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Direct Determination of the Energy Required to Operate a Single Molecule Switch
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Using a noncontact atomic-force and scanning-tunneling microscope in ultrahigh vacuum, we have
measured the switching energy of a single molecule switch based on the rotation of a di-butyl-phenyl leg
in a Cu-tetra-3,5 di-tertiary-butyl-phenyl porphyrin. The mechanics and intramolecular conformation
of the switched leg is controlled by the tip apex of the noncontact atomic-force microscope. The
comparison between experimental and calculated force curves shows that the rotation of the leg requires
an energy less than 100� 10�21 J, which is 4 orders of magnitude lower than state-of-the-art
transistors.
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FIG. 1 (color online). (a) Chemical structure of the di-
tertiary-butyl-phenyl porphyrin molecule (Cu-TBPP). (b) Topo-
graphy of six Cu-TBPP molecules close to a step operating in
constant mean tunneling current mode; It-mean � 3:8 nA!
It � 50 nA, A0 � 4:4 nm, Usample � 1:75 V. (c) Frequency
shift with a mean value of �f � �320 Hz and a corrugation
of 1.8 Hz. (d) Aexc corresponding to the dissipated power P �
bond in the molecule. 2:7� 10�14 W with a corrugation of �P � 9:0� 10�16 W [9].
The very low ‘‘ON-OFF’’ switching energy of nano-
scale switches fabricated using a single molecule is often
argued to present a major advantage of molecular elec-
tronics [1]. If true, this will offer a drastic reduction of
the power dissipated by a molecular electronic circuit
compared to the actual solid state integrated circuits.
The power consumption of today’s processor chips such
as the Pentium 4 is in the order of 30 W, which is already
a problem for the application in notebooks where the
extra power needed for heat removal drastically reduces
the run time by battery. Currently, a solid state transistor
can be switched with less than a femtojoule of energy. At
room temperature, this is 5 orders of magnitude larger
than the thermodynamic limit kT log2 [2] and 4 orders
larger than the energy required to isomerize a single
molecule. The electrical characteristics of mechanical
[3–6], electromechanical [7], and field-effect [8] molecu-
lar switches have recently become a topic of great interest.
Using noncontact AFM/STM (atomic-force microscopy
and scanning-tunneling microscopy) in ultrahigh vacuum
(UHV), we report here the first direct measurement of the
switching energy of a selective intramolecular rotation in
a porphyrin-based molecular switch.

The single molecule switch is based on the rotation of a
di-butyl-phenyl (DBP) leg of a Cu-tetra-3,5 di-tertiary-
butyl-phenyl porphyrin (Cu-TBPP) [Fig. 1(a)] placed in a
tunnel junction. The electronic characteristics of such a
hybrid nanoswitch have been studied with STM [10]. In
its ‘‘ON’’ state, the axis of a DBP leg was manipulated by
the STM tip to be perpendicular to the copper surface. In
its ‘‘OFF’’ state, the orientation was parallel, resulting in
a low tunneling current through this leg. In this Letter, we
control the state of this switch by using the tip apex of an
AFM to push and therefore rotate one of the four legs of
the Cu-TBPP while recording force-distance F�z� char-
acteristics. This has permitted us to uniquely identify the
forces and energies required to rotate a single (C-C) �
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The experiments were performed using a custom-built
combined AFM/STM [11,12] which operates under
UHV conditions (p < 10�10 mbar) at room temperature.
n-doped silicon cantilevers were used to acquire the data
in a dynamic mode. In this mode, the cantilever is ex-
cited at its resonance frequency with a constant ampli-
tude using an oscillation feedback controller. A tunneling
current It feedback was used for the distance regulation.
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FIG. 2 (color online). (a) Frequency-distance curves recorded
on the pure substrate (solid curves) and above the legs of
individual molecules (dashed curves). The data contains short-
and long-range interactions. (b) A subtraction of the two kinds
of curves (solid and dashed) reveals the short-range interaction
between the tip-apex end and the molecule leg. (c) An algo-
rithm developed by Giessibl [17] was used to directly extract
the short-range tip-molecule force F�z� out of the data in (b)
whose calculated version is presented in Fig. 3(a). The grey area
gives the experimental work produced by the tip apex (47 zJ).
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As the cantilever is vibrating, It is recorded during only a
small fraction of the oscillation cycle when the tip is in
tunneling proximity to the surface [13]. Consequently,
the mean tunneling current It-mean was used as a feedback
signal.

Approximately 0.5 monolayers of Cu-TBPP molecules
were sublimated onto an atomically clean Cu(100) sur-
face [14]. Typically, the sample displayed terraces several
tens of nanometers in size, which were covered by small
ordered islands and isolated molecules at the monatomic
steps.

Figure 1(b) shows the topography of an island with six
molecules recorded using a mean tunnel current It-mean �
3:8 nA which corresponds to a value of It settled at the
closest point of the oscillation cycle of 50 nA [13].
Although this value of It is high, the applied sample
bias voltage of 1.75 V provides a tunneling resistance of
Rt � 35 M which is in good agreement with conven-
tional STM experiments where the molecules were im-
aged [15]. We assume that with these imaging parameters
the molecules do not undergo a conformational change.
Figures 1(c) and 1(d) show the simultaneously recorded
frequency shift �f and excitation amplitude Aexc while
imaging at constant It-mean. Aexc is the amplitude provided
by the oscillation feedback controller in order to keep the
preset oscillation of 4.4 nm constant. Aexc is proportional
to the dissipated power [9]. Both Aexc and �f display a
clear fine structure above individual legs which we
mainly ascribe to long-range interactions between the
tip apex (estimated radius of 10 nm) and the substrate
[16]. When scanning above the molecules, the mean dis-
tance between the tip-apex end and the substrate increases
by 0.2 nm.

Across a rectangular shaped island of 4� 5 Cu-TBPP
molecules, we recorded 20 curves of frequency versus
distance �f�z�. Here the tip was retracted 27 nm from
the surface and then reapproached until a fixed set point
of It-mean was reached. This value of It-mean was chosen
higher than the value used for imaging. Extreme care was
taken in order to minimize lateral drift which was less
than 5 nm=h. After each series of distance curves, the
probed area of the surface was reimaged to be sure that
the sample was undamaged and to assess for possible
lateral drift of the tip in relationship to the molecular
array.

Figure 2(a) shows seven approach curves (solid) re-
corded above the clean Cu(100) substrate and two curves
(dashed) recorded above the DBP legs of a Cu-TBPP
molecule. A subtraction of the two curves was used to
obtain the short-range interaction �fchem [Fig. 2(b)] be-
tween the tip apex and a DBP leg of the molecule. The
background force of the long-range interaction is elimi-
nated by this procedure.

Several methods have been proposed [18–21] to extract
the interaction forces F�z� between an oscillating tip and
the sample from experimental �f�z� curves where �f�z�
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have to be integrated over the whole oscillation cycle
which was 4.4 nm in this experiment. Here we used a
direct method to obtain the results shown in Fig. 2(c)
using the experimental data [17]. The spring constant
and resonance frequency of the cantilever are k �
30 N=m and f � 147 kHz, respectively. The absolute
zero of the tip to surface distance was calibrated 5 Å
from the onset of the tunneling current which also corre-
sponds to the onset of short-range Aexc. The short-range
F�z� part has two minima: one at z � 1:4 nm and a
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FIG. 3 (color online). (a) F�z� vertical force vs tip-sample z
distance curve calculated considering only the short range
interaction between the very end of the tip apex and the
molecule. The grey area gives the work produced by the tip
apex (83 zJ). The inset curve is the same force vs distance
curve, but calculated with both a local atomic of the tip apex
and a mesoscopic description of the surface and tip apex of the
AFM. (b) Images presenting the conformation changes of the
porphyrin molecule at different selected tip-sample distances.
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second one at z � 0:9 nm [Fig. 2(c)]. An evaluation of the
energy dissipated between these two minima reveals a
switching energy of 47 zJ (zeptojoule, 10�21 J). Using
this value to calculate a dissipated power assuming that
switching occurs in every approach of the oscillation
cycle and no energy is gained back on retraction reveals
a power consumption of 7 fW. This value is smaller than
the intrinsic damping of the cantilever (27 fW) but, for
example, about an order of magnitude larger than the
difference in power dissipation obtained above different
atomic sites on the Si(111) 7� 7 surface [9]. As we think
that only a small fraction of the switching energy really is
dissipated, we conclude that in the acquired Aexc signal
other dissipation channels than the switching dominate.

To identify these minima, details of the rotation of the
DBP leg under the tip-apex constraints and its energetics
were calculated using a combined approach that accounts
for both the long-range as well as the short-range inter-
actions between the tip and surface or the tip molecule
and surface. Molecular mechanics calculations (MM2)
were used with a jellium description of the mesoscopic
part of the AFM tip apex and of the surface [22]. We
computed F�z� during a full tip-surface approach of the
tip apex on one DBP leg down to the point where signifi-
cant deformations of the central porphyrin occurred. The
complete surface-molecule-tip mechanical junction is
described atom by atom for the Cu-TBPP molecule, the
Cu(100) surface (two-layer slab with a dimension of
1.8 nm by 1.8 nm embedded in a metallic jellium [22])
and the tip apex (a 100-oriented five-layer cluster sup-
ported by a 100 nm in diameter jellium sphere). For each
tip-apex altitude z, the molecule geometry under the tip
was optimized using MM2. In Fig. 3(a), the calculated
short-range F�z� component reproduces well the two
experimental minima, one (A) at z � 1:5 nm and the
second one (B) at z � 1:1 nm, providing a high level of
confidence that we can use the theoretical results to
interpret the experimental force curve. The variation of
the total F�z� force during a complete approach sequence
is presented in the Fig. 3(a) inset together in Fig. 3(b) with
a three-dimensional visualization selected Cu-TBPP con-
formation based on the molecular coordinates optimized
to get the Fig. 3(a) curve.

The mechanical switching events in the molecule trig-
gered by the tip-apex approach can now be described in
detail. Starting with the tip apex distant from the top of a
given DBP leg in a short- and long-range attractive re-
gime, the first minimum (A) in F�z� occurs, where the
DBP leg finds a new equilibrium conformation in the
AFM junction but is still perpendicular to the porphyrin
core. This corresponds to the ON state of the switch. A
first rotation barrier is met while approaching where the
tip apex starts to rotate the DBP leg. Here the total energy
of the deformed molecule is larger than the first equilib-
rium conformation (A). Once this rotation barrier is over-
come, an attractive regime is reestablished (B). The total
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energy of the molecule is then similar to the minimum
(A), and this new conformation (B) is metastable on the
Cu(100) surface and will be stable on a Cu(111) surface.
Note that many local minima exist in (B) corresponding
to small deformations of the other legs and of the central
porphyrin. (B) then corresponds to the OFF state of the
switch [4]. When the tip apex approaches still further, a
second much higher barrier than the initial �A�-�B� bar-
rier is encountered. Here a strong repulsive regime pre-
vails which corresponds to deformations of the whole
molecule by the tip apex. In this regime, all of the DBP
legs begin to rotate to reach a third minimum (C) [inset in
Fig. 3(a)]. In the calculations, continuing the approach
even further causes the tip apex to interact directly with
the surface, finally reaching a strong, repulsive regime
where lateral molecular motion occurs.

In our experiments, the molecular switch was operated
only between stages (A) and (B). The molecule is ad-
sorbed on a metal surface which plays the role of a
reservoir. Therefore, the mechanical behavior of the
switch is semiclassical. The switching energy of our
single molecule switch is simply obtained by calculating
the work of the short-range force produced by the tip apex
in passing from conformation (A) to conformation (B) on
a single DBP leg. The corresponding switching energy is
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83 zJ using the curve of Fig. 3(a) and 47 zJ using the
Fig. 2(c) experimental curve. We note that the work ex-
pended by the long-range forces in passing from the (A)
to (B) distance z is essentially the same with or without
a molecule in the junction. Theoretical and experi-
mental values are close to NMR data for the energy
rotation barrier of a DBP leg in the free state of molecules
in solution: 21 kcal=mol (or 145 zJ) [23]. Our calcu-
lated value is lower than the NMR experimental one
because the deformation of the porphyrin core starts
before the full rotation of the leg. This lowers the leg
rotation barrier. The changes introduced by the tip apex
on the full molecular conformation is an additional factor
in our electromechanical conformational switch not ac-
countable by NMR. Interestingly, our switching energy
is also lower than the estimated 1 aJ (attojoule, 10�18 J)
switching energy of a C60 single molecular electro-
mechanical amplifier [24] and of the minimum 550 zJ
required to trans-cis isomerize a single azobenzene
monomer in a polyazobenzene peptide [25]. Our observa-
tion suggests a method to approach the thermodynamic
limit of switching by designing ‘‘optimized’’ molecular
switches based on internal bond rotation.

In conclusion, we have shown that the intramolecular
conformation of an individual molecule can be switched
through the forced rotation of a single C-C bond and its
mechanics quantitatively determined using noncontact
AFM. We find excellent agreement between theory and
experiment on both the absolute values and the vertical
position of the force minima. Comparison between ex-
perimental and calculated force curves shows that the
rotation of a di-phenyl-butyl leg requires an energy less
than 100 zJ, which is 4 orders of magnitude lower than
state-of-the-art field effect transistors. In a machine made
of an assembly of 1012 interconnected molecular nano-
devices working together at a frequency of 1 GHz, using a
molecular bottom-up approach, our results suggest that
the power consumption of such a full system could be less
than 100 W.
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