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Stable single-molecule switches with high on-off ratios are an essential component for future mole-
cular-scale circuitry. Unfortunately, devices using gold electrodes are neither complementary metal—
oxide-semiconductor (CMOS) compatible nor stable at room temperature. To overcome these limitations,
several groups have been developing electroburnt graphene electrodes for single molecule electronics.
Here, in anticipation of these developments, we examine how the electrical switching properties of a
series of porphyrin molecules with pendant dipoles can be tuned by systematically increasing the number
of spacer units between the porphyrin core and graphene electrodes. The porphyrin is sandwiched
between a graphene source and drain and gated by a third electrode. It is found that the system has two
stable states with high and low conductances, which can be controlled by coupling the dipole of the
functionalised porphyrin to an external electric field. The associated rotation leads to the breaking of con-
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jugation and a decrease in electrical conductances. As the number of spacers is increased, the conduc-
tance ratio can increase from 100 with one spacer to 200 with four spacers. This switching ratio is further
enhanced by decreasing the temperature, reaching approximately 2200 at 100 K. This design for a mole-
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Introduction

Single-molecule electronic devices have been investigated
intensively both experimentally’”” and theoretically,® " start-
ing with the first molecular rectifier reported in 1974.' Since
that time a variety of tuneable transport properties and active
functionalities have been investigated, including molecular
switches.'”° One example is the photo-switching operation of
aryl azobenzene monolayer bridges between two vertical gra-
phene sheets, whose conductance can be switched using opti-
cally induced length changes of the molecule.*" The second
example involves redox-based switching, in which a molecule
based on anthraquinone with a cross-conjugated structure is
in the “off” state, whereas it is in the “on” state when it is
reduced to linear conjugation.'® Another is based on confor-
mational change, in which the conductance is tuned by
decreasing the pi-pi orbital overlap within a bridging moiety
by rotating adjacent phenyl rings.'>** Recently, in an effort to
overcome the limitations of gold electrodes for coming in
contact with single molecules, graphene electroburnt
nanogaps®>® have been developed, which can be electro-
statically tuned by a nearby buried gate electrode.”**° This
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cular switch using graphene electrodes could be extended to other aromatic systems.

opens the way to the design of new molecular switches, which
takes advantage of specific properties of such planar
geometries.

In the present paper, stimulated by the fact that conju-
gation can be broken by rotating two adjacent planar aromatic
rings,'> we examine the possibility of single-molecule conduc-
tance switching when a single aromatic ring is rotated relative
to the pi system of graphene electrodes. The target three-term-
inal device is shown in Fig. 1 and consists of a single por-
phyrin molecule placed in the nanogap between two graphene

Fig. 1 (a) Three terminal concept for nanoscale switch with source and
drain and gate electrodes. (b) Schematic of the graphene/molecule/gra-
phene device with one triple bond as a spacer. Graphene is terminated
by hydrogen (white atoms). The red, yellow, and blue atoms represent
oxygen, sulphur, and nitrogen, respectively.
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electrodes and simultaneously gated by a third electrode.
When the porphyrin and graphene sheets are in the same
plane, we expect the conductance to be high. When the plane
of the porphyrin is perpendicular to the graphene plane, the
conjugation will be broken and we expect the conductance to
be low.

In the device shown in Fig. 1, the single porphyrin sus-
pended in the graphene nano-gap contains pendant moieties,
which create a dipole moment parallel to the plane of the por-
phyrin. The concept we aim to investigate is whether or not
the porphyrin can be rotated by application of a modest elec-
tric field and whether or not this rotation creates a significant
on-off ratio of the electrical conductance. In what follows, we
demonstrate that there can be a huge difference in conduc-
tance between the zero-gate-voltage state and the device above
a certain gate threshold value and therefore this combination
of graphene electrodes and a porphyrin bridge is a promising
design for a single-molecule switch. Crucially, it is possible to
enhance the switching behaviour by increasing the separation
between the graphene electrodes and functionalised porphyrin
molecule. We demonstrate that the room temperature on-off
conductance ratio can vary from 100 to 200 by increasing the
number of C-C triple bonds from one to four, which act as
spacers between porphyrin and graphene. We also demon-
strate that the conductance ratio increases further from 200 to
approximately 2200 by reducing the temperature to 100 K.

Results and discussion

Fig. 1(b) shows a single porphyrin molecule functionalised
with side groups which impart a dipole moment in the y direc-
tion, parallel to the plane of the porphyrin core. The latter is
connected to two electroburnt graphene sheets via acetylene
linkers. The separation between the two planar graphene
sheets is d ~ 1.3 nm and therefore they are electronically
decoupled, except via the transport path through the por-
phyrin. Initially, as shown in Fig. 1, we consider only a single
C-C triple bond spacer between each graphene electrode and
the porphyrin. In our density functional theory (DFT) calcu-
lations, to avoid spurious edge effects, the structure is
assigned periodic boundary conditions in the y direction.

To understand the change in conductance due to a rotation
0 about the axis of the triple bonds, we first compute the
room-temperature electrical conductance (see Theoretical
methods) when the porphyrin is frozen at a series of 6 values
between zero and 180°. Since the Fermi energy Ep of the elec-
trodes relative to the HOMO and LUMO levels could be tuned
by doping or external gating, in Fig. 2(a) and (b), we plot
graphs of room temperature ‘frozen’ zero-bias conductance
G(Eg,0) versus Er for different values of 6. Fig. 2(a) shows the
results for rotation angles 6 between 0° and 90°, while
Fig. 2(b) shows the results for § between 90° and 180°. (The
transmission spectra from which these conductances are
derived are shown in Fig. S1 of the ESLt) The results are
plotted against Er — ERFT, where EDFT is the DFT-predicted
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Fig. 2 Electrical conductances and energy landscapes of the device in
Fig. 1b, with one triple bond on each side. (a), (b) For a series of fixed
values of 0, these figures show room-temperature electrical conduc-
tances (in units of Go = 2e®/h) without a gate electric field as a function
of the Fermi level Er of the electrodes relative to the DFT-predicted
value. (c) Potential energy versus 6 for a series of perpendicular electric
fields 0.0 Vnm™, 0.2V nm™ 0.4V nm™, and 0.6 V nm™. The dots rep-
resent the total energies relative to the energy at 0° and 0 V nm™ calcu-
lated by DFT, which are fitted by y = asin?@ + b. (d) The corresponding
Boltzmann probability distribution (defined by eqn (2) and (3)) against
0 under different gate electric fields at 300 K. The different structures
corresponding to different rotating angles are not relaxed, because
otherwise, upon relaxation, they would all relax back to the same
minimum-energy angle.

Fermi energy. The junction in Fig. 1(b) is not exactly symmetric
about a perpendicular plane passing through the triple bonds,
and therefore G(E§,90° — 6) is almost, but not quite equal to
G(Eg,90° + 6). This slight asymmetry is due to the different
structures of the dipole moieties -C4H,SO3, -NCsH,CH; and
the slight asymmetric connection to the graphene, imposed by
the armchair edge. Clearly, there is a huge variation in G(Eg,6)
as 6 varies between 0° and 90°. Fig. 2(a and b) show that there
are two main resonances at —1 eV and 0.5 eV for all angles
except for 90°, where the conjugation between the pi system of
porphyrin and the pi orbitals of graphene is broken. This
broken conjugation at 90° leads to a low conductance over a
range of Fermi energies in the vicinity of ERFT. In order to gain
insight into the origin of these resonances, Fig. 3 (left column)
shows the local density of states (LDOS) in the vicinity of ERFT,
which is concentrated on the pendant moieties, whereas the
right column shows that the LDOS at the transport resonance is
around 0.3-0.5 eV, which is more delocalised across the back-
bone of the molecule. Similarly, the LDOS at —0.7 eV resonance
is dominated by the pendant group, while that at —1 eV reso-
nance is delocalised on the porphyrin core. The positions of the
‘delocalised’ resonances near 0.3-0.5 eV and —1 eV correspond
to the LUMO and HOMO of the pure porphyrin molecule sand-
wiched in the graphene nano-gap (see Fig. S4 in ESIf), whose
molecular orbitals are plotted in Fig. S2 of the ESL.{

Fig. 2(a) and (b) show the conductance when a rotation
angle 0 is artificially imposed. In practice, the junction is con-
trolled by imposing an external gate voltage V and at a finite
temperature 7, the rotation angle will fluctuate thermally. The
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Fig. 3 Local density of states (LDOS) of the junctions at 0° and 90°
rotation angles. (a) and (b) show the LDOS in the energy windows
—0.1-0.1 eV and 0.3-0.5 eV separately for 0°. (c) and (d) are for 90°. (e)
and (f) are the lateral views for 90°. The energy windows refer to the
DFT Fermi level in Fig. 2(a) and (b). Here, yellow atoms depict carbon
atoms and light blue atoms depict hydrogen atoms. The LDOS is calcu-
lated by integrating the imaginary part of the Green's function Glr,E)
with respect to energy E over a small energy window, centred of a par-
ticular energy. In the figure, results for two energy windows are pre-
sented, namely —0.1 eV to 0.1 eV and 0.3 eV to 0.5 eV. As shown in the
figure, the orbitals within the first energy window are mainly located in
the pendant groups, while the orbitals within the second energy
window are localised on the porphyrin backbone.

probability of finding a given angle 6 will be proportional to
the Boltzmann factor e"Y@"/ %) wwhere U(6,V) is the change in
energy of the junction as a function of # and V.*' Fig. 2c shows
the change of total energy U(0,V) versus rotation angle 6 with a
series of gate voltages V. The dots in blue, red, yellow, and
purple correspond to energy changes under perpendicular
electric fields 0 V nm™, 0.2 V nm™, 0.4 V nm™}, and
0.6 Vnm™*
fitted to the function y = a sin® @ + b presented in solid lines, where
b is an irrelevant constant, which disappears after normalising
the Boltzmann weights, as shown in eqn (3). The blue line
shows that in the absence of a gate field, the energy minimum
occurs at # = 0° and the maximum appears at 90°. On the
other hand, the purple line shows that as the gate electric field
increases, the energy minimum eventually switches from 0° to
90°. To compute each of the conductance curves of Fig. 2a and b,
the rotation angle is constrained at a particular value of § and
the conductance is calculated using eqn (4). To determine
the value of 8 adopted by the switch at a given gate voltage V,
the total energy U(0,V) was computed for a series of angles 0

obtained from the DFT calculation. These dots are
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and is plotted in Fig. 2c. At absolute zero and at a given gate
voltage V, the switch would adopt the angle corresponding to
the minimum of U(#,V). However, at finite temperatures, the
switch is subject to thermal fluctuations and will sample all
angles. The probability distribution P(6,V) that at a particular
instant the switch will assume an angle @ is given by the
Boltzmann distribution of eqn (2). For the single triple bond
and different values of V, the room-temperature probability
distributions are plotted in Fig. 2d and show that those angles
corresponding to minima in U(6,V) are sampled with the
highest probability.

Fig. 4(a) shows the cos” @ relationship between the conduc-
tance and the rotation angle. Here, the Fermi level is chosen to
be Er — EPFT = —0.25 eV, which is close to the middle of the
HOMO-LUMO gap. The cos” @ dependence arises, because the
coupling to both the left and right graphene electrodes is pro-
portional to cos®@ and the total conductance through the
whole junction is proportional to the product of these
couplings.®?**>7*

Fig. 4(b) illustrates the Boltzmann-averaged conductances
obtained from eqn (5) for the series of perpendicular electric
fields shown in Fig. 2(d). Specifically, the four average conduc-
tance curves shown in Fig. 4(b) are obtained based on the con-
ductance curves in 2(a) and 2(b) of the 19 rotation angles and
the distribution curves of the four electric fields in 2(d) accord-
ing to eqn (5). This shows that for a wide range of Fermi ener-
gies within the HOMO-LUMO gap (more precisely, —0.4-0.4
eV), the conductance decreases approximately by two orders of
magnitude due to the switching on of a 0.6 V nm™" electric
field and therefore this porphyrin-graphene device is a poten-
tial switch. On the other hand, an on-off conductance ratio of
100 (one specific value at a Fermi energy Ex — ERFT = —0.25 €V)
in comparison with the gate electric field of 0 and 0.6 V nm™
is not quite sufficient to be of technical interest and therefore
we now demonstrate that this ratio can be improved by increas-
ing the number of triple bonds connecting the porphyrin core
to the graphene.

Fig. 5(a) shows a sketch of the device with two C-C triple
bonds connecting the porphyrin to the graphene and Fig. 5(b)
shows the corresponding energy landscape for four values of
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Fig. 4 (a) Conductance versus the rotation angle derived from Fig. 2(a)
and (b) at (Ef — EPFT = —0.25 eV). The pink dots are obtained from the
DFT calculation and the blue solid line is the fitting curve by y = acos*6
+ b. (b) Boltzmann-averaged conductances versus Fermi energy calcu-
lated using eqn (5) by averaging over the curves in Fig. 2(a) and (b), using
the probability distributions in Fig. 2(d).
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Fig. 5 (a) Geometry of the switch with two carbon—carbon triple

bonds on each side. (b) Potential landscape under different perpendicu-
lar electric fields. Similar plotting to Fig. 2(c). (c) Potential barrier
extracted from the fitting curve as a function of the number of triple
bonds on each contact. The blue one represents the energy barrier
without gate while the red shows the potential well under 0.6 V nm™
(d) Zero-bias, room-temperature conductance versus the external per-
pendicular electric field. The blue, red, cyan, and pink are for one, two,
three, and four triple bonds structure. Here, the Fermi level is chosen to
be near the centre of the HOMO-LUMO gap, at £¢ — EPFT = —0.25 eV.

the perpendicular electric field ranging from 0.0 Vnm™" to 0.6
V nm™'. This series of calculations was repeated for junctions
with three and four triple bonds connecting the porphyrin to
each graphene electrode and in each case, a fit to the formula
U(8,V) = asin® @ + b was carried out. The energy landscapes for
the structures with three and four triple bonds on each side
are shown in Fig. S5 of the ESL{ Fig. 5(c) shows the plots of
the barrier heights a when the perpendicular electric field is
either zero (blue) or 0.6 V nm™" (red). For the former, a is posi-
tive, corresponding to a maximum at 8 = 90°, and the barrier
decreases with the number of triple bonds. For the latter, a is
negative, corresponding to a minimum at # = 90° and the
energy barrier increases with the number of triple bonds. In
the absence of a gate voltage, it varies from about 0.2 eV for
the single triple bond linker to 0.09 eV for the 4-triple bond
linker. For comparison, kg7 at room temperature is 0.025 eV.
In the presence of a 0.6 V nm™" gate field, it increases from
about 0.25 eV for the single triple bond linker to 0.39 eV for
the 4-triple bond linker. Since these are an order of magnitude
greater than room temperature, switching is significant. Of
course mathematically, for a large enough number of triple
bonds, this trend should reverse and the energy barrier would
tend to zero. However, in practice, the number of triple bonds
is restricted by limits of synthetic chemistry, and therefore
Fig. 5(c) suggests that this limit is not readily accessible.

Fig. 5(d) shows the Boltzmann-averaged conductances
obtained at a Fermi energy Er — EX¥T = —0.25 eV near the
middle of the HOMO-LUMO gap. As expected, the conduc-
tances decrease as the number of triple bonds increases,
because transport takes place via phase-coherent tunneling.>®
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Furthermore, all conductances decrease with increasing elec-
tric field, because the most probable rotation angle switches
from 6 = 0° at low fields to 6 = 90° at high fields. Fig. 5(d)
shows that when the gate field 0.6 V nm™" is imposed, the
room-temperature conductance decreases by a factor of 100 for
one triple bond, approximately 150 for two triple bonds, 185
for three, and 200 for four triple bonds (pink curve). This
demonstrates that the on-off ratio can be increased signifi-
cantly by increasing the length of the linkers between the por-
phyrin core and the electrodes.

Of course, as the length of the linkers increases, the syn-
thetic chemistry becomes more challenging, and therefore to
further increase the on-off ratio, we considered the effect of
reducing the temperature. As shown in Fig. 6, reducing the
temperature from 300 K to 100 K increases the on-off ratio
from 100 to 1000 for one triple bond structure using the same
electric field. This increase occurs, because in the presence of
a 0.6 Vnm™" gate field, thermal fluctuations about the energy
minimum are suppressed and therefore only low conductances
near 6 = 90° are sampled.

Fig. 6(a) shows the on/off ratio evolution as a function of
temperature. At infinite temperature, the on/off ratio would be,
because all rotation angles would be sampled with equal prob-
ability, independent of the energy landscape. Fig. 6(b) shows
the on/off ratio at room temperature, which increases from 100

20001 -e-one
-8 -e-two
© 1500 v three
E ., -e-four
51000k
< L SR
O 500 Tle. e e
Bl (P .A:~:':§('_‘_?:1
0
100 150 200 250 300
T (K)
200 J |
o o
L -
= Lo
Iod &
Yy— A -@-300K
‘5 150
Q 4
j
© ; (b)
1006-
1 2 3 4

Number of Triple Bonds

Fig. 6 (a) On/off ratio evolution versus temperature T. The blue,
orange, yellow, and purple are for one-triple bond, two triple bonds,
three triple bonds, and four triple bonds structure, respectively. Here
one, two, three, and four mean the number of triple bonds on each
contact between the electrode and molecule. The corresponding curves
at finite bias are presented in Fig. S6—5 of the ESI.T (b) On/off ratio evol-
ution versus the number of triple bonds on each side. As an example,
the on-off ratio of 100 for a single triple bond is obtained from Fig. 4b
by comparing the conductance at one specific Fermi energy for a
gate voltage of 0 with the corresponding value at a gate voltage of
0.6 V nm™L. In practice, the precise Fermi energy depends on the doping
of the graphene, which in most experiments is hole doped. Therefore,
the selected Fermi energy was chosen to be Er — EPFT = —0.25 eV
relative to the pristine value.
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to 200 when the number of triple bonds increases to four.
Furthermore, from Fig. 6(a), at 100 K, the corresponding
increase is from 1000 to 2200.

Theoretical methods

We used the DFT code SIESTA*® to obtain the optimized geo-
metry adopting the generalised gradient approximation (GGA)
and PBE functional®” for the exchange and correlation. We
also chose a double-{ plus polarized (DZP) basis set. Here, a
large unit cell 50 x 51.12 in the x and y directions shown in
Fig. 1(a) is adopted to avoid the electrostatic interaction
between the dipole moieties due to periodic boundary con-
ditions. For each angle 6, we then extracted the resulting
mean-field Hamiltonian and overlap matrices and used them
to compute the electrical properties of the devices with trans-
port code Gollum.*® For a given angle 6, the transmission
coefficient T'(E,0) for electrons as a function of energy E is cal-
culated through the equations:

T(E,0) = Tr[['(E)G(E)r(E)G' (E)] (1)

where I x(E) is the anti-Hermitian part of the self-energies:
Ir(E) = i(S1r(E) — Zur T (E))/2. It determines the width of
transmission resonances, X r(E) are the self-energies describ-
ing the contact between the molecule and left (L) and right (R)
electrodes. While G is the retarded Green’s function of the
molecule in the presence of the electrodes. The thermally-
averaged conductance G(Eg,V) is evaluated using the following
formulae:

P(6,V) = %B—U(ehm/(m) 2)
A= i e U0:V)/(ksT) (3)
" of (E)
G(Ex, 0) = Go Lo dET(E, 0) (f W) (4)
G(Ep,V) = iG(EFﬁi)P(@m V) (5)

i=1

where G, = 2¢*/h is the conductance quantum; % is the
Planck’s constant; e is the charge of a proton; f(E) = (1 + exp(E
— Egp/kgT))™" is the Fermi-Dirac probability distribution func-
tion, Er is the Fermi energy, and V indicates the gate voltage.
In eqn (5), the quantity P(6,V) is the well-known Boltzmann dis-
tribution, which determines the statistical probability density
that a system in thermodynamic equilibrium will be found to
have energy U(0,V) and hence a rotation angle 6.

Conclusions

In summary, using density functional theory combined with
Green’s function scattering techniques, we have computed the
electrical conductance versus gate voltage of a porphyrin mole-
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cule sandwiched between two electro-burnt graphene electro-
des. The porphyrin is connected to each electrode by oligoyne
spacers formed from one to four triple bonds. Due to the pres-
ence of pendant moieties, which create an electric dipole
moment, the gate voltage rotates the pi system of the por-
phyrin relative to the pi system of the graphene. For a rotation
angle 0 = 0, the pi systems are aligned and the conductance is
high. For 6 = 90°, the pi systems are orthogonal, the conju-
gation is broken, and the conductance is low. It is found that
there exists a large conductance ratio between the on (6 = 90°)
and off (§ = 0°) states, whose the room-temperature value
ranges from approximately 100 for one-triple-bond spacers to
200 for four-triple-bond spacers. This on-off ratio can be
further increased to 2200 by cooling the switch to 100 K. The
above strategies for increasing the on-off ratio could be
applied to other molecules with a conjugated core, connected
to graphene electrodes by oligoyne linkers. To date, switches
of the kind discussed in this paper have not been realised
experimentally, but we are hopeful that our study will encou-
rage progress in this direction. There are two possible junc-
tion-formation techniques, which could be used to create
these switches. The first uses electroburning to produce gra-
phene nanogaps of the required size,***?® while the second
uses ultrahigh-resolution electron-beam lithography and
oxygen plasma ion etching.”® Interestingly, TEM images of
such graphene junctions show that linear carbon chains can
form at a variety of angles to the graphene edges, including
the almost 90° bond angle assumed here.*”
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