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Image charge effect and vibron-assisted processes in Coulomb blockade transport: a
first principles approach

A. M. Souza,'* 1. Rungger,'t U. Schwingenschlégl®> and S. Sanvito
1School of Physics, CRANN and AMBER, Trinity College, Dublin 2, Ireland and
2PSE Division, KAUST, Thuwal 23955-6900, Saudi Arabia

We present a combination of density functional theory and of both non-equilibrium Green’s func-
tions formalism and a Master equation approach to accurately describe quantum transport in molec-
ular junctions in the Coulomb blockade regime. We apply this effective first-principles approach to
reproduce the experimental results of Perrin et al., [Nature Nanotech. 8, 282 (2013)] for the trans-
port properties of a Au-(Zn)porphyrin-Au molecular junction. We demonstrate that energy levels
renormalization due to the image charge effect is crucial to predict the current onset in the current-
voltage, I-V, curves as a function of the electrodes separation. Furthermore, we show that for
voltages beyond that setting the current onset the slope of the I-V characteristics is determined by
the interaction of the charge carriers with molecular vibrations. This corresponds to current-induced
local heating, which may also lead to an effective reduced electronic coupling. Overall our scheme
provides a fully ab initio description of quantum transport in the Coulomb blockade regime in the

presence of electron-vibron coupling.

Mechanically controlled break junctions (MCBJs),
where the target molecule bridges two metallic elec-
trodes, have been widely used to measure the transport
properties of organic compounds'™!. In all these junc-
tions an organic/inorganic interface is formed, and the
detailed understanding of its electronic properties is cru-
cial to interpret the experimental data.'?> !4 Depending
on how the molecule connects to the electrodes, two main
transport regimes can take place. For strong electronic
coupling fractional charge transfer can occur and in this
case the occupation of some molecular levels may be
on average, non-integer. In contrast, Coulomb blockade
(CB) dominates for weak coupling,'® and the transport
is characterized by tunnelling of an integer number of
electrons.

In addition, even for weak coupling, it is experimen-
tally known'®19 that the quasi-particle energy gap of a
molecule, F%?P  is reduced with respect to its gas phase
value upon the formation of the interface. Here E8P
is defined as the difference between the molecule ioniza-
tion potential, Ip, and its electron affinity, Fa.The ef-
fect is mainly due to the Coulomb interaction between
the added (subtracted) charge on the molecule and the
screening holes (electrons) on the substrate. Such in-
teraction leads to a polarization of the surface, so that
a charge with opposite sign with respect to that of the
molecule is formed. This non-local form of charge cor-
relation is called image-charge effect, and it becomes
more relevant for small molecule-substrate distances, 20
leading to a strong renormalization of the energy lev-
els and consequently to a reduction of E&® upon the
molecule approaching the surface. Although this effect
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is expected to be present in all transport measurements
through molecules, only recently it was experimentally
verified in a direct way. Using MCBJs Perrin et al.!
were able to observe the energy levels renormalization
of a zinc porphyrin molecule [Zn(5,15-di(p-thiolphenyl)-
10,20-di(p-tolyl)porphyrin) in short ZnTPPdT] weakly
coupled to two gold electrodes. The experiments ob-
served a shift of the current onset upon stretching the
junctions, i.e. upon changing the distance between the
molecule and the electrodes surface.

From a theoretical point of view the transport
properties of molecular junctions are mostly studied
with the non-equilibrium Green’s functions (NEGF)
formalism,?'23 often implemented with Kohn-Sham
(KS)** density functional theory (DFT)2%. This ap-
proach, however, presents some limitations. Firstly, the
KS eigenvalues cannot be rigorously interpreted as the
quasi-particle energies of a system, and even if such in-
terpretation is imposed, they usually do not represent
in a quantitatively accurate way the excitation spec-
trum of molecules. Concerning the image charge effect,
the standard approximations to the exchange and cor-
relation (XC) functional, such as the local density ap-
proximation (LDA)?%, the generalized gradient approxi-
mation (GGA),?” hybrid functionals®® or explicitly self-
interaction corrected functionals,??*% do not include non-
local correlation effects. As such, in general, they are
not capable to capture the renormalization of the molec-
ular energy levels when a molecule approaches a metallic
surface.'?20:31 Many-body methods based on the GW ap-
proximation have been successfully applied to this prob-
lem, however, due to its computational overheads, it be-
comes impractical for system larger than a few hundred
atoms.?2734 Finally, the lack of the derivative disconti-
nuity®® 37 in the DFT-LDA potential makes the energy
levels position linearly dependent on their occupation,
so that the molecular levels can be fractionally occu-
pied even in the weak coupling limit. This means that
the Coulomb blockade regime cannot be described by
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Figure 1: representation of a Au-
ZnTPPdT(thiol)-Au molecular junction. Panels (a) and
(b) show the equilibrium and a compressed geometry for
the molecule sandwiched between two flat surfaces. In (b)
the molecule tilts and makes an angle § with the transport
direction. Panels (c) and (d) show two junctions when two
tip electrodes are considered. The molecule is attached on
top of the two gold tips.

NEGF-DFT. Different approaches have been developed
to circumvent this limitation, e.g, by including electron-
electron interaction within a model Hamiltonian3®39 to
be used within the NEGF and corrections for the self-
interaction error.%?

Here we present a computationally efficient approach
combining first-principles calculations and a master equa-
tion (ME) formulation,'®4™44 which is capable of de-
scribing the effects of strong correlation and molecule
vibrations on the junction conduction. The electronic
parameters for the ME are all extracted from NEGF-
DFT in the LDA, with appropriate corrections for en-
ergy level renormalisation. Instead we simplify the treat-
ment of the vibrons by considering a single vibrational
mode and by taking the electron-vibron coupling as a
free parameter. Such an approach is used to investigate
the current-voltage, I-V, characteristics of a ZnTPPdT
molecule sandwiched between two Au surfaces (the Au-
ZnTPPdT-Au junction) as a function of the separation
between the electrodes. The energy level renormalisa-
tion of the molecule approaching the surface is calculated
by a classical electrostatic model, where the image plane
height needed in the model is obtained from constrained
DFT (cDFT) calculations. In this way the renormal-
ization of the energy levels is captured fully from first
principles, without resorting to parameters. Then the
levels broadening is evaluated with NEGF-DFT at the
corrected energy levels. Such information is input into
the ME, which is then capable of correctly describing the
bias corresponding to the current onset for the various
junctions. Finally, the inclusion of vibrons allows us to
reproduce I-V profile for bias voltages beyond that cor-
responding to the current onset. Our results are directly
compared with the experimental data,’ demonstrating an
extremely good agreement.

We start by discussing our NEGF-DFT results ob-
tained at the level of the LDA. The Au electrodes are
modeled by considering a five layer thick 8 x 8 super-
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cell terminated with a (111) surface. The geometry of
the molecule in the gas phase is first relaxed by conju-
gate gradient, and then the structure obtained is placed
into the junction and connected to two flat electrodes
at a hollow site. In our calculations we use periodic
boundary conditions in all directions, however along the
vertical direction [see Fig. 1(a)] we add a vacuum re-
gion of about 10 A between the Au electrodes in or-
der to separate the periodic images of the molecules and
avoid spurious interactions. Also the lateral dimensions
of our supercell have been chosen so to avoid interac-
tion between the molecule and its periodic replica. The
equilibrium distance between the two Au surfaces' is
dau_auw = 23.2 Afsee Fig. 1(a)]. Since both thiol and
thiolate terminations of the molecule are possible!'?, here
we have considered both cases. Furthermore, we have in-
vestigated alternative electrodes morphologies, by look-
ing at tip-terminated Au surfaces as shown in Fig. 1(c)
and Fig. 1(d). This allows us to understand the effects of
the contact geometry on the electronic coupling between
the molecule and the electrodes. In order to study the
effect of the image charge as a function of day_ay, three
new configurations are built, where the molecule is rigidly
tilted forming an angle, 6, relative to the straight equi-
librium configuration, as shown in Fig. 1(b). Notably, in
MCBJs experiments the molecule accesses many differ-
ent meta-stable configurations due to the rearrangement
of the atoms during the stretching of the junction and we
have addressed this in the past'®!* by means of molec-
ular dynamics simulations. Although these geometrical
rearrangements can lead to quantitatively differences in
the transport properties the qualitative features remains
unchanged. Here however we consider only the discussed
idealized structures, with the aim of resolving the main
transport mechanisms taking place in such junctions from
first principles.

Fig. 2(a) and Fig. 2(b) show the transmission coef-
ficients, T'(E), computed with NEGF-DFT at the LDA
level as a function of energy for the thiol and thiolate
terminations, respectively, and for different values of 6.
For § = 0 (equilibrium distance) the resonance corre-
sponding to the KS highest-occupied molecular orbital
(HOMO) is at 0.49 eV below the Fermi level, Ep, for
the thiol-terminated junction, and at 0.2 eV for the thi-
olate ones. Since in both cases the HOMO is the molec-
ular orbital closer to Er, it is the one responsible for the
transport at low bias. The broadening of the KS-HOMO
for the thiolate-terminated junction is larger than that
of the thiol one, indicating a stronger electronic coupling
between the molecule and the electrodes. The strength
of such electronic coupling is quantified in Table I, where
we list I'r, (I'r), for electron hopping from the left- (right-
) hand side electrode to the molecule. These have been
extracted from the spectral representation of the Green’s
function associated to the scattering region in the NEGF-
DFT framework.?>. The most notable feature for both
terminations is that the energy positions of the HOMO
resonance are insensitive to the value of 6, i.e. they do
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not vary with day—ay. This confirms the fact that DFT-
LDA is not able to capture the renormalization of the
energy levels due to the image charge effect. Note that
our electrodes are effectively Au slabs, which inherently
have a “rough” density of states due to vertical confine-
ment. This “rough” electrodes density of states is then
reflected also in the transmission coefficient. Nonetheless,
the roughness induced by such a confinement is small
compared to the actual transmission peaks dominating
the current.
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Figure 2: Transport properties of Au-ZnTPPdT(thiol)-Au
junctions. The transmission coefficients as a function of en-
ergy, T'(E), are shown in panel (a) and (b), respectively for the
thiol- and thiolate-terminated molecule. The corresponding
I-V curve are in panel (c) and (d). The vertical dashed-lines
in (a) and (b) mark the bias window for V' =1 Volt.

Table I: Electronic couplings between the HOMO and LUMO
to the left-hand and right-hand side electrode, obtained from
NEGF-DFT at the LDA level. Results are presented for the
different values of # and for both the thiol- and thiolate-
terminated junctions. The values of I'L /g are in meV.

Thiol Thiolate
HOMO LUMO HOMO LUMO
Angle (0) dAu—Au(A) FL FR FL FR FL FR FL FR
0 23.2 6.0 5.5 6.5 6.5 19.0 16.0 8.0 8.0
30 19.9 5.7 5.0 8.0 5.0 25.0 8.0 9.0 8.0
45 16.40 6.5 3.5 6.0 3.5 15.0 10.0 7.0 6.0
60 12.9 5.0 3.6 7.0 5.0 12.0 10.0 7.0 7.0

The I-V curves for the thiol- and thiolate-terminated
junctions are presented in Fig. 2(c) and Fig. 2(d), re-
spectively. For thiolate termination the current is one or-
der of magnitude larger than that of the thiol-terminated
molecule in the same range of applied bias. This is due
to the larger I't /g, as shown in Table I, and to the fact
that the HOMO enters the bias window at lower volt-
ages for the thiolate-terminated case [the bias window is

marked by the vertical dashed-lines in Fig. 2(a-b)] . We
point out here that, since the LDA lacks of the derivative
discontinuity of the potential,2%3%46 the I-V’s for both
types of junctions do not present a step-like increase of
the current at any voltage, but rather appear having a
smooth slope. This is because, as the HOMO enters the
bias window, its corresponding energy level starts drift-
ing to lower energies. In this way the level remains frac-
tionally occupied and the junction artificially metallic.*?
Since the thiolate-terminated junctions present a system-
atically larger current than the thiol-terminated ones,
and since the currents are typically two orders of mag-
nitude larger than experiments, we conclude that thiol-
terminated molecules are likely to be the ones measured
in the MCBJ experiments.! As such we will focus only
on these in the remaining of the paper.

As observed above, the LDA results indicate two
main shortfalls of the computational scheme used so far,
namely, (i) the renormalization of the energy levels is not
captured, and (ii) the lack of the derivative discontinu-
ity of the approximated DFT potential promotes metallic
transport. In order to correct for these we apply the ME
approach (see computational methods), which allows us
to access the weak coupling limit. The ME requires a
number of parameters, that here are all calculated by
DFT. Let us begin with the quasi-particle energy posi-
tion, which has to be evaluated by taking into account
image charge renormalisation effects. To this goal we con-
sider cDFT combined with a classical model, and evalu-
ate the position of the HOMO as function of day—ay. 2?0
Starting from ZnTPPdT(thiol) in the gas phase, we no-
tice that the LDA KS quasi-particle gap, E£5y, is sig-

nificantly smaller than Eéalf = FEa — Ip calculated using

the delta self-consistent field (ASCF) method.*” In par-
ticular the KS-HOMO is ~1.4 eV higher in energy then
—Ip = —6.39 eV, while the KS-LUMO is ~1.45 eV lower
then —FEx = —1.74 eV. The isosurfaces for the HOMO
and LUMO are shown in the Fig. S5 in the SI. Simi-
lar differences are also found for the ZnTPPdT(thiolate)
molecule.

When the molecule is brought close to the metal sur-
faces the energy levels are renormalised due to the image
charge formation. Fig. 3 shows the energies of the fron-
tier molecular orbitals as a function of day—ay (or 0) for
ZnPPTdT (thiol) obtained by adding the interaction en-
ergy due to the image charge, U(d), to the gas phase
—FEx and —Ip. This is the potential energy of a point
charge interacting with two infinite flat surfaces,'? which
in atomic units reads

Q2

U(d) = 2(d/27120)1n2, (1)
where () is a point charge located at the center of the
molecule, d = day_ay is the electrodes separation and zg
is the height of the image charge plane with respect to the
surface atomic positions. We approximate the charge dis-
tribution by a point charge placed approximately in the
center of the molecule, which has been shown to be a good
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approximation.?® In our case, zo = 1 A as obtained by
c¢DFT!2:20 therefore from first-principles, in contrast to
other works where zg is treated as a free parameter.3-59
We have demonstrated?® that this parameter-free model
accurately reproduces the energy positions of the fron-
tier molecular orbitals as a function of da,—a4 calculated
by ¢cDFT. Within ¢cDFT these are total energy differ-
ences between the ground state and electronic configu-
rations where an integer charge is transferred between
the molecule and the metal surface. The data are pre-
sented by offsetting the levels by the metal workfunction,
Wg = 5.5 eV, computed by taking the difference between
the vacuum potential and the Fermi energy of a gold slab.
The green-dashed lines correspond to the gas phase limit
of ZnPPTdT(thiol), i.e. to an infinite separation between
molecule and substrate. Note that A-SCF can be consid-
ered as a special case of the more general cDFT method,
in which the molecule is infinitely distant from the sur-
face.
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Figure 3: Corrected position of the frontier energy levels of the
thiol-terminated junctions with respect to the substrate Fermi
energy, Er, which sets the 0 of the energy scale in the figure,
as a function of the electrodes separation. We note that for
Au we have Er = 5.5 €V, which is equal to the negative of the
electrodes workfunction, Wg = —FEr. The dashed-green lines
indicate —Fa and —Ip offset by Er showing the molecule
gas phase limit, i.e. the case of infinite molecule-electrode
separation.

Beside the quasi-particle energies the ME approach re-
quires knowledge of the electronic coupling of the molecu-
lar levels with the electrodes, T'y, (a =L,R). As explained
before these can be extracted from the spectral repre-
sentation of the Green’s function in the NEGF-DFT for-
malism. However, the coupling depends not just on the
geometrical details of the molecule-surface contact, but
also on the exact energy position of a given level.*> As
such it cannot be simply extracted from the LDA Green’s
function, since the KS levels of the frontier molecular or-
bitals are usually misplaced. Instead one has first to cor-
rect the energy levels position and then to calculate the
I’s. Our approach then consists in two steps. Firstly, we
shift the molecular energy levels to the positions calcu-
lated with ¢cDFT [those plotted in Fig. 3 ] by applying
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to the KS-LDA spectrum a scissor operator (SCQO)2:48
[see supplementary information (SI) for details]. Then
the I'y’s of the corrected states are extracted by fitting
the new transmission function, T'(E), to a Lorentzian®!
according to Eq. (13) in the SI. Note that in our case the
energy position for the frontier energy levels are obtained
from cDFT-calculated total energy differences and there-
fore they contain implicitly also the interaction energies,
U, between the added electron and the other electrons
on the molecule and the electrodes. The I',’s can also
depend on the applied bias due to small variations in
the density of states of the metal surface as a function
of energy. However, we find that the electronic coupling
changes by at most 20% when ramping up the bias from
0 V to 2 V. Therefore, we can consider the electronic
couplings constant with bias and assume the wide-band
approximation [see Eq. (14) in the SI]. Note that in the
weak coupling limit fitting the transmission coefficient to
a Lorentzian is equivalent to extracting the I'’s from the
Green’s function.

The left panel of Fig. 4 shows an example of such pro-
cedure for the case of the thiol-terminated junction at
the equilibrium position (6 = 0). In the case of the LDA
(black solid line) the KS-HOMO is 0.5 eV below the elec-
trodes’ Er, whereas the molecule —Ip for the gas phase
is at 1 eV below Er. However, the image charge correc-
tion is 0.53 eV [see Eq. (1)], which brings —Ip for the
molecule in the junction to 0.47 eV. Therefore, due to
a fortuitous error cancellation, the HOMO as calculated
by the LDA coincides with the corrected energy posi-
tion of —Ip. In contrast the position of the KS-LUMO
is severely underestimated by the LDA and needs to be
shifted to higher energy, namely to 3 eV above Er. The
resulting transmission coefficient after such shift is plot-
ted as a blue dashed line in Fig. 4. The same procedure
is then followed for different da,—ay (different 6) and the
resulting I',’s for the HOMO and LUMO are shown in
Table I. Note that the values obtained from this fitting
procedure returns an excellent agreement for the low bias
and the saturation current between that calculated with
NEGF and that with the master equation (see inset of
Fig 4). This confirms that the fitting procedure is ac-
curate to extract the electronic coupling parameters for
this system.

The right panel of Fig. 4 shows the I-V curve cal-
culated with NEGF-DFT at the LDA level (black solid
line) compared to the total current obtained with the ME
when using the calculated parameters (blue solid line,
see computational methods for details). As soon as the
HOMO enters the bias window at around £0.9 Volt, the
current calculated with the ME shows a sharp step-like
increase followed by a plateau. In contrast, the stan-
dard NEGF-DFT-calculated I-V is smooth with no sign
of saturation. Such behavior is mainly an artefact aris-
ing from the lack of derivative discontinuity in the LDA
potential. In fact, as the HOMO enters the bias window,
it starts to loose charge and drifts to lower energies. The
net effect is that the HOMO follows the lowest among
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the chemical potentials of the two electrodes, effectively
maintaining its fractional charge and carrying significant
current. Such energy drift of the HOMO also brings down
in energy the LUMO level. Since the LDA gap is severely
underestimated, eventually also the LUMO will enter the
bias window and will start conducting. This situation
is demonstrated in the left panel of Fig. 4 by the LDA
transmission coefficient at 2 Volt.

When the finite-bias calculation is not performed self-
consistently, i.e. the current is calculated by simply inte-
grating the zero-bias transmission coefficient with a linear
potential drop applied between the Au electrodes, then
the NEGF-DFT-calculated I-V curve (dashed black line)
resembles closely that obtained with the ME. This is due
to the fortuitous error cancellation discussed above for
the position of the LDA HOMO energy, in which case in
a picture of resonant transport through a single molecular
level the two approaches will give the same I-V.52 Note
that the non-self-consistent current (black-dashed line)
slightly reduces when the applied bias is increased, which
means that we observe a negative differential resistance.
This is due to the reduction in the transmission coeffi-
cient with bias (see Fig. S2 in the SI), which itself is due
to a slight reduction of the electronic coupling strength as
the applied bias is increased non-selfconsistently. For a
self-consistent calculation, in contrast, the electronic cou-
plings increase by 20 % when 2 Volts are applied across
the electrodes, showing that the exact change of the elec-
tronic couplings with bias depends on the details of the
calculation.

In the right panel of Fig. 4 we also show for complete-
ness the individual contributions to the ME-calculated
current originating from sequential tunnelling and cotun-
nelling. In general the transport is dominated by cotun-
nelling contributions for voltages up to the one corre-
sponding to the high-current onset (see inset), and then it
becomes completely determined by sequential tunnelling

processes.??

Fig. 5 summarizes our main results, obtained by using
the ME, for a range of different junctions. The values
used for the I',’s in Fig. 5(a-b) are given in Table I, while
the energy levels positions correspond to those shown in
Fig. 3. Since the HOMO is responsible for the transport
(the LUMO is too high in energy and does not contribute
in the bias range explored), its position with respect to
FEr determines the conductance gap. This can be easily
traced by looking at the peaks in the differential con-
ductances traces dI/dV (V), shown in Fig. 5(b). At the
same time the I',’s determine the saturation current, as
shown in Fig. 5(a). Our calculated I-V curves present
a reduction of the conductance gap as the molecule is
tilted towards the electrodes, i.e. as 0 gets larger. This
is determined by the drift of the HOMO towards Ef as
the molecule approaches the electrodes, which in turn
is determined by the image charge effect. These re-
sults are in qualitative agreement with experiments. The
agreement becomes quantitative for angles in the range
6 = 45° — 559 indicating that configurations where the
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Transmission NEGF: 2 V = ME: Total
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Figure 4: Transport properties of the thiol-terminated junc-
tion at the equilibrium position (§ = 0). The transmission
coefficient as a function of energy is shown in the left panel.
In particular we present the LDA results at zero and finite
bias, the LDA results after application of the scissor opera-
tor, and a fit to a Lorentzian model. The corresponding I-V
curves are presented in the right panel. In addition the right
panel shows the I-V curve calculated with the ME and the in-
dividual contributions arising from sequential tunnelling and
cotunnelling.

molecule is tilted are explored in actual experiments.
Note that in general the current is determined mainly
by sequential tunnelling contributions, with those associ-
ated to cotunnelling being responsible for minor features
in the current-voltage profile (see Fig. S1 in the supple-
mentary information).

When one compares our calculated I-V curves with
the experimental ones of Perrin et al.! a feature becomes
notable, namely that the experimental current, I, does
not saturate after its onset, but rather approximately
grows linearly with the voltage. It has been shown in the
past that such an effect in molecular junctions can be
attributed to vibronic excitations.?®®* In order to cap-
ture such feature of the I-V profile we include in our ME
description the interaction between conduction electrons
and molecular vibrations. The model is simplified by tak-
ing a single Holstein vibron of frequency w, coupled to
the conduction electrons by the adimensional interaction
strength, \. DFT vibron calculations for the molecule in
the gas phase reveal a high density of modes in the re-
gion 10-17 meV, most of which related to the breathing
of the porphyrin ring. As such we consider here an av-
erage single vibron energy of fuw, = 10 meV. The model
is completed by introducing a phenomenological vibron
life-time, 7, (see computational methods). Fig. 5(c) and
Fig. 5(d) show respectively the I-V curves and the dI/dV
profile for three different experimental curves (dashed
lines) compared to our calculated sequential tunnelling
results (solid lines), when vibrons are considered. The
experimental data are extracted from Ref. [1].

In our simulations the electron-vibron remains an ad-
justable parameter, and our results show that an interme-
diate value, A = 2, returns very good qualitative agree-
ment with the experiment data (dashed line). For weak
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(b) 4000 perimental conditions. In order to understand the origin
M | 30,00 of this disagreement we have performed two other sets of
1" g calculations, where the molecule is attached to two tip-
420005 shaped electrodes, as shown in Fig. 1(c-d). In the first
1 % configuration the molecule is attached to the apexes of
7| 10.00 the two tips, whereas in the second one it lays flat on
-0.401 NEGF couplings, A=0 i 0.00 top of the two. Such second geometry simulates a pos-
0.15 ot © 3.00 sible compressed configuration where the molecule slides

oot - 4 on top of the electrodes.
_ 0.07 i‘::mf " ! 2'2561 For the geometry shown in Fig. 1(c) we observe a re-
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0.15 7 | Tse-uk ‘ ‘ 10,00 by about a factor two. We have also performed trans-
05 0 0.5 05 0 0.5 port calculations for the flat and tip electrodes, where
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Figure 5: Transport properties of several thiol-terminated
junctions for different binding angle, 6, as obtained from the
ME: (a) sequential tunnelling current as a function of bias at
a temperature © = 80 K; (b) dI/dV. The values used for
the I'n’s are given in Table I, while the energy levels posi-
tions are from Fig. 3. In panel (c) the calculated sequential
tunnelling I-V’s (solid lines) are compared to the experimen-
tal data (dashed lines) and in panel (d) we show the corre-
sponding dI/dV’s. The parameters used in (c) and (d) are:
© =80 K; A = 2 I'ury = 0.35(0.53) meV for § = 50%
I'nry = 0.35(0.9) meV for § = 52° and T'yry = 0.35(0.8) meV
for @ = 55°. For 6 = 55° the results are also shown at a low
temperature of © = 4 K (red-solid line). The inset in (c)
shows the sequential tunnelling contribution for § = 50° for
different values of A.

electron-vibron coupling, A = 1, vibrational excitations
do not perturb the I-V curve enough and the current
still saturate after the onset [see inset in Fig. 5(c)]. In
contrast, strong electron-vibron coupling, A = 4, leads to
the so-called Franck-Condon blockade limit,?2:53:5% which
has not been observed in the experiments of Perrin et al.
Further analysis is provided by performing calculation for
different temperature, ©. In particular we observe that
for A =2 and © = 4 K (the experimental temperature of
the whole apparatus, which can be significantly different
from the local temperature in the molecular junction)
the peaks in the dI/dV traces [red-solid curve in Fig.
5(d)] are not as sharp as those experimentally measured.
This seems to suggest that local heating in the electrodes
occurs in real experiments.

Our calculated I'’s given in Table I (i.e. ', =3.5—8
meV) and used to calculate the current for the thiol-
terminated junctions shown in Fig. 5(a) are one order
of magnitude larger than the ones needed for a quan-
titative agreement with the experimental curves (i.e.
'y = 0.35 — 0.9 meV), as shown in Fig. 5(c). Note that
in Fig. 5(a) vibrations are not considered (A = 0). The
electronic couplings used to reproduce the experimental
results are asymmetric, although of the same order of
magnitude. This explains why the experimental curves
are slightly asymmetric, which is expected in realistic ex-

we increase symmetrically the distance between the link-
ing group and the gold atom with respect to the equi-
librium distance. We have then extracted the electronic
couplings for the HOMO level as a function of the S-Au
distance, see Fig. S3 in the SI. In both cases we observe
a reduction of the electronic coupling of the HOMO by
20% when we increase the S-Au bond length by 0.5 A.
This reduces the saturation current by the same amount,
since the sequential tunnelling contribution to the cur-
rent is proportional to the electronic couplings. These
findings indicate that changes in the contact geometry
calculated with ground state DFT do not lead to the
substantial reduction of the electronic couplings needed
for a quantitative comparison with experiment.

We note that also the relative angle between the side
phenyl rings attached to the sulfur atoms and the main
porphyrin ring can substantially affect the electronic cou-
pling between the HOMO and the electrodes. We have
then performed transport calculations, where these rings
are rotated to be parallel to the main porphyrin one (not
shown). The positions of the energy levels with respect
to Er change, as well as the electronic coupling. In fact,
the Ty, is now 24 meV for the HOMO, which is about
four times larger than the one presented in Table I. This
is related to the enhanced alignment of the 7 orbitals
of the porphyrin with the 7 orbitals of the side phenyl
rings attached to the S atoms, as shown in the SI, Fig.
S5(c-d). Such a higher-energy configuration is unlikely
to appear in experiment, since it does not correspond to
the relaxed ground state geometry.

Recently, many-body calculations based on the GW
approximation have shown that by considering dynami-
cal effects to the image charge formation, the electronic
couplings can be reduced by 15% compared to the static
case.’® These minor corrections are therefore not ex-
pected to significantly modify our ab initio results. At
the same time it has been shown that temperature ef-
fects'® 1457 can suppress the linear conductance. Berritta
et al.>”, by means of molecular dynamics calculations at
300 K for the same tip-shaped electrodes and the same
anchoring group, have shown that the linear conductance
can be reduced by two orders of magnitude when com-
pared to ground-state LDA-DFT calculations. This in-

Page 6 of 10
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dicates that the current-induced local heating leads not
only to the slope in the I-V curves above the onset of cur-
rent, but that it might also lead to an effective reduction
of the electronic couplings. The Hostein model used in
the present work captures the change in the onsite energy
due to changes in the structure of the molecule when an
electron is added to the it. We note that vibrations that
significantly affect the molecule-electrode bond geometry
can also play an important role, in particular in evaluat-
ing the effective molecule-electrodes electronic coupling
parameters.

In conclusion we have presented a combination of DFT-
NEGF formalism and ME approach to study the trans-
port properties of molecular junctions. The benefit of our
approach is that it can tackle the weak coupling limit
while remaining full ab initio, since all the parameters
needed by the ME are extracted from first-principles cal-
culations. We have applied this combined approach to
a case where both energy levels renormalization and vi-
bronic excitations play a crucial role in determining the
I-V curve profile.

I. COMPUTATIONAL METHODS

All the ab initio calculations presented here are based
on DFT as implemented in the SIESTA package.’® The
exchange and correlation energy is treated at the level
of LDA. We use norm-conserving pseudopotentials ac-
cording to the Troullier-Martins procedure®® and the ba-
sis set is double-( polarized for carbon, sulphur and hy-
drogen and single-¢ for gold. This is a standard basis
for transport calculations.'®* The real-space equivalent
mesh cutoff is 300 Ry and four k-points are used for the
Brillouin zone sampling in the plane perpendicular to the
transport direction. For the ab-initio quantum transport
calculations, we use the NEGF scheme as implemented
in the SMEAGOL code (see SI for more details).09-61

Model Hamiltonian and master equations. We define
the Hamiltonian of the entire system (molecule plus elec-
trodes) as

ﬁ:ﬁmol+gL+ﬁR+ﬁTa (2)

where the part describing the molecule is given by the
Anderson-Holstein model

M Mo
Hyot = > €ifti+ Y ?Zm (g — 1)+

Fuo, (BT6+ 1/2) + iw: i, (BT + 6) i, (3)

for i-th single-particle states of energy ¢, and charging

energy U;. Here n; = > él ¢, is the number opera-

o 1o
tor with é;ra(ém) creating (annihilating) an electron in
the molecular state ¢ with spin ¢. The Hamiltonian de-

scribing the a-th electrode is H, = > ko eakadALkUcfakg ,

7

where a = L,R. In this case dlka (doko) creates (an-
nihilates) an electron with momentum k and spin o
on the a-th electrode. The third and fourth terms in
Eq. (3) describe respectively a single vibronic degree
of freedom of energy hw, (% is the Planck’s constant),
and the electron-vibron coupling with non-dimensional
coupling constant A. Here bf(b) is the creation (an-
nihilation) bosonic operator for the vibrational mode.
Finally the interaction between the electrodes and the
molecule is given by the tunnelling Hamiltonian Ht =

D ik |:’Yaé;‘rdAak + 7261-&11(}, with tunnelling amplitude
Yo- This is treated perturbatively in our ME approach.
The electron-vibron coupling term can be eliminated
by canonical transformation,”?62:63 leading to a renor-
malization of ¢, — & = ¢ — >\277Lup and U; — I;{Z =
U; — 2X%hw,. Tt has also been shown that electron-
phonon coupling may lead to band gap renormalization
in solids.®* For simplicity, we do not allow a second elec-
tron in the molecule, i.e. U; — co. Such transformation
introduces a translation operator into the tunnelling ma-
trix elements 7o — Yaexp[—A(b! — b)].52 Within the 7-
matrix?465-67 approach one evaluates the diagonal terms
of the reduced density matrix, which are given by*4:68

. ) ’ o ]_ ’
pat) = > (T g — T o) + (ma - pqupz> :
q/

(4)

where p is the occupation of the state |m,q) and m
and ¢ are respectively the charge and the vibronic quan-
tum numbers of the molecule. The transition rates,
FZI;L,’qq/ are given by the generalized Fermi’s golden rule.
This is expanded up to fourth order in ﬁT in order to
account for sequential and cotunnelling processes (see
SI for more details).%® The second term of Eq. (4) is
added phenomenologically and describes relaxation of
vibrons towards their thermal equilibrium distribution
ply = e~ Mwr/ke® (1 _ ¢=hwp/ks®)  The time scale for
such relaxation is determined by the parameter 7. For
T — oo the system never thermalises, whereas for 7 — 0
it relaxes instantaneously to the vibronic ground state.
In the present work we use 7 = 1 ps, which is of the same
order of magnitude as values measured in closely related
systems®? 70 while the cutoff vibron population is set to
Gmax = 120 (see Fig. S4 in the SI for details).

II. SUPPORTING INFORMATION

Details of the master equation approach, the scissor op-
erator method and the procedure used to extract the elec-
tronic couplings are available as Supplementary Material.
This is available free of charge at http://pubs.acs.org.
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