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ABSTRACT

We have studied the current-induced local heating effects in single molecules covalently bound to two electrodes by measuring the force
required to break the molecule —electrode bonds under various conditions. The breakdown process is thermally activated, which is used to
extract the effective temperature of the molecular junction as a function of applied bias voltage. We have also performed first-principles
calculations of both local heating and current-induced force effects, and the results are in good agreement with the experimental findings.

Understanding electron transport through a single moleculeto two gold electrodes. We measure the force required to
attached to two electrodes is a basic task in molecular elec-break down the attachment of the molecules to the electrodes
tronics'~3 Because local heating is known to be an important using a modified conducting atomic force microscopy
factor in the design of conventional silicon-based microelec- (C-AFM) (Figure 1a). Because the breakdown process is
tronics, it is natural to ask how important this effect is in thermally activated, the average breakdown force is sensitive
such electrodemolecule-electrode structures. Local heating to the local temperature of the molectlelectrode contact,
arises from energy exchanged between electrons and phonwhich allows us to estimate the effective local temperature
ons?® In a nanoscale junction, the inelastic electron mean of the molecular junction. We have also performed first-
free path is often large compared to the size of the junction principles calculations of the local temperature and current-
so that each electron, on average, is expected to release onlinduced forces on the same molecule, and found good
a small amount of its energy during transport in the junction. agreement with the experimental findings.
HOWeVer, substantial local heating can still arise because of We chose octanedithiol as a model System for Studying
the large current density, and thus power per atom, in the |ocal heating effects because of the following reasons. First,
nanojunction compared to the bulk. Recently, experimental the molecule is terminated with thiol groups on both ends
studies of local heating effects in atomic scale metal contactssg that they can covalently bind to two Au electrodes simul-
have been reportéd. In the case of molecules, the current taneously. Second, it has a rather large HOM@MO gap
density is usually much lower than in metallic quantum point and its conduction mechanism is due to electron tunnéling.
contacts but the thermal conduction of molecules is also Finally, this molecule has been widely studied by various
expected to be poorer than the metal contacts. Severakechniqued®1” We have determined the conductance of
theoretical calculations have found a finite increase in the gctanedithiol recently by repeatedly creating gatolecule-
temperature of the molecules as a result of inelastic scatteringyo|d junctions using a STM-break junction approdeH:19
of electrons:®® However, measurement of current-induced The conductance histogram constructed from the repeated
local heating in a single molecule has not been carried out measurements reveals two sets of well-defined peaks at
because of the lack of a suitable experimental method.  jnteger multiples of two fundamental conductance values,
Here we report on an experimental approach to determineqye to different molecule-electrode contact geometries.

the local temperature in a single molecule covalently bound The C-AFM break junction approach has been described
* Corresponding authors. E-mail: Nongjian. Tao@asu.edu; diventra@ N detalil previously”® Octanedithiol molecules were first

ph¥sics-ucsd-edU- o adsorbed onto a gold substrate by exposing the substrate to
¢ﬁﬂf\f’eﬂzistz}ecl;ﬂ;‘é?;f;y' toluene containing 1 mM of octanedithiol. A Au-coated
§ National Chiao Tung University. C-AFM probe was then brought into contact with the
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to the breakdown of the individual molecules. A conductance
histogram constructed witlv500 individual measurements
reveals peaks with finite widths. The finite widths reflect a
rather broad distribution of the conductance arising from
different bonding geometries or atomic-scale configurations
at the molecule-electrode contacts, and the peak positions
are used to determine the conductance of the most probable
configuration (Figure 2a). One set of conductance peaks are
located at integer multiples 0f2.6 x 104 Gy (high
conductance, HC) wher&, = 2e’/h ~ 77 uS, wheree is

the electron charge arfdis Planck’s constant. Another set
consists of peaks at0.5 x 104 Gy (low conductance, LC,

not shown here). These results are in good agreement with
the previous STM-break junction resuttsThe conductance
values are found to be independent of the loading rate within
the entire rate range (Figure 2b). We have also determined
the conductance as a function of bias voltagg.{ (Figure

3a). The conductance is independent of the bias below 0.5
V but increases with the bias above 0.5 V.

5 While the conductance decreases in discrete steps as one
0.0 0.2 0.4 06 08 pulls the AFM tip away from the substrate, the corresponding
Stretching Length /nm fqrce decreases like _sawtogth waves (Figure 1b). Each
discrete conductance jump is accompanied by an abrupt
Figure 1. (a) Measurement of breakdown force of a molecule'{1,8 decrease in the force, which is called as breakdown force
octanedithiol) covalently bound to two metal electrodes. (b) (F,) due to the breakdown of a molecule from contacting
Simultaneously measured conductance (blue) and force (black)yith the electrode®2! The histogram of,, corresponding
I(iurlng the breakdown ofagok'bctanedlthloi—goldJunctlon. The to the conductance jump from the step located-at6 x
oading rate of the force applied to the AFM probe to break the 4 A
bond is 803 nN/s, and the applied bias voltage is 0.1 V. 107* Go (as marked in Figure 1b) constructed fror500
curves also reveals pronounced peaks with finite widths

adsorbed molecules during which molecules may bridge (Figure 2c). Similar to the conductance histograms shown

between the AFM probe and the substrate via-#iolate in Figure 2a, the broad distribution of the breakdown force
bonds and form a multimolecule junction. This was followed reflects different moleculeelectrode contact configurations,

by pulling the AFM probe away from the substrate, which and .the peak position gives the most probable fofed ('
resulted in a sequential breakdown of individual molecules réquired to break an octanedithiol junction. However, unlike
from contacting the electrodes. When the last molecule wasthe conductance, which is independent of the loading rate,
broken, the process was repeated so that we could performthe _breakdown force increases logarithmically with the
a large number of measurements for statistical analysis. Theloading rate below 800 nN/s. Above 800 nN/s, the force
measurements were performed in toluene in order to becomesllndeper)dent of the loading rate (F|gure 2d). This
minimize the long-range attractions between the probe andPehavior is described well by the bond-breaking thermody-
the substrate and also possible contaminations. namic theor§** and can be understood based on the
We used monolithic silicon AFM probes (Budgetsensors- follown"!g considerations. A chemical bond has a finite
Tap300), which were coated with 50 nm Au (99.999%) in probabllhty to break down sp'().ntaneously due to thermal
an ion beam coater (Gatan, Model 151). The spring constantsfluctuations, and the probability of such a spontaneous
of the probes were-33 N/m. The sample cell was made of breakdown process increases with time. So at a finite
Teflon cell, which was cleaned by boiling it in Piranha (98% temperature, the required force to break the bond increases
H,S0y/30% 0, = 3:1, V/V) and then cleaned thoroughly with the pulling or loading rate. At a very high loading rate
by boiling in 18 MQ Milli-Q-water (Nanopore system fed (re > 800 nN/s in the octanedithiol system), the contribution
with campus distilled water) three times, followed by drying from the thermal fluctuations diminishes and leads to the
with N. (Caution: Piranha reacts violently with most organic S0-called adiabatic regime, in which the breakdown force
materials, and must be handled with extreme care.) Gold Pecomes independent of the loading rate to overcome the
substrates were prepared by evaporating-1T8D nm Au  dissociation energy barrier.
(99.999%) on freshly cleaved mica surfaces in the ion beam The most probable breakdown force determined in the
coater. Before experiment, an Au substrate was annealed withadiabatic regime is-1.6 nN by fitting the force histogram
a H, flame and immediately immersed with toluene contain- with a Gaussian distribution. The error in the peak position
ing 1 mM of octanedithiol in the sample cell. is about 0.01 nN and standard deviation is-€0126 nN.
Figure 1b shows simultaneously recorded conductance andThe latter describes the distribution of the different moleeule
force curves obtained during the breakdown of the molecular electrode contact configuratioAsWe have also measured
junction. The conductance curve shows a series of steps duehe breakdown force for AtAu under the same condition

Force /InN
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Figure 2. (a) Typical conductance histogram of octanedithiol obtained freB00 individual measurements (loading rate 218 nN/s and

bias 0.1 V). (b) Conductance of octanedithiol as a function of the loading rate (bias 0.1 V). We extracted the conductance value and error
bar (the half-height of each data point in the plot) by fitting the histogram peaks with a Gaussian function. The standard deviations estimated
from the Gaussian fitting are marked as error bars in the plot. (c) Breakdown force histograms, corresponding to the conductance jump
from ~2.6 x 10 G, (HC), are constructed fromy500 individual force curves at each loading rate (bias 0.1 V). (d) Average breakdown

force (F*) determined from the peak positions of the histograms in ¢ as a function of logarithmic of the loading rate. Like the conductance,

the average breakdown force and the error bars as the sizes of data points are determined from the Gaussian fitting. The standard deviations
estimated from the Gaussian fitting are marked as error bars in the plot. The black line is a fit using eq 1, and the black circle marks the
adiabatic regime.

and found a similar value. This result is consistent with low- the small bias limitt,s can be expressed by
temperature (4 K) measurements by Agrait et*adn the

basis of these observations, we can conclude that unless the E,

S—Au bond strength coincides with the A#\u bond ty =1tp exr{ﬁ) 2
strength, the breakdown of the octanedithiol junction most eff

likely occurs at the Au-Au bond. This is supported by the

observation of Au atoms attached to thiol molecules stripped Where tp is the diffusion relaxation time ané is the

off from a Au electrode. dissociation activation energl, can be determined directly
In the logarithmically linear regime, the most probable from the force versus stretching distance curves in the

breakdown forceR*) is given by adiabatic regimerg > 800 nN/s), like the one shown in

Figure 1b, usingE, = Y,FpL, wherelL is the extension
T t T distance over which the bond can be stretched before

_ KeTerr, [tor X5\ | KeTen -
F* = In T + Inre Q) breakdown. We found the most probaBlg ~ 0.66 eV from
Xs ke Tert %5 the Gaussian fitting of th&, histogram constructed in the

adiabatic loading regime. Using tkg* value, together with
where ks is Boltzmann’s constantTes is the effective tof &~ 0.05 s, we determinetg to be~3.5 x 1073 s at room
temperature of the molecule-electrode contagt,is the temperatureTer ~ 300 K). BothEp* and tp extracted from
average thermal bond length along the pulling direction until our experimental data are in good agreement with the
breaking,r is the force loading rate, artgk is the lifetime theoretical values for AtAu determined in refs 4, 6, and

of the bond. By fitting the experimentd* versus Inrg 25, which supports the fact that the breakdown of the
(Figure 2d) with eq 1, we have found thigt ~ 0.05 s and octanedithiol junction most likely occurs at the AAu bond.
xg ~ 0.013 nm at a small bias (0.1 V), assuming thatis We have measured the most probable breakdown force,

equal to the room temperature (300 K) at the small bias. In F*, as a function ofVyiasand found the force decreases with
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Figure 3. (a) Conductance of octanedithiol as a function of bias (loading rate 803 nN/s). The standard deviations estimated from the
Gaussian fitting are marked as error bars in the plot. (b) Breakdown force histograms corresponding to the conductance juthp from

x 107 Gy (HC) at various bias voltages (loading rate 803 nN/s). (c) Average breakdown Fdraes, bias voltage (loading rate 803 nN/s).

Note thatF* in blue and black corresponds to the conductance jump frdhd x 1074 Gy (LC) and~2.6 x 104 G, (HC), respectively.

The standard deviations estimated from the Gaussian fitting (inset) are marked as error bars in the plot. (d) Local temperature of octanedithiol,
extracted fronF* corresponding to the conductance jump frer2.6 x 1074 Gy (HC) at loading rate 803 nN/s, as a function of the bias

and, inset, its fourth-power dependence on the square of the bias. The blue line in the inset of d is the best fit of the data using eq 4. Sizes
of data points present error bars due to the uncertainty in peak positions estimated by the Gaussian fitting.

bias (Figure 3b and c). As we have mentioned earlier, there proportional to the magnitude of the curréi:?’ Because
are two fundamental conductance values for octanedithiol the current in octanedithiol junctions is 4 orders of magnitude
bound to Au electrodes due to different molecuédectrode smaller than that of atomic point contaatsshould be much
binding geometries. However, the breakdown forces of the smaller than 0.1 eV/V, and the contribution of the current-
two are not distinguishable within the experimental uncer- induced force should thus have a negligible effect on
tainty (Figure 3c). There are two possible mechanisms thatlowering the activation energy barrier heightQ.66 eV) for
can cause the observed decrease in the breakdown force. Ongie bias range studied here. We have confirmed this hypoth-
is current-induced forces, which may reduce the dissociationesis by performing first-principles calculations (similar to
energy barrier and thus a smaller breakdown f6#&” This the ones described in refs 3 and 27) on alkanedithiols of
effect can be taken into account by modifying eq 2 into different lengths. We estimate= 0.07 exp-n) eV/V where
nis the number of C atoms in the alkane chain. For octane-
By — aVpiad dithiol (n = 8) we therefore findx to be of the order of 16
kg Tt @) eV/V, which supports the conclusion that current-induced
forces are very small for this molecule in this bias rafige.

wherea is the electromigration coefficient describing the ~ The second possible mechanism for the observed decrease
current-induced force, anty is the effective temperature  in the breakdown force with the bias is the local heating
due to local heating effect. The electromigration coefficient, effect we have discussed above, which increases the tem-
o, approximately equals the current-induced forceat = perature of the moleculeelectrode contact?” The depen-

1 V multiplied by the stretching length at which the bond dence of the breakdown force on the local temperature is
breaks. For a quantum point contact consisting of a chain of given by eq 1. At a given loading rate (803 nN/s), we have
metal atoms between two bulk electrodess found to be extractedTes using egs 1 and 2 together wilg*, X3, andtp

~0.1 eV/V487 Current-induced forces arise as a result of given above, as a function of bias voltage (Figure 3d). We
charge redistribution around the atoms and are roughly see from this figure that the increase in the local temperature

tog = tp €X
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