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ABSTRACT

We report first-principles calculations of the inelastic current-voltage (I-V) characteristics of a gold point contact and a molecular junction
in the nonresonant regime. Discontinuities in the 1=V curves appear in correspondence to the normal modes of the structures. Due to the
quasi-one-dimensional nature of these systems, specific modes with large longitudinal components dominate the inelastic |-V curves. In the
case of the gold point contact, our results are in good agreement with recent experimental data. For the molecular junction, we find that the
inelastic |-V curves are quite sensitive to the structure of the contact between the molecule and the electrodes, thus providing a powerful tool
to extract the bonding geometry in molecular wires.

Inelastic scattering between electrons and phonons in ascattering wave functions. This expression allows us to
current-carrying wire is a source of energy dissipation for study the inelasti¢—V characteristics of a given nanoscale
electrons. However, it can also yield a lot of information junction using first-principles approaches. As an example,
on the underlying atomic structure of the wire. This informa- we study the effect of vibrations on the electron dynamics
tion can be extracted indirectly from the discontinuities in a gold point contact and a single-molecule junction. For
in conductance that occur when the external bias is largethe gold point contact, the magnitude of the calculated
enough to excite discrete vibrational modes of the Wire. jnelastic current as well as its onset compare very well with
Recent experiments on transport properties of atémd  ecent experimental resuft§or the molecular junction, we

moleculaf~® junctions have indeed revealed such inelastic analyze the case in which the molecule is equally bonded to
features. It is, however, not straightforward to relate these o two bulk electrodes and the case in which the two

features to specific vibrational modes. A nanoscale junction
(often described as a quasi-one-dimensional system)Nvith
atoms supports B vibrational modes. In a strictly one-
dimensional system, only longitudinal modes can be excited
via electronic coupling. However, the modes of a nanoscale
junction are not necessarily purely transverse or purely
longitudinal with respect to the direction of current fl6vf. Let us start by deriving an expression for the inelastic
Therefore, the inelastic currentoltage (—V) characteristics ~ current. We assume that the phonon distribution is at
are likely to depend strongly on the detailed atomic structure equilibrium at all (small) biases, thus neglecting local
of the full system. This is particularly relevant for molecular heating® We have previously shown that for small biases
junctions for which the contact geometry between the this effect is small, provided good thermal contacts exist
molecule and the bulk electrodes is difficult to control in between the nanostructures and the bulk electrbddhe
experiments:10 many-body Hamiltonian of the system is (atomic units are
In this letter we first derive an expression for the in- used throughout this papér)
elastic current in a current-carrying system in terms of

contacts are different. We find that the inelasticV
characteristics are very different in the two cases. This result
shows that inelastic spectroscopy could be used quite
effectively to extract information on the contact geometry
of molecular wires.
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whereHg is the electronic part of the Hamiltoniahkt,i, =
(1/2)Y uevio O, + (1/2)F ueviv, o, is the ionic contribu-
tion whereqj, is the normal coordinate anal, is the normal
frequency corresponding to thih ion anduth component;
and finally, Hevi describes the electretrion interaction and
has the following form:

h
Hei-vib = ; ; ] Jlél%ﬂ
L n= i‘u,wzevib 2w;, wlv=Eufe

wherea = L, R; ag and by, are the electron and phonon
annihilation operators,
commutation relationsh,j, are the matrix elements of the

ot % (b 4 bT
2

transformation from Cartesian coordinates to normal coor-

dinates, andl'é“éﬁ is the electror-phonon coupling constant

which can be dlrectly calculated from the stationary scattering where n(n,) = L/(exp[y, +

wave function$

waﬁ fdr de”‘Pa*(r K8,V (r.R) ‘P/éz(r,K”) ®)

where we have chosen to describe the eleetion interac-
tion with pseudopotential8®yr,R;) for eachith ion!! The
single-particle electronic state¥=®(r K,) correspond to
electrons incident from the left (right) electrodes with energy
E and momentuni, parallel to the electrode surfateThese

respectively, satisfying the usual

ft® = 1/(exp[E — Erw)/ksTd + 1) with chemical
potential Er (g deep into the left (right) electrodé.Using

limot1/(z — i€) = P(1/2) + i6(2), the first-order correction
|0Weg; nj,0assumes the following form:

|OWE, ny, =
|.7{z /,4]1/ E+ha) \/m( E+hw ) X
Jlé—l_i‘i) EllpE-O—hw ’ ]V — 1+ DII% oy,

L+ DD~ 5y, ) A W, iy, + 10

®)

12%w;lksTw] — 1) is the
Bose-Einstein distribution per mode at a given wire tem-
peratureT,, and [(IJindicates the statistical average. The
above expression allows us to calculate the inelastic current.
It is evident from eq 5 that, for a fixed partial density of
states, the magnitude of the inelastic current is determined
by the coupling constanﬂ"‘“ﬁ and the transformation
matrix A = {Ay;}, which contains the information on the
geometry of the structure and hence on the character
(transverse versus longitudinal) of the different mottad/e

will be concerned with thextrainelastic current due to the

electronic states are calculated self-consistently by meansvibrational modes of the atoms of the nanoscale constriction
of a scattering approach within the density functional theory with respect to the continuum spectrum of modes of the bulk
of many-electron systeni$ Note that in a current-carrying  electrodes?® If the electronic temperatur&. is zero, then,
wire the above coupling constant depends on both types offor an external biasV, only those normal modes with
scattering states (left- and right-moving). eigenenergiedw;, < eV can be excited and contribute to
Similar to what has been done in ref 7, we treat the eq 5. In addition, due to our assumption of negligible local
electror-phonon interaction to first-order perturbation theBry.  heating, the averaged number of phon@i(s;,) s zero for
Due to the orthogonality condition between phonon states, all normal modes. In this case the first-order correction to
higher harmonics for each phonon mode appear only in the current induced by electreiphonon interaction assumes

higher-order perturbation theory and are therefore skaall.
We develop the full many-body wave functions in terms of
the statesW®; n,| = WP ® ;,|. The phonon state is
described bym,|, wheren;, is the number of phonons in
the jyth normal mode.

The total (electron plus phonon) wave functions are thus

|PE; n, 0= |Wg; n,O+ [0Wg m,Owhere

Z JAE'DE x

RV

BPE, i |He| V|b|lpE' nw[ﬂlpg:; nj
e(E,n,) — €(E

|OWE; n, = lim

—0F oy
e—0" o' =

) 4
) jV) —le

In the above expressiobg is the partial density of states
corresponding to the current-carrying statd% and
e(E, ny) = E + (ny + 120w, is the energy of state

[WE; n,[J We have also assumed that the electrons rapidly transverse modes with enerdyy =

the following simple form:

ol = EFRdEde [dK, [(BWD* 2,0WE —

3 (0OWD* OWp)] (6)

where only the left-traveling electronic states contribute (if
the left electrode is positively biased).

We are now ready to use the above expression to study
inelastic scattering in specific systems. We choose to first
study a gold point contact for which experimental results
are availablé and then discuss the case of a molecular
junction. In Figure 1 we plot the inelastic conductance for a
single gold atom.

In the absence of inelastic scattering and for the bias range
of Figure 1, thd —V characteristics of this system are linear
with differential conductanc& = 1.1 Gy, whereG, = 2e%/h.®
When electror-phonon interactions are considered, two
10.8 meV are first

thermalize into the bulk electrodes so that their statistics excited with increasing bias. However, due to their transverse

are given by the equilibrium FermDirac distribution,
1710

character, these modes contribute negligibly to the inelastic
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Figure 1. Absolute value of the differential conductance due to 1E-7 e ——r———
electron-phonon interaction as a function of bias for a gold point 0 20 40 60 80 100
contact. Two normal modes corresponding to transverse vibration Bias (ITIV)

of the gold atom between the electrodes have energies of 10.8 meV,

which are close in energy to the longitudinal mode at 11.5 meV Figure 2. Absolute value of the differential conductance due to
(shown in the figure). electror-phonon interaction as a function of bias for a symmetric
molecular junction. The derivative of the conductance with respect
to bias is also shown (a broadening of 1 meV is introduced). The

current as determined by the product between the tranSfor'schemati(:s show only the modes that contribute the most to the

mation matrixA and the coupling constad;‘ “An abrupt inelastic current.
change in differential conductance appeam at11.5 mV,

corresponding to the excitation of a longitudinal vibrational .('\ 7
mode (see schematic in FigureI)Both the onset bias as :
well as the change in conductance (of about 1%) are in good I

agreement with experimental reports on gold point confacts.

The longitudinal and transverse modes are very close in

energy, but mainly the longitudinal mode contributes to the 2

inelastic current® so that in experiments the transverse ones 7

would not be easily resolved. This is even more evident in 51E 3

the case of the molecular junction. S G
In Figure 2 we plot the inelastic conductance in the case g

in which a phenyldithiolate molecule forms symmetric ©

contacts on both sides of the junction, i.e., each S atom is B R N

bonded to a flat surface. In this case there is a total of 14 : diidv? (mS/V)
modes with energy less than 100 meV. A prominent change 1E-} +—F—¢+—F—F—+—F——+—F——

in conductance occurs at a bias of about 18 mV, i.e., at a 0 20 40 60 80 100

bias large enough to excite two modes with large longitudinal Bias (mV)

component (see Figure B The inelastic contribution from i ] _
two transverse modes at lower fias almost 4 orders of Figure 3. Absolute value of the differential conductance due to

itud ler. Similarly. th 1 d electron-phonon interaction as a function of bias for a molecular
magnitude smaller. Similarly, three quasi-transverse modes;,ction with asymmetric contacts. The derivative of the conduc-

with energies between 20 and 50 meV contribute negligibly tance with respect to bias is also shown (a broadening of 1 meV is
to the inelastic conductance. They only appear as smallintroduced). The schematics show only the modes that contribute

features in the second derivative of the current with respect the most to the inelastic current.

to the bias (see Figure It is likely that, due to noise and

other effects, such modes would not be resolved in experi- We conclude by showing how sensitive the inelastic
ments. Increasing the bias further, a second large step in thecurrent is to any change in the bonding properties of the
absolute value of the conductance is found at about 50 mV molecule to the electrodes. We illustrate this in Figure 3
(see Figure 2). This again corresponds to a predominantlywhere we plot the inelastic conductance for the same
longitudinal mode (see schematic in Figure 2). This mode molecule but with one of the S atoms bondedatH atom

is then followed by others that have both a transverse and awhich, in turn, is not bonded to the nearby surface (see
longitudinal component. The magnitude of the conductance schematics in Figure 3¥. Such a configuration could be
steps depends on the relative amount of the two componentsasily realized in experimentsn the present case there are
as well as the product between the transformation métrix 13 modes below 100 meV, of which only six have a large
and the coupling constatit. longitudinal component (shown in Figure'8and contribute
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to small steps in the inelastic conductance, with the one at (11) Lang, N. D.Phys. Re. B 1995 52 5335. Di Ventra M.; Lang, N.

about 11 meV showing the largest relative contribution. All

other modes contribute negligibly to the current. Comparing (12

Figures 2 and 3, it is clear that contact geometry affects
considerably thé—V characteristics of the system both in
the position of the inelastic discontinuities as well as in their
relative magnitude. Particular care is therefore necessary

in assigning peaks in the inelastie-V characteristics to

specific modes. For one, the contacts contribute to (mainly
low-energy) modes not present in the isolated molecule.
Furthermore, modes with large transverse components are

(13)

(14)
(15)

not easily detectable in experiments. However, we note that (16)
inelastic spectroscopy can be used advantageously to extract

a posteriori the contact structure of molecular junctions, thus
providing a powerful diagnostic tool for nanoscale electron-

ICS.
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Since we are in the regime of weak electr@onon coupling we
neglect the elastic phonon renormalization of the electronic spectrum
[see, e.g., Mahan, G. IMany Particle Physics2nd ed.; Plenum
Publishers: New York, 1990; p 285].

Aji, V.; Moore, J. E.; Varma, C. M. cond-mat/0302222; Mitra, A.;
Aleiner, I.; Millis, A. J. cond-mat/0311503.

Chen, Y.-C.; Di Ventra, MPhys. Re. B 2003 67, 153304.

A guantitative way of distinguishing between longitudinal versus
transverse character of each mode is to sum up the absolute values
of all thez-component (i.e., along the current flow) matrix elements
of A.

We have employed Hartre€&ock total energy calculations [see, e.g.,
Boatz, J. A.; Gordon, M. SJ. Phys. Chem1989 93, 1819] to
evaluate the vibrational modes of the single-molecule junctions and
the gold point contact. For these calculations, the assumed surface
orientation is [111], represented by a triangular pad of gold atoms
with infinite mass (see insets of Figures 1 and 2). The structures
were relaxed starting from an initial geometry where the single gold
atom of the point contact faces the center of the triangular pad at a
distance of 2.3 A; and for the single-molecule junction with
symmetric contacts the initial S-surface distance is 2.4 A. In the case
of asymmetric contacts, the S atom on one side of the junction is
bonded 6 a H atom (see insets of Figure 3). This thiol termination
is assumed to be far from the nearby surface so that the modes of
this structure are not influenced by the gold atoms of the surface.
Note that the inelastic correction to the current is actually negative.
For convenience we plot in this paper the absolute value of this
correction.

In the molecular junction cases, the dominant net contribution to the
electronr-phonon coupling is from the S atoms and the adjacent C
atoms (i.e., the two C atoms that form a straight line with the S
atoms). This implies that those modes that do not have large
displacements of these atoms along thdirection will contribute
negligibly to the inelastic current, even if the global character of the
mode is longitudinal, as inferred from the procedure outlined in ref
15. This is, e.g., the case for the mode at about 90 meV shown
schematically in Figure 2.

A broadening of 1 meV is introduced in all calculations to make the
second derivative of the inelastic current as a function of bias finite
at the conduction jumps.

The elastic resistance for the symmetric junction case is about 360
kQ in the linear response regim&The corresponding resistance
for the asymmmetric case is about an order of magnitude larger.
However, to facilitate the comparison with the previous case, we
have assumed in this calculation the same coupling constants, partial
density of states, and unperturbed current as for the symmetric
junction case.
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