
PHYSICAL REVIEW B 68, 235321 ~2003!
Role of thermal vibrations in molecular wire conduction
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In the present work we investigate the influence of molecular vibrations on the tunneling of electrons
through a molecule sandwiched between two metal contacts. The study is confined to the elastic scattering
only, but beyond the harmonic approximation. The problem is tackled both from a classical and a quantum-
mechanical point of view. The classical approach consists in the computation of the time-dependent current
fluctuations along the step of a molecular-dynamics~MD! simulation. On the other hand, the vibrational modes
are treated quantum mechanically and the tunneling current is computed as an ensemble average over the
distribution of the atomic configurations obtained by a suitable approximation of the density matrix for the
normal-mode oscillators. We show that the lattice fluctuations modify the electron transmission. However, the
answers obtained with the two methods are different. At low temperatures, the quantum-mechanical treatment
is necessary in order to correctly include the zero-point fluctuations. For temperatures higher than a few
hundred kelvin the simple harmonic approximation which leads to the phonon modes breaks down because the
oscillation amplitudes of the lowest-energy modes become very large. In this regime beyond the harmonic
approximation, higher-order terms should be considered leading to phonon-phonon interactions and classical
MD simulations prove to be simpler and give better results.

DOI: 10.1103/PhysRevB.68.235321 PACS number~s!: 73.23.Ad, 73.63.Nm
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I. INTRODUCTION

Recent developments in nanofabrication of molecu
scale devices renewed the attention of the scientific com
nity on the properties of molecular entities and their pot
tiality as electronic components.1–5 This type of technology
can meet the demand of an increasing level of miniatur
tion and circuit density addressed by the information ro
map, and may provide a new class of ‘‘intelligent’’ electron
components for sensing applications in biological, medic
and industrial sectors. Understanding transport in such
tems is a challenging problem. Heavy quantum-mechan
computations cannot be avoided in order to describe a
rately the energy spectra and the exact nature of chem
bonding at the metal-molecule junctions, both crucial inf
mations for quantitative predictions. Coherent tunneling v
sus activated,6 phonon-mediated processes or redoxlik7

mechanisms are still issues of debate and often the typ
transport depends critically on the fabrication procedures
control of the interface quality.

One of the many aspects of molecular transport, whic
relevant for molecular device electronics as well as scann
tunneling spectroscopy studies,8 is a thorough investigation
of the electron-phonon scattering, both elastic and inela
A number of works have been devoted to these subje
including investigations of electron-phonon interactions
quantum wells,9 molecular wires,10 and tunneling through
simple adsorbates on metal surfaces.11–13 These works have
been based on simple tight-binding Hamiltonians obtain
from the linear expansion of the nondiagonal coupling ter
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or limited to simple model Hamiltonians in which the ele
trons are coupled to a small number of vibrational mode

Ab initio quantum-mechanical treatments of the electro
phonon coupling in such systems may be a very hard c
putational task, since the basis set required for the desc
tion of the electron and phonon degrees of freedom beco
overwhelmingly large already for small molecules. For i
stance, in a molecule comprising 20 atoms, and conseque
60 vibrational modes, even after a restriction of the Fo
space to the values of 0 or 1 for the possible phonon oc
pations in each mode, the basis size will have the dimens
of 260'1018. However, larger basis sets must be used
general in order to obtain converged results. Of cours
large number of the vibrational modes may be neglected
cause they have small electron-phonon coupling; none
less, a brute force computation for realistic systems may t
out to be impractical.

The advantage of solving the problem as a direct dia
nalization in Fock space is that afterwards it is possible
clearly separate the inelastic tunneling channels from
elastic ones.14–17 The inelastic tunneling involves emissio
or absorption of one or more phonons. The elastic com
nent is given essentially by the interference between
transmission in perfect equilibrium conditions~in the ab-
sence of vibrations! and paths which involve creation
annihilation processes of virtual phonons. This approa
contains a number of strong approximations, originat
mainly from the harmonic approximation, the normal-mo
decoupling, and the entire treatment of the electron-pho
coupling. Under these assumptions, the influence of mole
©2003 The American Physical Society21-1
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lar vibrations on the electronic tunneling is a small correct
to the ideal tunneling obtained for the equilibrium config
ration. Moreover, even a small molecule can have soft vib
tional modes, resulting in large oscillation amplitudes
ready at low temperatures. Therefore, the us
approximation to the electron-phonon coupling is not va
and the elastic component of the tunneling is better rep
sented by the average of the elastic tunneling over a se
deformed configurations of the molecule. In this paper
study the influence of molecular vibrations on the tunnel
current in molecular electronic devices. We consider a sim
model system represented by adi-thio-phenylenemolecule
sandwiched in between two gold contacts via sulfur bon
The transport is dominated by charge-carrier tunneling ins
the gap between the highest occupied molecular orb
~HOMO! and the lowest unoccupied molecular orbi
~LUMO!. This gap, along with the Fermi energy alignme
is a crucial parameter for controlling the conductance o
molecule, because the transmission increases with a dec
ing gap, corresponding to smaller barriers for tunneling. T
gap of the molecule depends on the chemical nature and
atomic structure of the system. It can be modified by
electron-electron interactions, thermal lattice fluctuations
electron-lattice interactions. The calculations highlight t
importance of the position of the molecular electronic lev
with respect to the Fermi levels of the contacts in the pr
ence of an applied voltage. This numerical approach is ba
on a combination of scattering and Green’s-function the
with a tight-binding treatment of the density-function
Hamiltonian. This model allows for a self-consistent tre
ment of the quantum transport across a molecular sys
connected to two semi-infinite leads.

A molecular-dynamics~MD! simulation is performed in
order to give a classical approximation to the molecular
brational trajectory. For subsequent time steps of the M
simulation we compute the instantaneous tunneling proba
ity and related current intensity through the molecule. T
time-averaged current obtained using the MD simulation
been compared with the ensemble average over the mo
lar configurations, obtained by a quantum-mechanical tr
ment of the vibrational modes. The average is performed
a random Monte Carlo sampling of the atomic configu
tional space. This comparison shows that the harmonic
proximation and the linear approximation for the electro
phonon coupling can lead to inaccuracies already
relatively small temperatures.

The paper is structured as follows. In Sec. II we brie
review the quantum theory of the molecular vibrations a
the theory of electron transport through organic molecu
whose ends are connected to conducting leads. In the Se
the result of our computations are presented. In Sec. III A
frequency spectrum of a di-phenylene molecule is compu
and compared to other methods and experimental res
The effect of lattice fluctuations on the tunneling curre
through a di-thio-phenylene molecule is then discussed
Sec. II B. A similar discussion is also extended to a pro
typical molecule proposed as an electronic rectifier in S
III C. Finally, in Sec. IV, the time-dependent current com
puted with the MD simulations is analyzed in its frequen
23532
n

-
-
l

e-
of
e
g
le

s.
e

al
l
,
a
as-
e
he
e
r

e
s
-

ed
y

-
m

-
D
il-
e
s
u-
t-
y
-
p-
-
t

d
s
III
e
d
ts.
t
in
-
c.

components. The latter spectrum is compared to the frequ
cies of the eigenmodes.

II. THEORETICAL MODEL

A. Intramolecular vibrations

The Born-Oppenheimer approximation consists of a se
ration of the nuclear and the electronic degrees of freed
by assuming that the electrons can adapt instantaneous
the nuclear positions. The electronic part is solved for e
frozen nuclear configuration to yield an effective potential
which the nuclei move. The standard textbook procedure
the study of the nuclear motion is to expand this effect
potential up to the harmonic term, and to decouple
Hamiltonian as a superposition of independent o
dimensional oscillators which correspond to the different
brational eigenfrequencies,

H5 (
q51

3N S 2
\2

2mq

]2

]jq
2

1
mq

2
vq

2jq
2D , ~1!

whereN is the number of atoms,mq the reduced mass of th
modeq, andvq the mode frequency. The quantitiesjq rep-
resent the displacements along the directions correspon
to the mode eigenvectorseq. Each independent harmoni
oscillator can be treated quantum mechanically, giving
well-known spectrum of discrete energy eigenstates,En
5\vq(n11/2). In the language of second quantization,n
can be viewed as the number of phonon quanta occup
the mode and having an energy\vq . According to statistical
mechanics, for each harmonic oscillator in thermodynam
equilibrium with a thermal bath of temperatureT, it is pos-
sible to derive the following form for the normalized distr
bution over the deformationsjq :18

Pq~jq!5Amqvq
2

2pEq
th

expS 2
mqvq

2jq
2

2Eq
th D . ~2!

HereEq
th is the thermal energy of the modeq, expressed by

Eq
th5Fnq

th1
1

2G\vq , ~3!

where nth is the average number of excited quanta in t
oscillator, given by the usual Bose-Einstein distribution. T
form of the density gives the expected averages for the
netic and potential energies and respects Virial’s theor
U5K5Eth/2. The atomic displacements from the equili
rium configuration are given by a superposition of the d
placements along the modes,

Dr5 (
q51

3N

jqeq, ~4!

and the distribution over deformed molecular configuratio
can be obtained as a product of the independent distribut
for each mode,
1-2
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P~$jq%!5)
q

Pq~jq ,Eq
th!. ~5!

This distribution can be used for the computation of t
quantum-mechanical averages over the ensemble of
atomic configurations. It will be used in the following t
compute the average transmission probability across a m
ecule including the atomic coordinate fluctuations arou
equilibrium. In the Boltzmann limit, the thermal energy
Eq. ~3! should be replaced bykT. Inserting this value in Eq
~2! the well-known Boltzmann distributionP'exp(2V/kT)
is recovered.

B. The tunneling current in molecular systems

In this section the basic elements used for the comp
tion of the tunneling current across a molecule are describ
We are interested in modeling the coherent electron trans
through a finite-size system connected to two leads injec
or collecting the charge carriers. The system is described
a density- functional tight-binding Hamiltonian~DFTB!.19,20

This method uses a minimal, but optimized, basis set. Th
usually sufficient for the first and second row elemen
whereas the sulfur element is treated with a polarized b
including the unoccupiedd orbitals. In order to compute th
current flowing across the molecule, open boundary con
tions for the Kohn-Sham equations must be employed, o
erwise the eigenstates do not carry any current. Usually,
current is computed in the context of scattering theor21

transfer matrix,22 or via Green’s-function techniques.23,24Be-
side the numerical stability, Green’s-functions technique
the advantage that scattering, decoherence, and energy r
ation can be treated in a unified formalism. The problem
quantum transport through a mesoscopic device linked
two contacting leads is essentially a nonequilibrium proble
Deep in the contacts the propagating states are kept in e
librium with the thermal bath via dissipative scatterin
events, but the device region is kept out of equilibrium
the applied bias. In small molecular systems and for la
biases, the current is dominated by tunneling and the en
relaxation occurs at the collecting electrode. The start
point is the determination of the density of states and
electronic density in the device region, knowing the boun
ary conditions imposed by the transport problem. In t
case, the problem of transport cannot be separated from
computation of the density of states, because the states t
selves are scattering states carrying a net current. In
density-functional approach, the electronic density is the
sential ingredient for the computation of the Hamiltoni
which determines, in turn, the scattering states. Therefor
self-consistent computation of the states and the cur
should be carried out.25 The retarded~advanced! Green’s
function of the system can be expressed as

GM
r (a)5@~E6 id!SM2HM2S r (a)#21, ~6!

whereHM andSM are the Hamiltonian and overlap matric
of the molecular system andS r (a) is the sum of the self-
energies due to the interactions with the contacts. Thi
given by
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S r (a)5(
a

@ESMa2TMa#ga
r (a)@ESMa2TMa#†, ~7!

whereTMa is the Hamiltonian between the molecule and t
contacta. In the general case, the self-energy includes,
sides the contact self-energy,26 terms corresponding to sca
tering events resulting from electron-phonon or electro
electron interaction. The self-energy due to the pha
breaking interactions can be expressed, in many-b
perturbation theory, via the Dyson’s equation in terms
Green’s function itself. This self-energy contains an ima
nary part which plays the role of reshuffling electrons b
tween different energy channels. In the limit in which inc
herent scattering is absent, the elastic transmission thro
the molecule is given by27

T~E!5Tr@G2GrG1Ga#, ~8!

whereG1,2 represent the imaginary parts of the self-energy
contact 1 and 2, respectively. The tunneling current can
expressed as

i coh5
2e

h E
2`

1`

T~E!@ f 2~E!2 f 1~E!#dE ~9!

corresponding essentially to the expression derived in La
auer theory.

In order to speed up the computations we approximate
contact Green’s functions as diagonal matrices with ima
nary elements given by the local density of states of a b
metal. This approximation is valid in the limit in which th
coupling of the molecule to thek states of the bulk contact i
not stronglyk dependent. It can be justified on the basis
the following approximation:

S r5(
k

TMk

1

E2Ek
TkM

† '2 ip^uTu2&r~E!, ~10!

where the real part ofS has been neglected. The couplin
term is approximated by the coupling of the S atom of t
molecule with a gold atom of the contact. It is well know
that the s-wave approximation does not lead to correct res
for p-conjugated molecules, because both the HOMO a
LUMO are p orbitals which cannot couple tos orbitals be-
cause of their symmetry. In order to solve this problem,
have modeled the Au atoms with ansp3 basis set. Thep
symmetry arises in the usual geometry in which the thiola
bind to the Au surfaces, corresponding to a Sulfur atom bi
ing to a hollow site of the Au~111! surface.28 The Au density
of states is fixed to the value at the Fermi energyr(Ef)
'0.07 eV21 and the relevant S-Aup-p coupling Hamil-
tonian has an average value of about 6.8 eV.

C. Elastic transmission through the quantum phonon field

The elastic transmission through the vibrating molec
can be computed using an adiabatic approximation, in wh
the transmission is obtained as an average over the insta
neous transmissions computed for each frozen molec
configuration. In principle, this average should be taken o
the ensemble of all the possible configurations of the m
1-3
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A. PECCHIAet al. PHYSICAL REVIEW B 68, 235321 ~2003!
ecule, weighted by the distribution in Eq.~5!. Therefore, the
average transmission can be obtained by an integration
the configuration space

^T~E!&5E dj1j2•••dj3NT~E;$jq%!P~$jq%!. ~11!

As this integration has to be evaluated in a 3N-dim space,
the best suited method is a Monte Carlo~MC! technique
sampling the configuration space randomly with weights
cording to P(jq). For a set of random coordinatesjq the
deformation of the molecule is given by Eqs.~2! and~4!. For
each of these configurations, the Hamiltonian and ove
matrices can be recomputed. From these ingredients
transmissionT(E) of Eq. ~8! can be calculated from th
molecular Green’s function of Eq.~6!, obtained with direct
numerical inversions.

Finally, using Eq.~9!, the current is computed from th
average transmission. However, particular care is neede
the computation of the average using the Monte Ca
method. It is known29 that the ensemble average of the tran
mission probability in a disordered one-dimensional cond
tor is a statistically ill-defined quantity because it is dom
nated by a very small number of exceptional configuratio
In other words, the average is in no way representative of
typical transmission probability to be expected from a ra
domly sampled member of the ensemble. This difficulty do
not arise if lnT(E) is averaged instead ofT(E).30 Therefore,
the procedure we have followed was to compute the ave
tunneling aŝ T(E)&5exp„^ ln@T(E)#&…. For each temperature
the phonon fluctuations are averaged over 500 random
figurations. The convergence of this sampling procedure
checked by doubling the size of this ensemble, resulting
no significant changes of the average transmission.

D. Molecular-dynamics treatment of the vibrations

The quantum-mechanical treatment of the vibratio
modes has been compared to a time average obtaine
classical MD simulations. In this approach the molecu
configurations follow the dynamics of the molecule. T
time evolution is obtained with a Verlet algorithm31 with a
random rescaling of the atomic velocities in order to therm
ize the kinetic energy to the value of 3NkBT/2 for N atoms
involved.32 This limiting value is in agreement with the cla
sical energy of 3N harmonic oscillators and coincides wit
the high-temperature limit of the quantum-mechanical tre
ment. Therefore, assuming that the system is ergodic,
would expect that the average transmission obtained with
MD simulations corresponds essentially to the same resu
the quantum-mechanical average in the limit of high te
peratures. The MD simulations were carried out for a ti
interval of about 11.5 ps of time, corresponding to ab
120 000 time steps of 4 a.u.50.096 fs. Like the quantum cas
described above, the average transmission is calculated
the transmission computed for successive molecular confi
rations. As the most time consuming part of the algorithm
the computation of Green’s function, this calculation w
performed every 40th time step of the MD simulation, resu
ing in 3000 sampling times.
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III. RESULTS

A. Vibrational spectrum of di-phenyl-acetylene

In this section we compare the frequency spectrum ca
lated with the DFTB code to the results of semiempiric
methods and available experimental data. These test calc
tions are performed for the vibrational spectrum of d
phenyl-acetylene~DPA!, resembling the di-thio-phenylen
molecule used in the following sections for the calculation
the tunneling current between two Au contacts. Even thou
the low-frequency vibrations are difficult to access expe
mentally these are precisely the modes with strong influe
of the zero-point fluctuations on the tunneling current. Mo
of the time these modes are optically inactive or very wea
active because of symmetry or because they involve osc
tions of large molecular portion with very small dipolar co
pling. However, these modes can be very relevant for e
tronic transport properties, because they can have the e
of breaking the coherent tunneling path. For example, in
DPA the twist oscillations of the phenyl rings around t
central triple bond strongly affect the conjugation betwe
the two rings and the tunneling across the molecule.33 The
result of our computations are reported in Table I. The ta
shows the lowest-energy modes of DPA as computed w
DFTB compared to the experimental results taken from R
34. Whenever the experimental result was not available
have reported the theoretical values obtained with the se
empirical method PM3.34

Recently, the DFTB method has been recently appl
successfully to study the vibrational frequencies of peryle
tetracarboxylic dianhydride~PTCDA!,35,36 and also in the
present case it compares relatively well. In the following
is important to observe that DFTB tends to underestimate

TABLE I. Results of the computation for the normal modes f
DPA. The table shows the comparisons between the DFTB com
tation and measured values. In braces are reported theoretica
sults using the semiempirical PM3 method. Frequencies are
pressed in cm21.

Mode Symmetry DFTB Expt/~PM3!a

1 Au 16.44 ~35!

2 B3g 38.04 ~51!

3 B2u 45.67 ~52!

4 B2g 118.92 147
5 B3g 102.43 174
6 B3u 270.02 280
7 Ag 274.91 261
8 B1g 377.93 407
9 Au 378.49 ~358!

10 B2g 327.49 388
11 B2u 471.63 467
12 B3u 492.52 509
A A A A

64 B2u 3059.94 3069
65 B1u 3063.80 3078
66 Ag 3064.05 3084

aFrom Reference 31.
1-4
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ROLE OF THERMAL VIBRATIONS IN . . . PHYSICAL REVIEW B68, 235321 ~2003!
mode frequencies of the torsional modes, although the r
tive error decreases considerably as the frequencies incr
The lowest mode corresponds to the twist of the two phe
ring around the principal axis of the molecule. It is difficu
to obtain an accurate frequency for this mode by direct
agonalization of the numerically computed Hessian, des
the fact that the molecular geometry was relaxed to the le
at which the atomic forces were lower than 531026 a.u.
These problems arise from the computation of the Hes
out of the total energy for slightly deformed geometri
around the global minimum: large deformations would
duce the influence of numerical fluctuations arising in
diagonalization, a requirement which has to be optimiz
against the validity range of the harmonic approximation

B. The effect of lattice fluctuations on the tunneling current

We have investigated the influence of vibrations on
transmission across a molecule of di-thio-tolane~DTT! and a
dihydroxy-dicyano-diphenylene rectifying molecule~DDP!.
The molecules are connected to the contacts via cova
Au-S bonds, as shown in Fig. 1. In the computation of
molecular vibrations, the Au atoms of the contacts are k
fixed. This can be considered as a reasonable approxima
given the relatively large mass of the Au atoms with resp
to the C and H atoms forming the molecule. First we disc
the results obtained for the DTT molecule. After the rela
ation of the atomic coordinates, obtained by imposing
atomic forces to be smaller than 1024 a.u., the molecule was
found on a planar geometry. The vibrational frequencies
gether with a description of the modes are reported in Ta
II. Since the molecule is constrained by the fixed conta
the rotational and translational invariance is broken a
therefore the six corresponding improper modes are abs
The system comprises 72 proper modes of vibrations.
lowest vibrational mode, with a frequency of only 8 cm21,
corresponds to a molecular oscillation in the plane of
phenyl rings resembling the first harmonics of a string w
the two sulfur atoms remaining fixed. The second mode
similar, with the exception that it corresponds to a vibrati

FIG. 1. Representation of~a! di-thio-tolane and~b! dihydroxy-
dicyano-diphenylene molecule between two Au contacts.
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perpendicular to the phenyl plane. The third mode is the ri
twist of the two phenyl rings around the central triple bon
The fourth and sixth modes can be described as a sec
harmonic of a vibrating string, with a node in the center
the molecule. The higher modes correspond to a rigid mo
of the phenyl rings with predominant shear oscillations of
triple bond. In mode 7 the parallel bend of the rings is a
companied by an oscillation of the whole molecule along
z direction. The Au-S stretch frequency is around 390 cm21,
whereas above 600 cm21 the internal vibrational modes o
the DPA are recovered.

The spectral transmissions for different temperatures
shown in Fig. 2, for the energy window between27.0 eV
and 21.4 eV, covering the HOMO-LUMO gap. In this
scale, the Au Fermi energy is located at24.25 eV. Figure
2~a! refers to the MD simulations and Fig. 2~b! to the quan-
tum Monte Carlo average. These two computational sche
give different results even in the limit of high temperature
At a temperature of 10 K, the transmission function obtain
with the MD simulation coincides essentially with the on
obtained for the molecule in equilibrium presenting sha
features in correspondence to the HOMO and LUMO ban
In the quantum-mechanical counterpart, the same feat
are broadened already at 10 K because of the zero-point
tion of the internal vibrations.

Increasing the temperature from 10 K to 50 K, the tran
mission inside the gap increases, whereas the transmis
resonances tend to decrease both in the MD simulations
in the quantum MC computations. This is due to the fact t
the molecular vibrations induce fluctuations in the HOM
LUMO gap. Since the transmission inside the gap depen

TABLE II. Vibrational frequencies and mode description for th
DTT molecule.

Mode Frequency (cm21)
Mode

description

1 8.00 i string vibration
2 12.17 ' string vibration
3 20.58 Ph twist
4 46.32 ' string vibration

~II harm!

5 75.60 C-Ph' bend
~boat!

6 83.79 i string vibration
~II harm!

7 86.78 C-Phi bend
andz oscillation

8 97.15 C-Ph' rotation
9 151.12 ' bend

~III harm!

10 178.04 C-Phi rotation
S z oscillation

A A A
70 3058.66 C-H Stretch
71 3061.26 C-H Stretch
72 3061.62 C-H Stretch
1-5
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A. PECCHIAet al. PHYSICAL REVIEW B 68, 235321 ~2003!
to first order, on the inverse of the energy difference betw
the HOMO ~LUMO! and the injection energy, the current
enhanced because, on average, the gap reduction domin
On the contrary, the injection at the LUMO or HOMO ene

FIG. 2. Transmission functions of DTT as a function of tem
perature obtained from~a! the MD simulations;~b! the MC with
quantum oscillators;~c! the MC with classical oscillators; and~d!
the MC with quantum oscillators with frequencies shifted up
20 cm21. The Fermi level of the Au metal is at24.25 eV.
23532
n

tes.

gies decreases on average, because the same fluctua
bring the levels in and out of resonance, where the transm
sion is almost unitary.

The typical deviations from the average are shown in F
3, where the transmission for different configurations are
sualized for the MD simulation@Fig. 3~a!# and for the
quantum-MC@Fig. 3~b!#. Both computations were obtaine
for a temperature of 50 K, giving clear evidence for larg
deviations in the quantum-mechanical ensemble. At a te
perature of 100 K and above, the average transmission
tained with the MD simulations starts to decrease, both
side the gap and at resonance. On the other hand, in
quantum MC the behavior is qualitatively different since t
transmission progressively increases further inside the
and decreases at resonance. This indicates that the si
harmonic approximation comes to the limits of its validit
Two separate effects contribute to this result. First, ab
100 K, the thermal energy is sufficient to overcome the lo
energy barrier for the phenyl rotations around the trip
bonds~9.5 meV!. As the molecule begins to rotate the ave
age transmission decreases, because the transmission f
configuration in which the phenyl rings are perpendicular
each other is very small.33 The other very important problem
arising in the quantum computations is that the oscillat
amplitude increases with temperature beyond the valid
range of the normal-mode analysis. This effect can be see
Fig. 4, which represents the potential profile correspond
to the twist mode of the phenyl rings in the DPA molecu
The atomic displacements along the mode eigenvector
accompanied by a relevant stretching of the rings@Fig. 4~a!#
with a potential profile deviating from the harmonic approx
mation already for very small amplitudes. For comparis
the potential barrier for rotation of one ring with respect
the other is shown in Fig. 4~b!.

The standard deviation of the atomic displacements a
function of temperature is visualized in Fig. 5 for the s
lowest internal vibrational modes. The atomic index in t
abscissa refers to numbering reported in Fig. 1. The mid
-

FIG. 3. A family of transmission functions
obtained atT550 K for different atomic configu-
rations taken from~a! different times of the MD
simulations and~b! different samples of the quan
tum MC.
1-6
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FIG. 4. Potential profile for the twist mode in
the DPA molecule. The solid line represents t
potential displacing the atoms along~a! the
eigenmode and~b! the arc of the rotation. The
inset is a zoom around equilibrium.
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reat
column of graphs in Fig. 5 corresponds to the distribution
elongations over the molecule. As a general trend, the
placements increase with temperature and decrease a
frequency increases, compare Eq.~2!.

The first two modes, which correspond to the first h
monics of a stringlike vibration, can easily be recogniz
since they have the largest displacements for the at
closer to the center of the molecule. The maximum displa
ment in the third mode, which corresponds to the phe
twist, occurs for the hydrogen atoms while the central c
23532
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bons do not move. For the lowest modes the deformati
can reach values of up to 0.6 Å at 100 K and up to 1.2 Å
room temperature. With such large amplitudes the sim
decomposition into normal modes in Eq.~4! does not give
correct results. For example, for the third mode, a large
cillation amplitude will not just correspond to a rotation, b
it will include a considerable distortion of the phenyl ring
and the C-H bonds. A similar effect appears in the first a
the second mode before decreasing for the higher mo
The large distortion introduced by the first modes has a g
x
h

-
nd
y

FIG. 5. Oscillation amplitudes for the first si
normal modes of vibration resolved for eac
atom for ~a! T510 K, ~b! T5100 K, and~c! T
5300 K. The first column refers to classical am
plitudes, the second to quantum oscillators, a
the third to quantum oscillator with frequenc
shifted by 20 cm21. The atom numbers refer to
Fig. 1.
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effect on the energy spectrum and, as a consequence, o
transmission. In order to account correctly for these non
earities within the quantum-mechanical framework, it wou
be necessary to introduce higher-order expansions of the
tential resulting in complex phonon-phonon interactions.

The transition from the low- to the high-temperature
gime of the oscillation amplitudes can be emphasized as
lows. We have performed a Monte Carlo integration of E
~11! in a manner similar to the one described above,
using a classical distribution for the energy of the mod
Equation ~3! has been replaced byEth5kT, which corre-
sponds to a classical treatment of the oscillators. The res
of these computations are shown in Fig. 2~c!. This procedure
eliminates the zero-point fluctuations and, as an expe
consequence, the transmission function atT510 K is essen-
tially the same to the one obtained with the classical M
simulation. However, within this approach the molecular
cillations are treated in the same way as in the quan
treatment. As a consequenceT(E) converges to the quantum
computations in the limit of high temperatures~compare
Figs. 2~b! and 2~c! for T.200 K). This is expected, sinc
for kT@\v the expression of the thermal energy, as giv
by Eq. ~3!, converges tokT. Therefore, the vibrational am
plitudes of the lowest modes obtained from the quantum
the classical distributions coincide, as can be seen w
comparing the first with the second column of Fig. 5. Seve
observations must be made in order to distinguish the rol
the zero-point fluctuations from the influence of the lar
oscillation amplitudes at highT. First, the elongation of the
low-frequency modes is quite similar for the classical and
quantum-mechanical treatment because the mode freq
cies are close to the thermal energy atT510 K. This hap-
pens because atT510 K, kT;\v for the lowest modes
However, for the higher modes, the standard deviations
crease much slower in the quantum treatment because o
zero-point energy. An inspection of Eqs.~2! and ~3! reveals
that in the quantum-mechanical treatment the standard de
tion behaves ass;1/Av for \v@kT, whereas in the clas
sical approximations;1/v for \v@kT. We conclude that
at low temperatures the zero-point fluctuations of all
modes contribute to the average transmission. This can
verified by repeating the computations including the con
bution of more internal modes, resulting in larger fluctu
tions of the transmission. On the contrary, atT;300 K the
zero-point fluctuations of the nonactivated modes~in this
case forv*1300 cm21) are dominated by the large oscilla
tion amplitudes of the first few modes. This was also verifi
by eliminating all but the first six modes, resulting esse
tially in the same average transmission atT5300 K.

Another instructive comparison can be obtained by
peating the quantum MC computations with all the mo
frequencies shifted up by a certain amount. This is useful
evaluating the possible systematic errors introduced by
uncertainty on the lowest frequencies inherent in the m
computation, as discussed above. We have chosen a val
20 cm21 that can be considered as an upper limit for t
uncertainty of the frequencies. Obviously, introducing a c
23532
the
-

o-

-
l-
.
t
.

lts

ed

-
m

n

d
en
l

of

e
n-

e-
the

ia-

e
be
-
-

d
-

-
e
r
e
e
of

-

stant shift to all the frequencies has a larger impact on
oscillation amplitudes of the lowest modes, as visualized
the right column of Fig. 5.

The results of these computations are shown in Fig. 2~d!.
At low temperatures the transmission coincides with the p
vious computations@Fig. 2~b!#, since in this regime the zero
point fluctuations of all the modes are so important that
frequency shift does not have major influence. However
high T, the frequency shift decreases the oscillation am
tudes of the first modes significantly~see Fig. 5!. As a con-
sequence, the transmission is not affected by the tempera
as much as before since the HOMO and LUMO featu
survive up to 500 K@compare Fig. 2~d! with Fig. 2~b!#. We
conclude that at low temperatures the spectral transmis
which includes the elastic scattering due to the quantum fl
tuations of the molecule is not strongly affected by errors
the determination of the modes and the associated freq
cies. As the temperature increases a realistic represent
of the vibrational frequencies becomes more importa
However, above a certain critical temperature, which in t
case is around 100 K, the anharmonic and nonlinear eff
may start to play a critical role which, in any case, the qu
tum ensemble relying on the harmonic approximation can
reproduce. Above this temperature, the nonlinear effects
well described within the classical MD approach.

C. I -V characteristics

Figure 6 reports theI -V characteristics computed from th
spectral transmission. TheI -V curves are obtained by includ
ing the bias effect on the Fermi functions in Eq.~9!. The
Fermi energy of the left electrode is shifted upwards by
quantityeV/2 and, correspondingly, the Fermi energy of t
right electrode is shifted downwards by2eV/2. This is con-
sistent with the approximation that the molecular spectr
shifts almost rigidly by a quantityeV/2 when a biasV is
applied to the system. A much more time consuming com
tation would be needed for an accurate computation of

FIG. 6. I -V characteristics for the DTT molecule. Results fro
~a! the MD simulations;~b! the MC with quantum oscillators;~c!
the MC with classical oscillators; and~d! the MC with quantum
oscillators with frequencies shifted by 20 cm21.
1-8
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transmission that is self-consistent with the applied b
however, the main physical ingredients are already inclu
in this simplified treatment. Moreover, the Fermi function f
the charge carriers introduces a further broadening me
nism, but its influence on the current is much smaller w
respect to the thermal fluctuations of the molecular geome

In the I -V characteristics reported in Fig. 6, the current
low biases increases and at high biases decreases, a
consequence of the gap fluctuations. This effect is more
nounced in the quantum computations than in the MD sim
lations. The trend is summarized in Fig. 7, which shows
current as a function of temperature at the voltages of 0.
and 3.0 V. Both in the low- and the high-voltage regime t
MD current approaches the classical MC result and aro
50 K both give similar results. Note that the MD and clas
cal MC results do not coincide at 10 K due to deviatio
from the harmonic approximation affecting the lowest vib
tional modes already in this temperature regime, comp
Fig. 4. As the temperature rises, both computational sche
give different results, particularly at low voltages, where t
gap tunneling dominates. According to the MD simulatio
above 200 K there are no significant current variations
cause the important modes which affect the transport are
activated.

At low T and high voltages, the quantum computati
gives significantly different results from the classical a
proaches because the resonant tunneling contributes sig
cantly. However, at high temperature the classical and qu
tum MC sampling give similar results over the entire volta
range.

A subject of current investigation is the effect of inelas
scattering on the molecular electric conduction.37 However,
based on the results shown in the present work, the inela
scattering in the high-temperature regime is a challeng
problem because it requires the inclusion of anharmonic
fects. Moreover, at room temperature the phonon popula

FIG. 7. Current as a function of temperature for the differe
computational methods for MD, quantum, and classical oscillat
~a! Values obtained at bias50.5 V and~b! at bias53.0 V. In both
cases the classical oscillator tends to the MD simulations at loT
and converges to the quantum treatment at highT.
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of the low-frequency modes is so large that multiple scat
ing events may become important.

It should also be observed that the usual experime
configuration employed to measure the conductance of s
molecules is in self-assembled monolayers~SAM’s!. In such
conditions, the interactions between neighboring molecu
and collective oscillations can also play an important role
the determination of the energetically more stable configu
tion and the vibrational frequencies of the lowest modes.38

D. Thermal effects on a DDP molecule

For comparisons with the simple DTT, we have also
vestigated the influence of thermal fluctuations on the tra
port through a DDP molecule@Fig. 1~b!#. This molecule is in
the class of the Aviram-Ratner39 molecular diodes and wa
also proposed by Ellenbogen40 as a prototype of a rectifying
device. The molecule consists of two benzene rings link
together by a barrier bridge~an alkyl chain!. The two parts
are chemically modified in order to act as electron donor
acceptor, resulting in electronic orbitals localized either
the donor or the acceptor side when no bias is applied. Un
bias the rectification mechanism is governed by the asym
try in the level alignment. Under forward bias, the ener
levels of the donor and the acceptor can be aligned with
Fermi level of the emitter, resulting in an enhancement of
resonant tunneling.

In the case discussed here the CN groups act as elec
donors and raise the energy levels of the phenyl ri
whereas the OH groups act as electron acceptors and lo
the levels. Concerning the mode frequencies reported
Table III, the lowest modes are, again, associated with
lowest harmonics of stringlike vibrations. The highest fr
quencies shown correspond to the C-H stretching and
O-H stretching~about 3690 cm21).

Figure 8 shows the calculatedI -V characteristics obtained
from classical MD simulations and the quantum MC sa
pling. The findings are qualitatively similar to those of th
TTP molecule.

t
s.

TABLE III. Vibrational frequencies for the DDP molecule.

Mode Frequency (cm21)

1 12.89
2 16.18
3 19.79
4 31.59
5 42.83
6 59.22
7 75.80
8 81.18
9 86.40

10 104.52
A A

94 3059.11
95 3688.55
96 3692.79
1-9
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Higher temperatures reduce the current and lower the
tification ratio. This effect is stronger in the case of the qu
tum MC simulations, for reasons similar to those presen
for the TTP molecule. Also in this case the Bose-Einst
ensemble gives the correct low-temperature limit where
transport is influenced by the zero-point motion of all inte
nal modes. As a result the peak current given by the quan
MC calculation at 10 K is only half of the current obtaine
for the equilibrium configuration. At high temperatures t
harmonic approximation is no more applicable, giving
strong broadening of theI -V curve.

Just as in the case of the TTP molecule the MD simu
tions saturate above 200 K, so that theI -V curve does not
show a significant temperature dependence.

E. Frequency analysis of the time-dependent current

The MD simulations allow the investigation of the tim
dependence of the tunneling current, revealing signature
the vibrational modes.

FIG. 8. I -V characteristics for the DDP molecule for differe
temperatures obtained from the MD simulations and the quan
treatment of the oscillators.
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In order to show the relationship between the tim
dependent signal and the vibrational eigenmodes, we h
reported in Figs. 9 and 10 the Fourier spectrum of the tim
dependent current through a DTT molecule together with
vibrational frequencies. Figure 9 shows the time-resolv
current and corresponding Fourier spectrum for a temp
ture of 10 K and a bias voltage of 1 V. Figure 10 reports
similar calculation for a temperature of 300 K. The tim
evolution confirms the consistency with the vibration
modes. Indeed, several peaks exactly correspond to spe
modes, especially above 300 cm21. In general, the modes
which affect most strongly the tunneling current are char
terized by stretching motion of the central carbon bridge,
a skewing motion of the phenyl rings influencing the C
bond, and by S-Au stretching.

The strongest peaks coincide with the vibrational mod
that give the largest perturbation to the current. Beginn
from the highest frequencies, the stretching of the cen
C-C triple bond at 2400 cm21 has a large impact on th
transmitted current. This large effect is intuitively obviou
considering that the current flows entirely along this bon
Thez deformation of the phenyl rings, which leaves the ce
tral bridge and the sulfur atoms frozen, also has a large ef
as revealed by the peak at the frequency of 1798 cm21. Fur-
ther down the influence of the phenyl breathing mode is a
strong, at the frequency of 1272 cm21. The z stretching of
the rings, with consequent change in distance of the C-S
the central C-C bridge, occurs in correspondence of
peaks at 1170 and 1153 cm21. At 521 cm21 corresponds the
almost rigid Ph-S oscillation along thez axis. Very strong is
the effect of the modes around 400 cm21 which involves the
S-Au bond stretching. The lowest part of the frequency sp
trum tends to be quite noisy. This is dominated by the phe
twist mode, which is labeled as mode 3 in Table II. Th
mode is appreciably softened as a signature of nonharm
effects which intervene already at 10 K. The strongest p
is actually located at twice the frequency of the twist mo
~around 31 cm21). This doubling effect comes simply from

m

e
ra-
FIG. 9. ~a! MD simulation of the time-
dependent current for the DTT molecule atT
510 K. ~b! Frequency spectrum analysis of th
current compared to the frequencies of the vib
tional modes ~dashed lines!. The spectrum is
magnified by a factor of 5 above 70 cm21.
1-10



e
ra-

ROLE OF THERMAL VIBRATIONS IN . . . PHYSICAL REVIEW B68, 235321 ~2003!
FIG. 10. ~a! MD simulation of the time-
dependent current for the DTT molecule atT
5300 K. ~b! Frequency spectrum analysis of th
current compared to the frequencies of the vib
tional modes~dashed lines!.
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the specular symmetry of the transmission between the
figurations occurring every half period of oscillation of su
mode.

Sum frequencies and other complex nonlinear behav
are all present but much more difficult to distinguish. Sat
lite peaks, with frequency sum and subtraction of the imp
tant low-frequency mode of 15 cm21, appear clearly around
the modes at 151, 178, and 211 cm21. A large number of
satellite peaks which clearly originate from frequency su
mation and subtractions appear around all the main pe
above 300 cm21.

At the temperature of 300 K the low-frequency spectru
is completely broadened by nonlinearities. The molecu
freely rotate and each rotation can be well recognized in
time-dependent signal as a strong decrease of current. In
higher part of the spectrum a number of modes present a
K still survive, although broadened.

This information is very difficult to explore experimen
tally, since it would require ultrafast response measureme
Furthermore, the current signal and the resulting noise
extremely small. Amplifications of such noises are possi
from the transmission through a large number of molecu
~e.g., on a SAM! with alternating currents.

According to Ref. 37 the largest contribution to the inela
tic scattering should be expected from the modes wh
maximize the variation of the transmission amplitude, i
exactly from those modes which present a high peak in
frequency spectrum discussed here. According to Ref. 10
gap transmission, the inelastic component of the curren
expected to be one to two orders of magnitude smaller t
the elastic. Only at high bias voltage, when the reson
tunneling plays a dominant role, the inelastic compon
should compete with the elastic one.

Despite a number of difficulties, frequencies up to 5
100 GHz can be reached experimentally, therefore the low
frequency of 1 GHz, corresponding to the phenyl twist, m
accessible. The behavior of the metal contacts and the
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neling currents at such high frequencies has been stu
very little,41 however, we can expect that the resonant
sponses to high-frequency signals could provide the ac
to the vibrational spectrum of organic molecules and give
possibility to study a number of phenomena such as sur
aggregation and collective motions.

IV. CONCLUSIONS

We have computed the effect of coherent phonon vib
tions on the transmission through molecular wires. The co
putations have been performed using MD simulations wh
treat the molecular vibrations classically. These compu
tions have been compared with averages over the ense
of the configurations obtained from a quantum-mechan
treatment of the mode oscillators. These treatments s
from the determination of the normal modes of vibratio
obtained from the diagonalization of the Hessian. To ea
mode is then associated a quantum-mechanical distribu
probability which in thermal equilibrium depends on th
number of excited quanta in the mode. The molecular c
figuration is found from the product of the independent mo
distributions and the average over the configuration spac
obtained by means of a Monte Carlo integration. The co
putations reveal that the harmonic approximation looses
lidity as the temperature increases and the simple first-o
expansion of the atomic displacements into normal mode
vibrations give inaccurate results already at 100 K. On
other hand, the molecular dynamics, although classical, g
a more correct treatment of the molecular vibrations at h
temperatures, since it treats more accurately nonlinear be
iors which occur when the oscillations become large. At lo
temperatures the quantum-mechanical treatment takes
account the zero-point motion of the oscillators, which
completely missed in the classical approximations. The h
monic approximation is sufficiently accurate for these m
ecules at 10 K. Increasing the temperature we found a
1-11



ob
e-
p
th

E.
rk

A. PECCHIAet al. PHYSICAL REVIEW B 68, 235321 ~2003!
crease in the HOMO-LUMO gap energy.
We have also shown that the time-resolved current

tained with the MD simulations is consistent with the fr
quency spectrum. The method provides a relatively sim
overview on which modes have the largest effects on
transport properties.
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