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Abstract

®

CrossMark

We study the conductance of N-heterocyclic carbene-based (NHC) molecules on gold by means
of first-principles calculations based on density-functional theory and non-equilibrium Green’s
functions. We consider several tip structures and find a strong dependence of the position of the
NHC molecular levels with the atomistic structure of the tip. The position of the lowest

unoccupied molecular orbital (LUMO) can change by almost 0.8 eV with tip shape. Through an

analysis of the net charge transfer, electron redistribution and work function for each tip
structure, we rationalize the LUMO shifts in terms of the sum of the work function and the
maximum electrostatic potential arising from charge rearrangement. These differences in the
LUMO position, effectively gating the molecular levels, result in large conductance variations.
These findings open the way to modulating the conductance of NHC-based molecular circuits

through the controlled design of the tip atomistic structure.

Keywords: single molecule transport, N-heterocyclic carbene, tip-induced gating, DFT-NEGF,

metal-molecule charge rearrangement

(Some figures may appear in colour only in the online journal)

1. Introduction

The extremely broad tailoring capabilities of chemical design
have stimulated a strong research effort in the field of mole-
cular electronics [1-3]. The conducting properties of single
molecules placed between two electrodes have been explored
from both theory and experiment and have been found to
depend sensitively on several chemical and structural factors
such as molecular backbone structure and conformation [4—
7], molecular length [8-11], tilt-angle [12—14], anchoring
groups [15-17] and electrode material [16—19], among others.
In particular, at the molecular scale the actual conformation of
the metallic contacts to the molecules drastically affects
conductance [20-27]. This not only introduces an additional
source of variability that is not always easy to measure or
control experimentally [15—17], but could also have important
implications for heat dissipation and thermal stability of the
molecular junction [28]. Therefore studies of the effect of
electrode shape are an important step in fully understanding
the electronic and conducting properties of molecular
junctions.
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In break-junction conductance measurements [15-
17, 19, 29] the junction is repeatedly broken and re-formed
and the atomistic details of the metal-molecule contacts are
not known. At the same time, in low temperature and ultra-
high vacuum conditions, control over the tip structure can be
achieved. Atomic clusters with different shapes can be
assembled by lateral manipulation of the atoms deposited on
the electrode surface [26, 30].

First-principles simulations are a powerful tool with
which to study the electronic structure and conductance of
molecular junctions, where the atomistic details of the junc-
tion are properly taken into account [1, 2]. In this paper we
carry out density-functional theory (DFT) based conductance
calculations of a molecular junction and focus on the effect of
tip structure. We consider a carbene-based molecule whose
frontier orbitals are seen to shift strongly with changes in the
tip structure.

NHCs [31] have attracted a lot of attention for their
interesting properties and broad range of applications [32].
NHCs are strong ¢ donors, exhibit high reactivity and are
extensively used as ligands in transition-metal catalysts and
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stabilizing agents for metallic nanoparticles [33]. On gold,
NHCs have shown interesting luminescence properties [34]
and ultra-stable chemical and thermal properties [35]. The
binding of NHCs to Au is particularly interesting for single
molecule transport since covalent Au—-C metal-molecule
bonds were shown to result in highly-conducting properties
[36-39].

In this paper we therefore investigate the conducting
properties of NHC-based junctions with different tip termi-
nations using DFT and non-equilibrium Green’s functions
(NEGF). DFT-based calculated conductance values typically
overestimate those reported in experiment. Corrections to the
calculated resonance positions bring the calculated con-
ductance closer to experiment [23, 40—43]. Here we focus
instead on the effect of the atomistic structure of the tip on
NHC-based junctions. The changes in frontier orbital position
across the different tips are explained in terms of electrostatic
effects at the junction, as detailed below. Therefore we
believe this trend to be well represented within DFT. Previous
studies, based on charge-transfer, addressed the tip depend-
ence of molecular levels position for the weakly coupled
bipyridine molecule [44, 45]. Here we show that for the
NHC-based junction, characterized by strong metal-molecule
bonds, a study of the electron density redistribution associated
to the metal-molecule interaction characterizes the shift of
molecular levels for each electrode termination. These tip-
induced shifts in the positions of frontier orbitals effectively
gate the NHC-based molecular circuit.

2. Geometries and computational details

We calculate the conducting properties of carbene-like
molecules anchored to Au(100) through several tips struc-
tures. These molecules are NHCs consisting of a central
conjugated ring with imidazole terminations which form
bonds to the Au tips. We consider four different tip structures
which are meant to model some of the different tip geometries
which can be formed in break junction or engineered in LT-
UHYV experiments. The simplest tip consists of a gold adatom
(A) adsorbed on the surface. The tetrameric tip (T) has four
atoms corresponding to the Au(100) positions. The pyramidal
tip (P) consists of a Au atom on top of a tetramer. Finally we
consider a structure (C) where a Au atom is situated on top of
a pyramidal tip forming a chain-like structure. This last
geometry is motivated by the strength of the Au-C bond and
by the results of simulations where the molecule is pulled
from the surface, where the Au—Au, rather than the Au—-C
bond, is found to break [46]. In all cases, junction geometries
are relaxed, as described below, and we find that the molecule
binds above the terminal tip apex. In the case of the tetrameric
tip, the molecule binds above one of the corners and there is
some bending of the conjugated backbone due to the inter-
action of the 7 backbone. Figure 1 shows the junction geo-
metries as well as details of the tip structures (insets).

We use SiestaA [47] and TRANSIESTA [48] for the structure
relaxation and the calculation of the electronic and transport
properties. We use a single-( plus polarization basis for gold
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Figure 1. The four tip geometries considered: tetramer (T), adatom
(A), pyramid (P) and chain-like structure (C). Insets show a top view
of the Au slab (orange), Au tip atoms (blue) and the first C atom
(brown). In the case of the C geometry, the Au atom above the
pyramidal structure is shown in green.

and a double-( plus polarization basis for nitrogen, hydrogen
and carbon atoms. Exchange-correlation is described with the
generalized gradient approximation [49].

We carry out all transport calculations at representative
geometries obtained by minimizing the energy with respect to
the inter-electrode separation. The position of the molecule,
tip atoms and the first gold layer were relaxed until residual
forces fell below 0.02eVA ™! We use a k =5 x 5 Mon-
khorst—Pack grid for the calculation of the electronic structure
and a k =15 x 15 grid for transmission spectra. Eigen-
channels are calculated following the method of Paulsson and
Brandbyge [50] using Inelastica [51].

3. Results

Figure 2 shows the electron transmission spectra T(E) of the
NHC-based molecule with the four tip structures considered.

3.1. Elastic transmission

At energies close to those of molecular backbone resonances,
the spectra show peaks with a transmission close to 1. Below
the edge of the Au d band situated at ~—2 eV, the molecular
states are in resonance with these states and result in high-
transmission features in the T(E) curves. A clear trend is
apparent from figure 2, where the curves are shifted with
respect to each other, with the spectral features appearing at
progressively deeper energies along the T, A, P and C tip
series. This is also clearly reflected in the position of the
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Figure 2. Transmission spectra and position of the MPSH LUMO
(diamonds) for the geometries considered.

Table 1. Position of the LUMO peak, conductance at the Fermi level,
full width at half maximum I" of the LUMO resonance and net
charge on the molecule AQ for all tip structures.

Tip ELumo  G(ER) r AQ
(eV) Go) (V) (-9
T 1.19 0.0045 0.16 —0.37
A 0.93 0.0081 0.18 —0.50
P 0.68 0.0200 022 —-045
C 0.45 0.0024 0.03 —-0.41

eigenstates of the molecular projected self-consistent Hamil-
tonian (MPSH) shown in figure 2 as filled diamonds. The
MPSH is constructed for each junction as the ‘box’ in the
metal /molecule/metal Hamiltonian corresponding to the
molecular region only. It differs from the Hamiltonian of an
isolated molecule with the same geometry in that the MPSH
matrix elements are those of the molecule at the junction.
Other MPSH empty orbitals follow the same trend.

The LUMO-derived resonance plays a dominant role for
all tip structures. Its calculated position changes over
~0.75 eV with the choice of tip structure, from 1.19eV for
the tetramer to 0.45 eV for the chain-like tip. While variations
in the position of molecular level resonances with tip shape
have been previously reported for other molecular junctions,
we note that these were smaller, typically <0.5eV
[20, 23, 25, 27].

For the first three tip structures (T, A, P) this shift results
in an increase of the calculated conductance, from
4.5 x 103Gy to 2.0 x 102G, (table 1). However, the cal-
culated conductance of the chain-like tip structure (C) is much
lower (2.4 x 1073G,) despite the LUMO position closer to
the Fermi level. This latter value results from the lower
electronic coupling in the chain-like structure where the
molecule is physically separated from the electrode and tip
structures. Table 1 shows the full width at half maximum of
the LUMO resonance, calculated from Lorentzian fits of the
transmission peak. The width is roughly the same for the T, A
and P tip structures but much smaller for C. In order to
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Figure 3. Transmission at the Fermi level as a function of LUMO
peak position for the structures considered. The dashed line
represents the transmission for a one-level model centered at £ ymo
with a constant FWHM I, given by the average of the T, A and P
values, as described in the text.

calculate the conductance reduction arising from the reduced
coupling in the chain-like structure and disentangle the effects
of the LUMO position from the electronic coupling, we
average the width of the LUMO peak for the T, A and P
structures. This value I}, = 0.19 eV gives an estimate of the
electronic coupling of non-chain-like tip geometries. Figure 3
shows the calculated zero-bias conductance across the T, A,
P, C series as a function of the LUMO position. The dashed
line shows the transmission at the Fermi level as a function of
Epumo of a one-level system [2] having a broadening given
by I},. For the T, A and P structures, the dashed line is close
to the calculated conductance values, implying that these tip
structures are well described by a simple one-level model
with a constant (averaged) width. For the chain-like C
structure there is a large discrepancy in the conductance
calculated from the one-level model and from first-principles,
the former being ~17x higher. Therefore this comparison
allows us to quantify the effect on conductance of the reduced
electronic coupling of structure C. We note that the C geo-
metry has a binding energy that is stronger than the other
junctions by ~0.3 eV, as expected from the undercoordinated
Au atoms. However, for this elongated structure, this reduced
coordination of the contact Au atom results in smaller
hybridization and decouples the molecular states from the
bulk, resulting in narrower spectral features of the C structure.

Despite the smaller electronic coupling of the molecular
states in the C geometry, the nature of the conducting orbitals
is the same for all four tip structures considered. The LUMO
peak corresponds to an orbital of 7 symmetry delocalized over
the whole molecular backbone. This is the also case for other
unit transmission peaks in figure 2. In addition to these 7
peaks, there is a channel of o symmetry involving mostly Au
tip atoms and the imidazole end group, whose transmission
varies slowly over several eVs around the Fermi level.
Figure 4 shows these two transmission channels for adatom
tips (A). The figure shows the real part of the scattering state
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Figure 4. (a)-(b) First and (c)—(d) second most transmitting
eigenchannels at the energy of the LUMO peak for the A geometry,
having 7 and o-type symmetry, respectively.

of the most conducting (7) and second most conducting (o)
channels at the energy of the LUMO resonance for isovalues
of 0.05 and 0.01 e Bohr > respectively. Away from molecular
backbone resonances the conductance of this 7 channel
decreases. Depending mostly on the width of these peaks, the
transmission of this channel can fall below the transmission of
the o channel either at some energies or at certain k-points.
This is the case (figure 2) of the C geometry between —1.5
and 0 eV, where the most conducting channel is the o channel.

3.2. Molecular level shift: electrostatic effects

The dependence of frontier energy level position with tip
shape depends on the atomistic details of the interface and on
the electronic properties of both metal and molecule. The
work function for the specific electrode termination, its initial
offset to the isolated molecular levels, the spatial distribution
of these states and the junction geometry all determine the
charge transfer and rearrangement that takes place at the
interface. Different mechanisms that contribute to the inter-
face dipoles such as the formation of metal-molecule che-
mical bonds, compression of the metal wave functions upon
adsorption (‘pillow effect’) or molecular permanent dipoles,
have been studied [52]. In these NHC junctions, the mole-
cular level shift due to the coupling to the electrodes is, from
the MPSH eigenstates in figure 2, approximately the same for
all structures (~0.2 eV) and corresponds to an up-shift with
respect to the isolated molecule. Thus this effect cannot on its
own explain the relative position of the LUMO peak for the

four different junctions, requiring an analysis of the level
alignment including electrostatic effects of metal-molecule
interactions. The position of molecular resonances for dif-
ferent tip shapes was analyzed in detail in the past for
bipyridine on Au [20, 44, 45]. There, the authors observed
large changes in the LUMO position with tip shape and
established a relation between its position and the coordina-
tion number N, of the gold atom in contact with the molecule.
The authors highlighted the role of the metal d states and
explained the shift of molecular levels in terms of metal-
molecule charge transfer. We also investigated the role of the
metal d states but found no clear correlation. Instead, we find
that our results can be clearly understood in terms of charge
redistribution and change in the work function for the dif-
ferent electrode terminations.

Upon adsorption, charge transfer and rearrangement
result in the renormalization of molecular levels with respect
to the isolated molecule [52]. The charge redistribution
associated to such process is commonly discussed in terms of
the plane-averaged difference between the electron density of
the molecular junction and that of the isolated metal and
molecular subsystems [53, 54]:

Paite (2) = ﬁjcn (@) = [Pmo1 (2) + Diperar (2] oY)

where p,, (z) is the electron density of the metal /molecule/
metal junction while 5., (z) and P, (z) are the electron
densities for the isolated molecule and metal subsystem,
respectively. This approach takes into account the combined
effect due to charge transfer and redistribution at the junction.
In the calculation of the charge densities of both subsystems
we used ghost orbitals in order to correct for basis-set
superposition errors [55].

The plane-averaged electron redistribution 7y (z) is
shown in figure 5. Inside the molecule g (z) is negative,
corresponding to electron depletion, and approximately the
same for all four junctions; the most relevant differences arise
in the region corresponding to the tip atoms. In all cases there
is an electron accumulation on Au atoms; the maximum
electron density increase of all four junctions is 0.34|e| Al
near the surface Au layer in the A geometry. In all cases this
charge redistribution is almost completely screened out at the
second gold layer.

Table 1 shows the net charge of the molecule, calculated
by integrating equation (1) in the z-direction. Due to the sharp
oscillations of g [44, 53, 56], AQ is sensitive to the choice
of the boundary points for integration. Here we choose the
Au-C midpoints, in agreement with other works [56, 57].

The net charge transfer is strong and negative, corresp-
onding to electron transfer from molecule to Au, consistent
with the reported donor behavior of carbenes [32]. Never-
theless, regardless of the integration limits for the calculation
of AQ, there is no clear relation between the LUMO position
and AQ and molecular level position cannot be fully
explained in terms of net charge transfer alone.

The electric field and electrostatic potential associated
with charge rearrangement upon adsorption across the
molecular junction can be obtained by solving the one-
dimensional Poisson equation for the plane-averaged
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Figure 5. Plane-averaged electron density differences 7 and the
corresponding junction geometries. Electrons are depleted from the
molecular region in all four cases.

charge density difference:

€Paise (2)
€0

VE(z) =

Here we used the vacuum dielectric constant ¢,. Figure 6
shows the electric field across the junction for all structures.
The field reaches its maximum amplitude close to both metal-
molecule interfaces and goes to zero at the center of the
molecule. The overall shape as a function of the distance
along the z-direction approximately resembles two triangles.
Figure 6 also shows vertical lines near both interfaces where

Figure 6. Electric field E(z) across the junction for all structures.
Vertical lines delimit the depletion region (DR). The lower panel
compares the maximum values of the electric field in all four cases.



Nanotechnology 27 (2016) 125702

G Foti and H Vazquez

Table 2. Coordination number N, of the tip contact atom, maximum
electric field E,,,., length of the tip, extension of the depletion region
DR, maximum of the renormalization potential energy and tip work
function for all tip structures.

Ne  Emx L DR eVpy &

VA A A @) (@)
T(6) 0.25 1.96 7.57 —-1.00 5.27
A@4) 0.40 1.88 747 —-138 538
P4) 0.38 3.90 930 —1.65 524
C() 0.45 642 1183 -235 5.60

the field reaches a minimum value. This depletion region
(DR) effectively indicates where in the junction an induced
field arises due to charge rearrangement. The extension of the
DR depends on the tip structure. If we measure tip length as
the vertical distance of the contact Au atom from the Au
surface layer (figure 1), DR is larger for longer tips, as shown
in table 2. Finally, the bottom panel of figure 6 compares the
maximum amplitudes E,,,x of the induced electric field for all
four cases. Interestingly, E,,.. is higher for the tips where the
tip contact atom has a lower coordination number N, (table 2).

The two parameters E,,,x and DR define the amplitude of
the electrostatic potential profile V(z) felt by the electrons tun-
neling through the junction. V(z) is obtained by integrating the
electric field along the z-direction and corresponds to the
potential resulting from the charge redistribution at the junction:

vwz—[fE@&. 3)

Larger E,, and DR values result in a larger maximal
renormalization potential amplitude V... The maximum
values of the electrostatic potential energy profiles are listed
in table 2. For all geometries, the renormalization potential
energy eV(z) is negative, consistent with a downshift of
molecular levels with respect to the isolated molecule due to
charge transfer and redistribution. The maximum amplitude
of this renormalization potential V., is larger for longer tips
and for lower N.. These results suggest that atomic scale
design of tip structure in NHC-based junctions can allow
control over the position of molecular levels, and in particular
the LUMO, over several tenths of an eV.

The trend of eV, With tip shape is consistent with the
downshift of the LUMO peak position in the transmission
spectra. Nevertheless the LUMO position does not depend
linearly on eV, either. The relation of the LUMO position
with respect to tip shape is understood when one includes in
the analysis the work function @, of the different Au struc-
tures, where the values ®, depend on the specific tip termi-
nation. The calculated values of ®, are listed' in table 2. The

! To calculate the work function corresponding to each tip termination in

Smsta we first compute the Fermi level in a separate bulk electrode
calculation. We then remove all molecular atoms from the metal /molecule/
metal structure. @, is the bulk Fermi level modified by the difference of the
electrostatic potential, corrected by the neutral atom potential, in the plateaus
inside the metal and at the center of the vacuum gap for each metal /vacuum/
metal junction [59].

T T T T T T T T T T
12 o
T
I A
- P
A C
1 1
=> L
&
o)
So08f il
2
-
i ity s -
LUMO
06 —
HOMO
L | L 1 L | 1 1 L |
0.
42 3.4 3.6 3.8 4 42

ev ..+ (eV)

Figure 7. Position of the LUMO peak as a function of the sum of the
local work function ®; and the maximum renormalization potential
energy e¢V.x. The inset illustrates the molecular levels tending to
align with the work function of the specific tip structure.

values for the T, A and P geometries are close to that of the
flat surface (5.37eV) and close to experiment [58]. For the
chain-like geometry C we get a larger value of 5.6eV. &,
determines the local potential with which the orbitals of the
NHC molecule tend to align (inset in figure 7). The values of
&, reflect the slightly different surface dipoles and potential
energy profiles in the proximity of the surface. The charge
rearrangement at the interface g, (z), on the other hand, is
associated to metal-molecule interactions and can be expected
to result in different potential energy profiles e¢V(z) for each
particular junction. The sum of the work function for each tip
structure @, with the potential energy at the center of the
molecule eV, thus defines the shift in the position of the
LUMO across the different junctions. Figure 7 shows a clear
linear relation between the LUMO position and ®; + eV},.x,
which completely characterizes the charge rearrangement at
each junction. A similar result, where the level shifts increase
with a decreasing coordination number, had been reported for
the weakly coupled bipyridine/Au system [45]. For NHC-
gold junctions, where we observe a strong dependence of the
LUMO position with tip shape, the atomistic details of tip
termination strongly influence the level alignment. Thus, our
results provide a complementary direction for the gating of
NHC-based molecular circuits.

4. Conclusions

In this paper we have studied the electronic and transport
properties of a NHC-based molecule anchored to Au(100)
through a series of tips of different shape. In particular we
considered tips consisting of an adatom, a tetramer, a pyramid
and a chain-like termination where a Au atom is positioned
above a pyramidal tip. We found that for these NHC-based
junctions the atomistic details of the tip structure strongly
influence the position of molecular levels, in particular of the
LUMO, which can change over almost 0.8 eV and which
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determines conductance. We completely characterized the
LUMO position in terms of the electrostatics involved in the
charge rearrangement at each junction. Although the total
transferred charge, charge redistribution and work function
are different from one junction to another, the LUMO posi-
tion cannot be explained in terms of these quantities alone.
Instead, we found that the LUMO shifts correlate closely with
the sum of two quantities which depend on the specific tip
structure: the work function and the maximum electrostatic
potential arising from charge rearrangement. These terms
describe respectively the different initial situations for align-
ment (e.g. work function) and the charge redistribution at the
junction associated to the alignment process. Longer tips with
a low coordination number of the Au atom which binds to the
molecule induce a more pronounced downshift of molecular
levels. Since transport is LUMO-dominated, this downshift
results in a conductance increase except for the chain-like tip
where, despite the strongest downshift, the significantly
weaker electronic coupling decreases conductance. Our
results show that the choice of tip structure, by determining
the LUMO position, effectively gates the carbene levels. This
opens the way for the tuning of conductance in NHC-based
molecular junctions through the controlled design of tip
structure.
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