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ABSTRACT

Using first-principles approaches, we investigate local heating and the inelastic contribution to the current for various alkanethiols sandwiche d
between metal electrodes. In the absence of good heat dissipation into the bulk electrodes, we find that the local temperature of the alkanethiols

is relatively insensitive to their length. This is due to the rates of heating and cooling processes scaling similarly with length. On the other

hand, when considering heat dissipation into the bulk electrodes, the local temperature of alkanethiols decreases as their length increases.

We also find that the inelastic scattering profile displays an odd —even effect with length which compares well with experimental results. This
effect is due to the alternating direction of the CH 5 group motion with respect to current flow with increasing C atoms in the chain and is very
sensitive to the structure of the carbon  —sulfur —gold bond. Inelastic scattering profiles can therefore help illuminate the bonding configuration

of molecules to metallic surfaces.

There is an ever-increasing interest in charge transport inenergy loss spectroscopy (HREELS) experiments on the
organic molecules due to their potential application in same systen®.This demonstrates that inelastic spectroscopy
electronic device.” Recently, several laboratories have can be quite effective in determining the atomic-scale
reported consistent data in the resistance of alkyl cHai3s. geometry of molecular junctior?s.

Some theoretical calculations support these restétsleast We investigate these inelastic effects in the framework of

in the shape of the currenvoltage (—V) characteristic**® . . . . )
This seems to suggest that a reproducible contact can bestat|c density-functional theory (DFT) in the local density

created between the alkanethiols and the electrbias: 10 approximatior?® The calculations proceed as follows: first,

However, several current-induced mechanical effects sucht® Stationary scattering wave functions of ethanethiolate
as forces on iorf8 and local heatim§ 23 can generate sandwiched between two bulk gold electrodes (represented
substantial structural instabilities which can lead to atomic With ideal metals, jellium modefs ~ 3) are calculated by
geometries quite different than those assumed theoretically.S0lving the LippmansaSchwinger equation  self-consis-

In this paper, we focus on one current-induced mechanical tently 26 Due to their insulating chgracter, t.he current in these
effect, namely, inelastic scattering in alkanethiol molecular Systems decreases exponentially with length as
junctions. Our intent is (i) to explore the dependence of local | = lo exp(=Ad).****72"By exploiting the periodicity in
heating on the length of the alkyl chains and gain insight (CHz)2 groups of the alkyl chains, we can then calculate the
into their stability under current flow and (i) to determine wave functions of the different molecules by a simple scaling
the inelastic contribution to the current. We find that the local argument. The vibrational mode energies and the transforma-
temperature of alkyl chains is smaller the longer the chain, tion matrix which contains the character of the modes
provided that there is good thermal dissipation into the bulk (longitudinal versus transverse with respect to current fidw)
electrodes. This is due to the insulating character of the are evaluated using total-energy calculati#hEhroughout
alkanethiols and is in contrast to results for metallic quantum- the paper, the angle that the-8 bond makes with the
point contact$®** We also find that the inelastic scattering surface normal has been fixed at 43 degrees, which was
profile displays an oddeven effect which is very sensitive  gptained by relaxing the structures at zero bias. This angle
to the structure of the carbersulfur—gold bond. This odet is in reasonable agreement with the one found in previous
even effect is in agreement with high-resolution electron theoretical work® Below we will show the sensitivity of

the inelastic current to the variation of this angle. The
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these quantities we can then evaluate both the local temper- 400 ] (a) ]
ature of the junction and the inelastie'V curve. 1

Local Heating. Let us first investigate the effect of heating -,
due to electrorphonon interaction. This interaction allows X 500
for the exchange of energy between electrons and the latticd—
via absorption and emission of vibrational modes. Details 1 .
of the theory of local heating in nanoscale structures can be 0 +—=—r .
found in refs 22 and 30. Here we just mention that there are 0 50 100
two major inelastic channels that lead to a given local 60 b " LI ' " T
temperature in a nanojunction. One is due to inelastic ( ) -~ cs ]
processes that occur in the atomic region of the junction, . 407 T 0 .
i.e., involving the atoms of the alkanethiols and few atomic X 20_‘ T B R —— e _
layers of the bulk electrodes. Electrons incident from the = "7 | ~— "
right or left electrode can absorb (cooling) or emit (heating) 0 Lo . ci8
energy because of electron-vibration scattering with the ions 0 100 200 300 400 500
of the junction. The other channel is due to dissipation of Bias (mV)
energy into the bulk electrodes via elastic phonon scattering.
In quasi-ballistic systems, where the inelastic electron meanFigure 1. Local temperature as a function of bias for various
free path is large compared to the dimensions of the junction, lengths of alkanethiols. (a) No heat dissipation into the bulk
elastic phonon scattering is the most efficient way of electrodes is taken into account. (b) Heat dissipation into the bulk
dissipating heat into the bulk electrod@g®Let us first focus electrodes is taken into account.
on the inelastic scattering contribution assuming heat dis- current into the electrodes via elastic phonon scattering is
sipation into the electrodes is negligible. This can be the thus
result of, e.g., weak coupling of vibrational modes localized ,
in the junction with the continuum of modes of the bulk 47K f deeN, (NN (€) — Ne(e)] @)

electrodeg22! hn =%

Denoting byW;®*@ the power absorbed (emitted) by
electrons incident from the left (right) via a vibrational mode
v, the total thermal power generated in the junction can be
written as the sum over all vibrational modes of the above
four scattering processés:

wheren g, is the Bose-Einstein distribution function and
NLr)(€) is the spectral density of phonon states at the left
(right) electrode surface. Since the stiffn&sis proportional
to d13! the thermal currenty, is proportional tod2
Therefore, while the local power in the junction (eq 1) that
needs to be dissipated decreases exponentially with length,
P= Zb(Wf'zJF W2 — Wt — Wi (1) the thermal power into the electrodes that allows for this
vevl dissipation (eq 2) decreases only algebraically. This implies
a lower temperature in the junction as a function of length
This power can be expressed in terms of the eleetron (see Figure 1b). We note that this trend for alkanethiols is
vibration coupling in the presence of curréhtWhen the  opposite to that found in atomic wir€€'and is due to their
heating processesW{’* and W.?) balance the cooling insulating character (conversely, the current in atomic wires
processesWi* and W), i.e., P = 0, a steady-state local s relatively independent of leng®. This result combined
temperature is established in the junction. This temperaturewith the fact that current-induced forces decrease with
is plotted in Figure 1a for various alkanethiols of different increasing lengtf-3233suggest that longer alkanethiols are
length, assuming zero background temperature. It is clearmore stable against current flow. This is consistent with
from the figure that the local temperature without heat recent experimental results on similar systéms.
dissipation depends weakly on the length of the molecule. Inelastic Current. The coupling between electrons and
This can be understood quite easily since the rate of energymolecular vibrations will cause small discontinuities in the
transfer\/\/v’"‘ scales similarly with length for all modes and conductance at biases corresponding to the energy of normal
processes (heating and cooling). In other words, even thoughmodes?*?>34 The position and magnitude of these discon-
the powerper modedecreases exponentially with length by tinuities vary significantly from mode to mode and can be
a factor expt- fd) due to the corresponding exponential measured in experiments such as inelastic electron tunneling
decrease of the current, thetal power (eq 1) will be zero  spectroscopy (IET$)!® and HREELS®?* The theory of
at approximately the same temperature, as the aboveinelastic scattering as we use it in this paper is reported in
exponential term factors out. ref 25. We recall here that the relative strength of inelastic
We now allow for the energy stored locally in the junction features is mainly determined by the character of the
to dissipate away into the electrodes via the coupling betweenmodes: those that have large longitudinal character with
the normal modes of the molecule and the phonons of therespect to current flow contribute most to the features in the
electrodes. As in our previous wotk,we estimate this inelastic conductanc@:?>3
thermal conductance by assuming the junction forms aweak In Figure 2 we plot the inelastic contribution to the
mechanical link with a given stiffnesk.3! The thermal conductance and its first derivative as a function of bias for
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Figure 2. Differential conductance (left axis) and absolute value 'E 40.
of d?l/dV? (right axis) as a function of bias for various alkanethiols 2
with different numbers of carbon atoms. Due to the large relative -E
magnitude of the inelastic features of low-energy modes with respect -l
to the high-energy modes, the curvé/dv? has been multiplied % 204
by a factor of 10 for biases larger than 50 mV. nﬁ
various alkyl chains. A broadening of 1 meV, corresponding ol “

to elastic phonon scattering, has been introduced to make
the curve @l/dV2 finite. We show the modes that contribute  #J%
the major peaks in Figure 3 for the case of undecanethiolate. &
The major vibrational modes in Figure 2 are in good
agreement with the results of HREELS experiments on self-
assembled monolayet$?* The differences between the
reported inelastic curves and the theoretical ones can be partly
ascribed to modification of vibrational modes due to
molecule-molecule interaction, an effect which we do not

d?I/dV? (arb. units)
8

consider in this work. Most of the peaks at small bigis<{
50 mV) are associated with stretching, bending, and twisting

Bias (mV)

motions of the alkane backbone. The largest peak at low Figure 4. Absolute value of 8/dV2 as a function of bias for two

bias (also observed in IETS and HREELS experiménfs
corresponds to a rigid motion of the whole molecule with
respect to the electrodes. We also observe a weak edeh
effect in the spectrum offfdV? at wavenumbers 850, 1107,
and 1420 cm?. This effect is due to the alternating direction
of the CH; group motion with respect to current flow with
increasing C atoms in the chain. It is most pronounced for experimentg#
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different surface SC angles of undecanethiolate. Top: the structure
with an angle of 43 degrees. Bottom:
of 0 degrees. The change in angle transforms the mode at 176 mV
(indicated by an asterisk) from quasi-transverse (top-left schematic)
to quasi-longitudinal (bottom-left schematic) so that it appears as
a new feature in the inelastic conductance.

the structure with an angle

the 1420 cm* mode, which is in agreement with HREELS
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To conclude, we discuss how inelastic spectroscopy can (18) Wang, W.; Lee, T.; Kretzachmar, |.; Reed, M. Mano Lett.2004
. thipa 4, 643.
prObe the atomic-scale geometry .Of the alkane ld (19) Kluth, G. J.; Carraro, C.; Maboudian, Rhys. Re. B 1999 59,
bond. In the above, we have considered a geometry where R10499.

the S-C bond forms an angle of 43 degrees with the surface (20) Yang, Z.; Chshiev, M.; Zwolak, M.; Chen, Y.-C.; Di Ventra, M.

normal (see top-left schematic of Figure 4). However, recent Phys. Re. B 2005 71, 041402(R).
Iculations have found different energetically stable struc- (21) Montgomery, M. J.; Hoekstra, J.; Todorov, T. N.; Sutton, AJP.
calcu g y Phys.: Cond. Mater2003 15, 731.

tures depending on the details of the computational methods (22) chen, Y.-C.; Zwolak, M.; Di Ventra, MNano Lett.2003 3, 1691.

employect®3>38 The actual geometry will be determined  (23) Smit, R. H. M.; Untiedt, C.; van Ruitenbeek, J. Nanotechnology
X " ; . 2004 15, S472.

by experlmental_condltlons, including the way the contacts (24) Kato, H. S.: Noh, J.: Hara, M.; Kawai, M. Phys. Chem. 2002

are formed. In Figure 4 we show that a change of the above 106, 9655.

angle from 43 degrees to, e.g., 0 degrees can change (25) Chen, Y.-C.; Zwolak, M.; Di Ventra, MNano Lett.2004 4, 1709.

; i (26) Lang, N. D.Phys. Re. B 1995 52, 5335. Di Ventra M.; Lang, N.
substantially the character of the modes in the structure. In D. Phys. Re. B 2002 65, 045402,

this case, the change in angle transforms the quasi-transverse7) experiments have found an inverse decay lengthof ~0.83 to
character of the mode at 1420 chto a quasi-longitudinal ~0.72 A1, which is in good agreement with theoretical calcula-
one (see Figure 4). This mode is the one responsible for the ~ tions**7In our work, we use an average scaling factofie¢ 0.78

t d odee ffect di d ab A-1. The scaled current for octanethiolate at 0.1 V is about 1.13 nA,
MOSt pronounced oaeeven efrect we discussed above. which is in good agreement with the value calculated from previous

Therefore, with a surface-8C bond angle of O degrees, this DFT calculationg? Note, however, that a change fhwithin the
effect would be reversed as a function of the number of C 8 3\*/30\;16 range \;voulg Sot aff;ct ;ur CIO”C'“S'O”SI' ations

: H : H . € have employe artreéock total energy caicu ations [see, e.g.,
atpms in the cham. Inelastic gpectroscop% combined w.|th Boatz, J. A Gordon, M. SJ. Phys. Chem1989 93, 1819] to
this type of detailed calculations, can therefore help il- evaluate the vibrational modes of the alkanethiolates with the sulfur
luminate the bonding configuration of molecules in metal atom attached to a gold electrode. For these calculations, the gold

electrode is represented by a pad of five gold atoms with infinite
mass. Four of the gold atoms are positioned at the corners of back-
to-back (111) triangles, and the last gold atom is placed behind the

molecule-metal structures.
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