric and switching applications. There are several schemes that
address and rationalize QI in single molecular devices. Dimers play a particular
role in this respect because the QI signal may disappear, depending on the
dislocation of monomers. We derive a simple rule that governs the occurrence
of QI in weakly coupled dimer stacks of both alternant and nonalternant
polyaromatic hydrocarbons (PAHs) and extends the Tada-Yoshizawa scheme.
Starting from the Green’s function formalism combined with the molecular
orbital expansion approach, it is shown that QI-induced antiresonances and
their energies can be predicted from the amplitudes of the respective
monomer terminal molecular orbitals. The condition is illustrated for a toy
model consisting of two hydrogen molecules and applied within density
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functional calculations to alternant dimers of oligo(phenylene-ethynylene) and nonalternant PAHs. Minimal dimer structure
modifications that require only a few millielectronvolts and lead to an energy crossing of the essentially preserved monomer

orbitals are shown to result in giant conductance switching ratios.

harge transfer across noncovalently bonded molecular

bridges is ubiquitous in nature, for example, in long-range
signaling' or in photosynthesis,” but it also controls the
functionality of man-made materials like organic semiconduc-
tors.”” It depends sensitively on the distance and respective
orientation of the molecules. Particularly pronounced con-
ductance drops may result from so-called quantum interfer-
ences (Qls), that is, destructive superpositions of broadened
electronic eigenstates.” '’ This quantum effect on the
molecular scale leads to a large on/off conductance ratio'' >
that can be exploited in molecular switches and sensors.”*** It
can also serve to filter hole or electron transmission and thus
enhance the thermoelectric performance of molecular junc-
tions.”**’

Many molecular junctions have been designed, and several
theoretical models have been developed to understand the
occurrence of quantum inferences. Meta-substituted phenyl
rings,'>'¥****7%" T.shaped,” " and cross-conjugated mole-
cules®' "'**3* are intensively explored in this context. For
instance, the Tada-Yoshizawa or molecular orbital (MO)
approach can explain the QI at the center of HOMO-—
LUMO (H-L) gap by the cancellation of the contributions
from frontier MOs.'”">™** The local molecular orbital (LMO)
method allows for explaining the QI in cross-conjugated
systems, 333440
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have been performed to explore the influence of dislocations
and rotations. Li et al. have reported the QI in covalently
binded cyclophane dimers using the MO approach.”* Solomon
and coworkers*®*” have shown that QI in tidily aligned stacks
of alternant polyaromatic hydrocarbons (PAHs) can be
understood in terms of the Coulson—Rushbrooke—McLachlan
(CRM) pairing theorem. ™"

A general condition applicable to arbitrary dimer stacking
configurations covering both alternant and nonalternant PAHs
still needs to be established; however, the CRM theory cannot
be applied to nonalternant PAHs, including odd-membered
rings’”" such as azulene derivatives. Also, the applicability of
the graphical Markussen—Stadler—Thygesen (MST) scheme
and the MO approach has been under debate for some
systems.' >~ A detailed comparison of the predictions from
the CRM theory, the MO approach, and the MST scheme for a
variety of compounds and an analysis of their relationship to
each other are summarized in ref 59.

The electron—hole symmetry frequently breaks in real
molecules; that is, the Fermi energy does not coincide with
the middle of the H—L gap. This happens, for example, if
external fields are applied®”**°" or one of two monomers in
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dimers is dislocated.”***” A scheme to predict the QI energy
would be very helpful in such cases.

In this Letter, a condition for QI in weakly coupled molecular
dimers is derived from the Green’s function formalism.®> We
mention that a similar expression, starting from an MO
expansion of the Green’s function, was derived earlier.'>~** The
present scheme is first illustrated for the simple case of
interacting H, molecules and then shown to correctly predict
transmission antiresonances and their energies for dimers of
both alternant and nonalternant PAHs. For this purpose,
comparison is made to density functional theory (DFT)-based
nonequilibrium Green’s function (NEGF) and scattering
approaches.

We start from the contacted molecular dimer Hamiltonian H
= Hy + 2 + Xy, where Hy is the Hamiltonian for the dimer
and X j are the self-energy terms for left/right contacts. The
retarded/advanced Green’s function is then given by G"*(E) =
[(E £ i8)I — Hy — X, — Zz]™" and allows for calculating the
transmission Tix(E) = Tr[[ G(E)[RG*(E)], where I'  are
the spectral densities of the left/right contacts defined as I'y
=i[Z p— =7 /r)- Because the present focus is on the dimer QJ,
the contacts are treated in the wide-band limit (WBL) X,z =
— iy. Also, we assume the coupling to the contacts to be
sufficiently strong to rule out Coulomb blockades and allow for
coherent tunneling. If ¢, () are the atomic orbitals (AOs)
that contact the dimer from the left (right) hand side, the
electron transmission is

Tir(E) = 47°IG{R (E)P 1)

with the retarded Green’s function in Lehmann representa-
tion | S—233235,51

¥, ),
i) = 3 BB

E+id—¢, )
Here ¥, is the m-th eigenvector of the contacted dimer
obtained within WBL.

Let V)(P%}RU be the HOMO/LUMO of the isolated lhs/rhs
monomers and &y, the corresponding energies. Upon
coupling, the energy levels split, and the HOMO/HOMO-1
and LUMO/LUMO+1 energies are approximately given by ey
+ Ay and g F A}, respectively. The splitting is small
compared with the monomer’s H-L gap E; = | — & > App,
and the amplitudes of the monomer molecular orbitals are
nearly preserved for sufficiently weak coupling. The frontier
orbitals of the dimer stack (see also Figure 1a, left) can then be
approximated by Brédas’s MO expansion as®®

W = () + p)/V2 3)
Yo = (ye) 7 i) /V2 @
Yo = (W) F i)/ V2 s)
Wioo1 = (i) + o)) /N2 ©)

Note that the molecular orbitals of the dimer stack are obtained
here by linear combinations of the monomer MOs, in contrast
with the LMO approelch.g’33’3'4 Assuming that the Green’s
function around the Fermi energy can be approximated from
the four levels HOMO-—1 to LUMO+1 and that the
contributions from other states are negligible because of the
large denominator in eq 2, one finds
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Figure 1. (a) MO diagram of weakly interacting H, molecules in
stacked (left) and linear (right) configurations. (b) Transmission
spectra of the stacked and (c) the linear dimer calculated within the
WBL (X g = —i0.025|f) for different intermolecular couplings f
(intramolecular transfer integral). The resonant peaks of the original
monomers split at E = +  due to the weak intermolecular interaction.
Stronger intermolecular coupling leads to larger splitting. The QI is
seen in stacked dimers as antiresonance in the middle of the gap.

(9 )9, ) (T,ly)
Z ATL m/A Tm PRI

m=HO—1,HO,LU,LU+1 E-g,

G (E) -
7

Here and in the following E contains a small imaginary part.
The definitions of the MOs together with the relation

(R _ (L) —
<¢L|WLU)/HO) = (Wi o) = 0 (8)
allow for expanding eq 7 as
a a
2GR (E) ~ + F
ix(E) E— (e —Ay) E-— (g5 +4Ay)
b b
F +
E—(e6—4) E-(g+A4A) (9)

with a = (PR Wilgr) and b = (Pl (Widige)-
Introducing a normalized energy in the H—L gap as ¢ = (E —
€n)/Ey 0 < ¢ < 1, one finds

+a a b
2Gip(c) ~ — + ¥
B, + Ay cE, — Ay (c— I)Eg + A
b
i —_—_—
(c — 1E, — Ay (10)
For midgap energies assuming A = A , one obtains
a—b a—b>
Girlc=1/2) = % F
which yields the condition a = b for midgap Q], that is
(P Wolb) = (b)) (12)

Using eqs 3—6 and 8§, this can be written as
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<¢L|IPHO><\PHOI¢R> = <¢L|TLU>(TLU|¢R> (13)

Equation 13 allows for the prediction of midgap antiresonances
from the signs and amplitudes of the dimer HOMO and
LUMO at the left and right terminal contacts.

If eq 13 holds exactly, then QI occurs at the exact middle of
the H—L gap, as predicted by the MO approach.”~** As long
as eq 7 is valid, however, the antiresonance energy is obtained
from the MO terminal amplitudes by

ai\/abAr+(a—bAr)(a—b/Ar)Sf 5 AL A = AL
E T Ay

(14)

This is seen from the expansion of eq 10 with respect to ¢ by
asserting Giz(c) = 0. Note that the choice of parameters with
c=1/2and A = A 5 in eq 14 corresponds to eq 13 and thus
this leads to the Tada—Yoshizawa scheme.">™ The present
approach, however, is more general and allows for predicting
antiresonance energies within the H—L gap using eq 14.

Two weakly interacting hydrogen molecules, cf. Figure 1, are
an illustrative toy system to visualize the condition derived here.
Sliding the upper/lower H, monomer from the left/right-hand
side to form a dimer, one immediately sees that relation 13
holds true for arbitrary stacked dimer AOs ¢; and ¢y but not
for the linear configuration. Note that the unoccupied MO
levels cross during the translocation because the LUMO+1
(LUMO) stabilizes (unstabilizes) due to the bonding
(antibonding) orbital interactions. This level crossing invalid-
ates relation 13 for the linear case. Thus one expects an
antiresonance in the middle of the gap for the stacked
configuration only. This is confirmed by the calculated
transmission shown in Figure 1b,c: Only in the former is
there an antiresonance in the middle of the gap. The
resonances split due to the weak coupling of the molecules in
both cases. The essential role of the level crossing for the
electron transport will be investigated in more detail below for
relevant complexes.

Let us turn to a more realistic system, dimers of
oligo(phenylene-ethynylene) (OPE) connected to conducting
carbon nanotubes (CNTs) via peptide linkers, cf. Figure 2a.
The atomic structure of various dimer junctions with different
CNT—-CNT distances was determined usinsg the density
-functional tight-binding (DFTB+) method®*®> with periodic
boundary conditions (see Supporting Information (SI)).
Thereafter, the electron transmission was calculated using the
NEGF method,*® as implemented in the DFTB+NEGF code.”’”
The calculated transmission spectra and relevant monomer
MOs for three different stacking configurations are shown in
Figure 2b,d—f, respectively. It can be seen that all
configurations show QI in the gap and slightly split eigenstates.
This is in accordance with the molecular orbital rule (relation
13): The products (¢ ¥uo){Puolgpr) in Figure 2d—f are
positive for d = 6.92 A and negative for d = 0 and 13.83 A and
thus agree in sign with (¢ ¥ y)(¥ ylgr) for all corresponding
models; see Figure 2d—f. These findings were corroborated by
a completely parameter-free approach, that is, the direct
solution of the scattering problem®® based on the DFT
electronic structure obtained from the plane-wave-based
Quantum espresso package.”” Thereby the PWcond module”
was used. Technical details of the calculations were chosen
similar to previous work by some of the present authors.”' The
frontier orbitals obtained with the Quantum espresso package
(see SI) resemble closely the DFTB+ results in Figure 2d—f. In
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Figure 2. (a) Relaxed OPE dimer configuration (with dislocation d = 0
A, cf. Figure 3¢, magnified in Figure S2) connected to CNTs, (b) OPE
monomer frontier MOs, and (c) electron transmission calculated for
three dimer configurations with different d using the NEGF as well as
first-principles scattering approach (inset). The spectral features at E —
Ep = 1.2 eV are related to the van Hove singularity of pristine CNTs.
(d—f) Top views of the dimer MOs with respective eigenenergies.
These energies are indicated in the upper part of the transmission
diagram.

particular, they fulfill relation 13. Accordingly, also the
transmission obtained using the scattering approach shows
marked antiresonances in the midgap region for all three
stacking configurations; see the inset of Figure 2c.

The influence of the relative dislocation distance d (cf. Figure
3c) on the OPE dimer transmission is explored by rigidly
shifting the monomers with respect to each other (see also refs
9, 46, and 47). Those rigid monomers are separated by 3.53 A.
It can be seen that midgap antiresonances may be switched on
and off by varying d, while the resonances barely shift in energy,
cf. Figure 3. This is shown exemplarily by the blue and red lines
and curves in Figure 3ab, respectively. We mention that the
CRM pairing theorem cannot be applied to the alternant OPEs
with distance d = 4.25 A (see SI Figure S4): The stacked dimer
configuration forms an odd-membered loop between upper and
lower monomers at this distance, which hampers application of
the starring argument.**™>° On the contrary, relation 13
correctly predicts a QI for this configuration (see Figure 3c,d).
When d = 4.25 A (5.59 A), the product in (¢ W 0){WProldr)
agrees (disagrees) in sign with (¢ [V ()(PLulgr), resulting in
the appearance (absence) of antiresonance.

As exemplarily shown in the SI (Figures S8 and S9), the
position of the antiresonance does not always coincide with the
Fermi energy. The energy of the antiresonances from terminal
MOs is approximately given by eq 14. In the case of the dimer
in Figure 3c, for example, with a = —1.64 X 1073, b = —7.85 X
1073 6;= 1.53 X 1072, and A, = 7.59 X 107", one obtains ¢ =
0.34 from eq 14, close to the exact value ¢ = 0.32. Another
notable feature in Figure 3a is the constant interval (~2.5 A at
E = Ep) of the appearance of the QI w.r.t. dislocation, as already
discussed in ref 9. This interval corresponds to twice the MO
node separation in axial direction (also ~2.5 A in Figure 3b).
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Figure 3. (a) Evolution of molecular energy levels and corresponding
(anti)resonances in dependence on the dislocation d. (b) Calculated
transmission spectra at the horizontal lines. Thereby featureless
contacts attached to the terminal p, orbitals with y = 0.1 eV are
assumed. (c,d) Frontier MOs of the dimers. The level crossing is
indicated. (e) Dependence of the transmission on/off ratio on the
energy width sampling around the Fermi energy.

The switching interval between QI and no QI regime can thus
be related to the change of bonding/antibonding interaction
between the lobes of the monomers’ MOs; see, for example,
Figure 1.

The variation of d between 425 and 5.59 A affects the
calculated total energy by 13 meV only but leads to a LUMO
and LUMO+1 crossing, as indicated by arrows in Figure 3c,d.
This, in turn, induces QI and leads to a giant on/off
transmission ratio of up to 10°® at the Fermi energy and in its
vicinity, cf. Figure 3e. From the orbital energy crossings
visualized in Figure 3a, one sees that further conductance
switchings occur while varying d, for example, for d = 6.80 A.
The geometry-dependent level crossing thus allows us to
modify the current by several orders of magnitude with minimal
energy.

The molecular orbital rule derived here is not restricted to
alternant PAHs. Results for nonalternant acephenanthrylene
derivatives connected to conductive CNTs are shown in Figure
4a—d. The transmission calculated within the NEGF method
shows a marked QI in the H-L gap for model 1. This is
expected from the dimer’s frontier MOs that satisfy relation 13,
as can be seen from Figure 4e. This is not the case for model 2
(Figure 4f), again due to a level crossing: A slight shift by 0.47
A accompanied by an energy increase of 30 meV quenches the
QI. We mention that the MST scheme'>**~** is not applicable
to the nonalternant PAH dimers in Figure 4 (cf. SI Figure S6)
because the bonds between the monomers are not defined
unambiguously.

Finally, we mention that the accuracy of the present
approach depends obviously on the level of theory used for
the underlying electronic structure calculations and can be
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Figure 4. Relaxed nonalternant PAH dimers (see text) inside (a) and
top views (b,c). (d) Transmission spectra and (e,f) frontier MOs of
the truncated dimers with level crossing in occupied states. Their
eigenenergies are indicated in panel d with vertical lines.

improved, for example, by including quasiparticle effects in the
electronic self-energies: The same framework can then be used,
but the eigenstates and eigenenergies {¢°|¥[°} are to be
replaced by the corresponding quasi-particle quantities
(£ gy 7270

In summary, a general condition for the appearance of Qls in
the electron transmission through weakly coupled dimers has
been derived within the Green’s function formalism combined
with an MO expansion.”” ™ It is expected to assist in the
design of molecular devices that exploit QI effects: The
molecular orbital rule derived here allows for the reliable
prediction of antiresonances and their energies from the
terminal amplitudes of the frontier MOs. In particular, the on/
off switching behavior of QI for specific dimer distances is
traced to the level crossing of dimer MOs. This mechanism
allows for controlling, switching, and tuning the conductance of
essentially rigid molecular configurations with minimal displace-
ments and energy; see Frisenda et al’
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