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ABSTRACT: Using two tetraphenylbenzene isomers differing only by 1 A ! T T
the anchoring points to the gold electrodes, we investigate the influence O ) &
of quantum interference on the single molecule charge transport. The i ‘
igh conductance isomer

distinct anchor points are realized by selective halogen-mediated g Constructive interference
binding to the electrodes by formation of surface-stabilized isomers after § 442 ¢ O i
iodine cleavage. Both isomers are essentially chemically identical and _‘é A Au
only weakly perturbed by the electrodes avoiding largely parasitic § i w O
effects, which allows us to focus solely on the relation between quantum © : Low conductance isomer
. . L. . H Destructive interference
interference and the intrinsic molecular properties. The conductance of 44 i _ i

: : ; B a 2 O
the two isomers differs by over 1 order of magnitude and is attributed to ; Au
constructive and destructive interference. Our ab initio based transport 1 i 1 L

calculations compare very well with the accompanying scanning E-E [eV]

tunneling microscope break junction measurements of the conductance.

The findings are rationalized using a two level model, which shows that the interorbital coupling plays the decisive role for the
interference effects.

Bl INTRODUCTION along different conductance pathways through the mole-
cule'™"™'” or equivalently to the orbital symmetry of the
molecule, which provides an intuitive qualitative picture for
predicting interference effects.'”'® Here we investigate
tetraphenylbenzene (TPB) based molecular junctions, which
fall into the class of z-conjugated molecules; namely, we are
considering the two isomers displayed in Figure 1, 1,4-bis(4-
iodophenyl)-2,5-diphenylbenzene (isomer 1-4) and 1,5-bis(4-
iodophenyl)-2,4-diphenylbenzene (isomer 1-5). They differ
only in the position of one of the iodine atoms attached to two
of the outer benzene rings. After iodine cleavage inside the
contact'”™*’and formation of surface stabilized radicals,***’
both isomers are essentially chemically identical. This allows us
to study quantum interference using an identical molecular
framework by simply changing the injection point of the
electrons into the molecular conductor. As opposed to the use
of side groups or terminal substitution to realize suitable
molecular configurations to observe quantum interference,
which eventually change the chemical properties of the

Quantum interference is one of the most fascinating
consequences arising from the wave—particle dualism of
electrons. First realized by means of the famous double-slit
experiment”” and later on in mesoscopic systems,” the
quantum nature of the electrons was recently also probed in
single molecule devices where quantum interference modulates
the flow of the electrons through the molecular conductor.
Utilizing single-molecule devices is thereby appealing as the
transport is usually phase-coherent even at room temperature.
The basic idea is that the molecular conductor, similar to
classical interferometers, provides different conductance path-
ways, which can, depending on the phase difference, lead to
constructive or destructive interference. This has been recently
demonstrated for phenyl rings,”’ naphthalenedithiol,’ and
oligo(phenylene ethynylene)’ derivatives where the conduc-
tance of para-contacted molecules is much larger compared to
meta-contacted molecules and was also observed for self-
assembled monolayers of cross-conjugated molecules.”” From a

theoretical point of view, the reduced conductance can be molecules, we can largely reduce such spurious effects usually
related to the suppression of the transmission due to superposing the interference effects. We observe consistently in
antiresonances in the vicinity of the Fermi and has been our ab inito based transport calculations and scanning tunneling
studied, for example, for z-conjugated systems,'’”"® cross-

conjugated molecules,'*™'® and linear polyene chains.'” It is Received: October 17, 2016

possible to relate the interference effects to the phase difference Published: January 9, 2017
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Figure 1. (a) The two considered tetraphenylbenzene derivatives. (b)

Covalent junction formation after iodine cleavage by means of surface
stabilized radicals.

(a)
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microscope (STM) break junction (BJ) measurements a large
suppression of the conductance of isomer 1-5 as compared to
isomer 1-4, which follows the expectation based on Yoshizawa’s
orbital symmetry rule."® Our findings are rationalized using a
two level model, which provides a rigorous derivation of the
orbital symmetry rule, albeit it remains also valid in the strong
coupling case and for on resonant transport and can be readily
extended to the multiorbital and multicontact case.

B THEORETICAL METHOD

The electronic structure of the molecular junction is described
within density functional theory (DFT) at the PBE level of
theory using the def2-SV(P) basis set and the corresponding
Coulomb fitting bases.””*" All DFT calculations are carried out
with the quantum chemistry package TURBOMOLE.”” The
transport properties are obtained by combining the DFT
derived electronic structure with a Green’s function formalism
including an approximate self-energy correction based on the

DFT + X approach accounting for the overestimation of the
conductance in DFT based methods.>*** In linear response, the
conductance G is determined by the electronic transmission
probability, 7(Eg), at the Fermi energy, Ey,

G = Gyr(Eg) = Gy ), 7(Eg) (1)
here G, = 2¢*/h is the conductance quantum with e being the
elementary charge and h the Planck constant. The transmission
function 7(E) = Tr[G"(E)I“(E)G*(E)I’*(E)] can be expressed
in terms of Green’s functions, where the Green’s functions are
defined as G'(E) = [(E + in)S — H — X'(E)]™" and G*(E) =
(G'(E))" with H being the Hamilton matrix of the extended
molecule and S the corresponding overlap matrix, # > 0 an
infinitesimal quantity, and X'(E) = Z{(E) + Zji(E) the self-
energy matrix consisting of the contact self-energy X¢.(E) and
the DFT+X corrections X} (E), which just acts on the
molecular subspace. Moreover it is possible to decompose the
transmission 7(Ep) = Y.7(Egp) in terms of individual trans-
mission channels 7; and to calculate the corresponding
transmission eigenchannel wave functions ¥; as the corre-
sponding eigenstates of the transmission operator ZI¥;) =
7/¥;). A comprehensive discussion of our transport approach
can be found in refs 34, 35, and 36. The following discussion
will be based on the DFT+X results; the pure DFT based
transmission spectra along with the parameters used for the
DFT+X corrections can be found in the Supporting
Information (SI).

B RESULTS

To investigate the influence of the quantum interference on the
transport properties, we introduce here a pair of TPB isomers
(Figure 1a), which allow us to avoid largely parasitic effects due
anchor groups or varying molecular chemistry. After iodine
cleavage, the two TPB isomers form stable junctions by means
of surface-stabilized radicals (Figure 1b)'*~*"**** and can be
expected to be essentially chemically identical. This allows us to
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Figure 2. Considered contact geometries and corresponding DFT+X based transmission spectra (solid lines) and fitted curves obtained from the

two level model (TLM).
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directly relate the molecular topology to quantum interference
effects.

To account for possible variation of the conductance due to
different binding motifs,”° we consider here three distinct
contact geometries (Figure 2), namely, two atop geometries
where the molecule binds either to a high-coordinate Au atom
(labeled TOP-1) or to low-coordinate Au atom (labeled TOP-
2) and a bridge geometry where the molecule binds to two Au
atoms (labeled BRIDGE). For all three binding motifs, the
intrinsic molecular structure remains mostly identical; thus we
do not expect conformation induced variation of the
conductance superposing the quantum interference effects.
Details on the protocol assumed to construct the junction
geometries can be found in SI.

The calculated transmission spectra are given in Figure 2, and
the corresponding conductance values are summarized in Table
1. First, we note that the variations between the three contact

Table 1. Calculated and Measured Conductance Values
[107*G,]

geometry
isomer TOP-1 TOP-2 BRIDGE expt
1-4 3.71 2.86 3.30 3.00
1-5 0.33 0.24 0.41 0.23
G14/Gys 11.2 11.9 8.0 13.0

geometries remain small giving well-defined conductance values
for both isomers. As expected, the conductance of the para-
contacted isomer 1-4 (constructive interference) is much larger
than the conductance of the meta-contacted isomer 1-5
(destructive interference). The relative suppression G,,/G;g
of the conductance is around 1 order of magnitude. Motivated
by our quantitative DFT+X based® predictions that the two
isomers give rise to distinct and well-defined conductance
values, we performed conductance measurements for the two
TPB isomers using a STM BJ method (Figure SS in SI). In the
relevant conductance range, we observe two well separated
peaks in the conductance histogram at 0.23 X 107*G, and 3.00
X 107*G,, which compare very well to the DFT+X based
predictions of the conductance and G,,/G_ ratio for the two
isomers. Ruling out the possible formation of molecular wires,
m-stacking, and iodine bonding, which all give rise to clearly
different conductance values (see SI), we can unambiguously
assign the low conductance peak to isomer 1-5 and the high
conductance peak to isomer 1-4.

B DISCUSSION

In the following, we rationalize the ab initio results and discuss
the reason for the observed large difference in the conductance
of the two isomers. Moreover, we emphasize that the two
isomers are indeed largely identical once connected to the
electrodes. Several models have been proposed to analyze and
predict the occurrence of quantum interference in molecular
conductors, for example, by analyzing the different conduction
pathways through the molecule'"'*'*"=* or by orbital
selection rules'”'>'®* based on frontier orbital theory.""**
Here, the discussion is given in terms of a two level model
(TLM) that reproduces, despite its simplicity, the ab initio
result very well.

The TLM can be rigorously derived from the spectral
decomposition of the transmission function (see SI). The
spectral decomposition is generally valid in the multiorbital
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case; in the following, however, we are focusing on the two
frontier orbitals, that is, the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO),
of the TPB isomers, which are dominating the transport;
contributions from lower and higher lying orbitals,”** which
play only a minor part, are neglected. It has to be noted that
besides restricting our discussion here to the two frontier
orbitals, the TLM remains generally valid; that is, it can be
applied for strongly coupled molecules as well as for on-
resonant transport. Within the TLM, the transmission is given
by (eq S8 in SI)

1 r 1 r
I'ynl oo Il
E+el+y’ (E-e +y°

5 AVFLHF;IHFILLFYLL (B> — & + i~

[(E+ )" + 3 (E ) + 1]

7(E) =

@)

where € = (e, — €y)/2 is determined by the renormalized
orbital energy of the two frontier orbitals, yy = (Ixy+Iy)/2 is
related to the coupling I'¥x of the HOMO (X = H) and LUMO
(X = L) orbital to electrodes l and r, and —1 < A <1 gives a
measure for the cross coupling between the two frontier
orbitals once connected to the electrodes. Essentially A
determines the phase difference between the scatterinOg phases
encountered in the context of the Friedel sum-rule*>*° leading
either to constructive or destructive interference between the
scattering states.”” The sign of A ~ [y is determined by
the cross-terms I} = (HI™IL), within the HOMO—LUMO
gap (E* < € — yyL); we get constructive interference for A < 0
and destructive interference for A > 0. In the limit of weakly
coupled molecules and off-resonant transport, as it is the case
for the TPB isomers studied here, we can apply the orbital
symmetry rule by Yoshizawa and co-workers'”'®** and Tsuji
and co-workers'**® to deduce constructive and destructive
interference from the orbital symmetry of the unperturbed
molecule, where the orbital symmetry rule can be obtained
from the TLM within first-order perturbation theory in the
contact self-energy and is valid as long as €* > yyy,.
Assuming that the left (right) electrode only couples to a
single carbon atom 1 (r), that is, [}y, = (HIX)(XIT¥X)(XIL),
the sign of I'l; and T%, and hence the sign of A is solely
determined by the relative phase of the molecular orbital
coefficients (Hlr), (rIL) and (HI), (lIL) (Figure 3), which is
equivalent to the statement given by the orbital symmetry rule

Figure 3. Wave function of the HOMO and LUMO orbitals plotted
for the same isosurface value, where red depicts positive and green
negative sign of the wave function. The hydrogen on the aromatic
benzene rings have been omitted.
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of ref 18. Additionally we can obtain all parameters relevant for
TLM directly from the full ab initio results; especially we can
give a simple measure for the quantum interference in terms of
A. The parameters are obtained by fitting the TLM to the full
DFT+X based transmission spectra in the energy range of the
HOMO-LUMO gap; orbitals below the HOMO and above
the LUMO are not considered. The fits on the TLM, given by
the dashed lines in Figure 2, agree reasonably well with the full
ab initio results. The corresponding parameters are summarized
in Table 2. For all geometries, the cross coupling 1Al =~ 0.75

Table 2. Parameters Obtained from Fitting the TLM
Transmission to the Full DFT Results

TOP-1 TOP-2 BRIDGE
1-4 1-5 1-4 1-5 1-4 1-5
Ty [meV) 5 6 4 11 15 9
/Thy 3.8 32 5 2.9 15 2.0
I, [meVv] 53 38 19 25 28 20
IT/Th 1.0 1.0 7.8 40 1.0 1.0
€ [eV] 2.69 2.68 2.71 268 260 2.58
A -0.82 075 -070  0.80 —0.81 0.78

between the two frontier orbitals remains for the most part
independent of the contact geometry. Moreover, for both
isomers also the variation of € remains small. Hence, the
electronic structure of the frontier orbitals of the surface-
passivated isomers 1-4 and 1-5 is indeed largely identical, and
the observed variation of the conductance between isomer 1-4
and 1-§ is accordingly mainly caused by interference effects and
not by different alignment of the frontier orbitals. This can be
illustrated by considering the wave function of the dominating
transmission channel (at Ep) originating from the bottom
electrode; we see that for both isomers the electrode states
couple equally well into the first benzene ring connecting the
TPB molecule to Au surface and both wave functions ¥, , and
Y, s decay similarly exponentially along the transport direction
(Figure 4) as the decay exponent is in first order independent
of the quantum interference’” and determined by the relative
position of € with respect to the electrode Fermi energy."’ '
However, while the wave function also extends into the
benzene ring in para position, its amplitude is due to the
destructive interference largely suppressed on the ring in meta
position. Lastly, it is worth mentioning that while we focused

v o v v e

Figure 4. Transmission eigenchannel wave function of the main
transmission calculated at the Fermi energy, Ep. Both ¥, , and ¥ 5 are
energy normalized and plotted for the same isosurface value, where red
depicts positive and green negative sign (phase) of the wave function.

here on molecules with two well-defined anchor points to
obtain clear signatures of constructive and destructive
interference avoiding superposition of both effects, an
analogous discussion in terms of the TLM can be given for a
molecule with multiple contacts points.'®

B CONCLUSION

Using two tetraphenylbenzene isomers differing only by the
injection point of the electrons from the contacts, we showed
that the different conductance pathways introduced for the two
isomers or equivalently orbital symmetry can be directly related
to the quantum interference effects on the conductance. The
quantum interference can be clearly observed, and both isomers
give rise to distinct and well-defined conductance values. The
absolute values of the conductance differ by around 1 order of
magnitude between both isomers. Motivated by our quantita-
tive DFT+X based predictions of the molecular conductance,
we performed scanning tunneling microscope break junction
based measurements to elucidate the junction formation
mechanism. The experimentally observed conductance values
compare very well with the theoretical predictions for the
covalently bonded tetraphenylbenzene isomers, while they
clearly differ for the halogen bonded molecules. This strongly
suggests at room temperature a junction formation by covalent
Au—C bonds after cleavage of the iodine atoms. Eventually our
ab initio results are rationalized in terms of a two level model,
which shows that the relative phase between the HOMO and
LUMO orbital at the two contacted atoms plays the decisive
role for quantum interference and that the variations are clearly
attributed to quantum interference and not to parasitic effects
superimposing the quantum interference. The simple relation
demonstrated here for tetraphenylbenzene derivatives can be
readily extended to the multiorbital case and remains valid for
the strong coupling case and on resonant transport. In the
weak-coupling limit, we recover the recently introduced
intuitive orbital symmetry rule, which is consistent with the
results obtained here.
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