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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-dynanid®) 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 nuni$er73.23.Ad, 73.63.Nm

[. INTRODUCTION or limited to simple model Hamiltonians in which the elec-
trons are coupled to a small number of vibrational modes.
Recent developments in nanofabrication of molecular- Ab initio quantum-mechanical treatments of the electron-
scale devices renewed the attention of the scientific commuphonon coupling in such systems may be a very hard com-
nity on the properties of molecular entities and their poten-putational task, since the basis set required for the descrip-
tiality as electronic components?® This type of technology tion of the electron and phonon degrees of freedom becomes
can meet the demand of an increasing level of miniaturizaeverwhelmingly large already for small molecules. For in-
tion and circuit density addressed by the information roadstance, in a molecule comprising 20 atoms, and consequently
map, and may provide a new class of “intelligent” electronic 60 vibrational modes, even after a restriction of the Fock
components for sensing applications in biological, medicalspace to the values of 0 or 1 for the possible phonon occu-
and industrial sectors. Understanding transport in such sygations in each mode, the basis size will have the dimension
tems is a challenging problem. Heavy quantum-mechanicaf 2°°~10', However, larger basis sets must be used in
computations cannot be avoided in order to describe acclgeneral in order to obtain converged results. Of course a
rately the energy spectra and the exact nature of chemic#rge number of the vibrational modes may be neglected be-
bonding at the metal-molecule junctions, both crucial infor-cause they have small electron-phonon coupling; nonethe-
mations for quantitative predictions. Coherent tunneling verdess, a brute force computation for realistic systems may turn
sus activated, phonon-mediated processes or redoXlike out to be impractical.
mechanisms are still issues of debate and often the type of The advantage of solving the problem as a direct diago-
transport depends critically on the fabrication procedures andalization in Fock space is that afterwards it is possible to
control of the interface quality. clearly separate the inelastic tunneling channels from the
One of the many aspects of molecular transport, which islastic ones?~*" The inelastic tunneling involves emission
relevant for molecular device electronics as well as scanningr absorption of one or more phonons. The elastic compo-
tunneling spectroscopy studigss a thorough investigation nent is given essentially by the interference between the
of the electron-phonon scattering, both elastic and inelastidransmission in perfect equilibrium conditioris the ab-
A number of works have been devoted to these subjectsence of vibrations and paths which involve creation-
including investigations of electron-phonon interactions inannihilation processes of virtual phonons. This approach
quantum wellS, molecular wires? and tunneling through contains a number of strong approximations, originating
simple adsorbates on metal surfates® These works have mainly from the harmonic approximation, the normal-mode
been based on simple tight-binding Hamiltonians obtainedlecoupling, and the entire treatment of the electron-phonon
from the linear expansion of the nondiagonal coupling termsoupling. Under these assumptions, the influence of molecu-
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lar vibrations on the electronic tunneling is a small correctioncomponents. The latter spectrum is compared to the frequen-
to the ideal tunneling obtained for the equilibrium configu- cies of the eigenmodes.
ration. Moreover, even a small molecule can have soft vibra-

tional modes, resulting in large oscillation amplitudes al- Il. THEORETICAL MODEL
ready at low temperatures. Therefore, the usual o
approximation to the electron-phonon coupling is not valid A. Intramolecular vibrations

and the elastic component of the tunneling is better repre- The Born-Oppenheimer approximation consists of a sepa-
sented by the average of the elastic tunneling over a set gation of the nuclear and the electronic degrees of freedom
deformed configurations of the molecule. In this paper weby assuming that the electrons can adapt instantaneously to
study the influence of molecular vibrations on the tunnelingthe nuclear positions. The electronic part is solved for each
current in molecular electronic devices. We consider a simplérozen nuclear configuration to yield an effective potential in
model system represented bydathio-phenylenemolecule  which the nuclei move. The standard textbook procedure for
sandwiched in between two gold contacts via sulfur bondsthe study of the nuclear motion is to expand this effective
The transport is dominated by charge-carrier tunneling insid@otential up to the harmonic term, and to decouple the
the gap between the highest occupied molecular orbitaHamiltonian as a superposition of independent one-
(HOMO) and the lowest unoccupied molecular orbital dimensional oscillators which correspond to the different vi-
(LUMO). This gap, along with the Fermi energy alignment, brational eigenfrequencies,

is a crucial parameter for controlling the conductance of a

molecule, because the transmission increases with a decreas- 3N B2 g2 My 5.
ing gap, corresponding to smaller barriers for tunneling. The H= 2 — 5 5t 5wy, (1)
q=1 2mq agq 2

gap of the molecule depends on the chemical nature and the

atomic structure of the system. It can be modified by the

electron-electron interactions, thermal lattice fluctuations, OyvhereN is the number of atomsn, the reduced mass of the

electron-lattice interactions. The calculations highlight the©d4€d: and g the mode frequency. The quantitis rep-

importance of the position of the molecular electronic levels &SNt the displacements along the directions corresponding

with respect to the Fermi levels of the contacts in the preszo the mode eigenvector!. Each independent harmonic

ence of an applied voltage. This numerical approach is base%SCIIIator can be treated qgantum mechamcglly, giving the
on a combination of scattering and Green’s-function theor))/"GIl'known spectrum of discrete energy e|gens_taﬂ§§,
with a tight-binding treatment of the density-functional =hwq(n4_r1/2). In the language of second quantization,
Hamiltonian. This model allows for a self-consistent treat-c2" be viewed as the number of phonon quanta occupying

ment of the quantum transport across a molecular systeﬁl?e mod_e and having an ener_@y)q. Accor(_jlng to statlstlcal_
connected to two semi-infinite leads. mechanics, for each harmonic oscillator in thermodynamical

A molecular-dynamic§MD) simulation is performed in eguilibrium .With a thermgl bath of temperatuTe it. s pos-
order to give a classical approximation to the molecular visible to derive the following form for the normalized distri-

H ; .18
brational trajectory. For subsequent time steps of the mpPution over the deformation, :
simulation we compute the instantaneous tunneling probabil-

ity and related current intensity through the molecule. The Mqw? Myw2&2

; h . X A p (é. ): qa—q _ q~7q>q (2)
time-averaged current obtained using the MD simulation has atsq ~EN oEth

been compared with the ensemble average over the molecu- 4 q

lar configurations, obtained by a quantum-mechanical treaty,
ment of the vibrational modes. The average is performed by
a random Monte Carlo sampling of the atomic configura-
tional space. This comparison shows that the harmonic ap- gth=
proximation and the linear approximation for the electron- a

honon coupling can lead to inaccuracies already at . . .
Pelatively smaF\)II tgmperatures y where ny, is the average number of excited quanta in the

The paper is structured as follows. In Sec. Il we brieﬂyoscnlator, given by the usual Bose-Einstein distribution. This

review the quantum theory of the molecular vibrations anom".n of the dens_|ty gives .the expected averag.es’ for the ki-
the theory of electron transport through organic moleculeﬂetIC and potential energies and respects Virial's theqr_em,
whose ends are connected to conducting leads. In the Sec. :K:Et.hlz' T_he atomic displacements fro_r_n the equml_)-
the result of our computations are presented. In Sec. 1A th&'Um configuration are given by a superposition of the dis-
frequency spectrum of a di-phenylene molecule is computeBl"’lcements along the modes,

and compared to other methods and experimental results. 3N

The effect of lattice fluctuations on the tunneling current Ar= Z £ @)
through a di-thio-phenylene molecule is then discussed in &h v

Sec. IIB. A similar discussion is also extended to a proto-

typical molecule proposed as an electronic rectifier in Secand the distribution over deformed molecular configurations
[lIC. Finally, in Sec. IV, the time-dependent current com- can be obtained as a product of the independent distributions
puted with the MD simulations is analyzed in its frequencyfor each mode,

ere EH‘ is the thermal energy of the modg expressed by

1
th
nq+§

hiog, 3)
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P({ﬁq})=1;[ Pq(£q.EQ). (5) 2f<a>=§ [ESva— Tmal 08P [ESua—Tual’, (D)

This distribution can be used for the computation of thewhereTy,, is the Hamiltonian between the molecule and the
guantum-mechanical averages over the ensemble of theontacta. In the general case, the self-energy includes, be-
atomic configurations. It will be used in the following to sides the contact self-energyterms corresponding to scat-

compute the average transmission probability across a motering events resulting from electron-phonon or electron-
ecule including the atomic coordinate fluctuations arouncelectron interaction. The self-energy due to the phase-
equilibrium. In the Boltzmann limit, the thermal energy in breaking interactions can be expressed, in many-body
Eg. (3) should be replaced biyT. Inserting this value in Eq. perturbation theory, via the Dyson’s equation in terms of
(2) the well-known Boltzmann distributioP~exp(—V/kT)  Green’s function itself. This self-energy contains an imagi-

is recovered. nary part which plays the role of reshuffling electrons be-
tween different energy channels. In the limit in which inco-
B. The tunneling current in molecular systems herent scattering is absent, the elastic transmission through

. _ _ the molecule is given By
In this section the basic elements used for the computa-

tion of the tunneling current across a molecule are described. T(E)=TrI,GT,G?], (8
We are interested in modeling the coherent electron transport
through a finite-size system connected to two leads injectin
or collecting the charge carriers. The system is described vi
a density- functional tight-binding HamiltonigFTB).1%2°
This method uses a minimal, but optimized, basis set. This is e+
|coh:Ff

herel’, , represent the imaginary parts of the self-energy of
ontact 1 and 2, respectively. The tunneling current can be
expressed as

T(E)f(E)— f(E)dE ©

— oo

usually sufficient for the first and second row elements,
whereas the sulfur element is treated with a polarized basis
including the unoccupied orbitals. In order to compute the corresponding essentially to the expression derived in Land-
current flowing across the molecule, open boundary condigyer theory.

tions for the Kohn-Sham equations must be employed, oth- | order to speed up the computations we approximate the
erwise the eigenstates do not carry any current. Usually, thgontact Green’s functions as diagonal matrices with imagi-
current is cqmzputeq in the ’contex.t of scat@erlngzjhét’)ry, nary elements given by the local density of states of a bulk
transfer matrix;” or via Green s-function techniquéd™Be-  metal. This approximation is valid in the limit in which the
side the numerical stability, Green’s-functions technique ha%oupling of the molecule to thiestates of the bulk contact is

the advantage that scattering, decoherence, and energy relggt stronglyk dependent. It can be justified on the basis of
ation can be treated in a unified formalism. The problem ofne following approximation:

guantum transport through a mesoscopic device linked to

two contacting leads is essentially a nonequilibrium problem. ] 1 + . 5

Deep in the contacts the propagating states are kept in equi- Y :Ek: TMkE_—EkaM% —im([T[%)p(E), (10)
librium with the thermal bath via dissipative scattering

events, but the device region is kept out of equilibrium bywhere the real part ok has been neglected. The coupling
the applied bias. In small molecular systems and for largéerm is approximated by the coupling of the S atom of the
biases, the current is dominated by tunneling and the energyolecule with a gold atom of the contact. It is well known
relaxation occurs at the collecting electrode. The startinghat the s-wave approximation does not lead to correct results
point is the determination of the density of states and thdor m-conjugated molecules, because both the HOMO and
electronic density in the device region, knowing the boundLUMO are 7 orbitals which cannot couple t®orbitals be-

ary conditions imposed by the transport problem. In thiscause of their symmetry. In order to solve this problem, we
case, the problem of transport cannot be separated from th&ve modeled the Au atoms with @p® basis set. Ther
computation of the density of states, because the states thesymmetry arises in the usual geometry in which the thiolates
selves are scattering states carrying a net current. In thleind to the Au surfaces, corresponding to a Sulfur atom bind-
density-functional approach, the electronic density is the esing to a hollow site of the A(L11) surface’® The Au density
sential ingredient for the computation of the Hamiltonianof states is fixed to the value at the Fermi enefd¥y)
which determines, in turn, the scattering states. Therefore, 0.07 eV ! and the relevant S-Aur-7 coupling Hamil-
self-consistent computation of the states and the curreribnian has an average value of about 6.8 eV.

should be carried odf The retarded(advancell Green'’s

function of the system can be expressed as C. Elastic transmission through the quantum phonon field

GHA=[(E+i8)Sy—Hy—S"@]1, (6) The elastic transmission through the vibrating molecule
can be computed using an adiabatic approximation, in which
whereH,, andSy, are the Hamiltonian and overlap matrices the transmission is obtained as an average over the instanta-
of the molecular system anl'® is the sum of the self- neous transmissions computed for each frozen molecular
energies due to the interactions with the contacts. This isonfiguration. In principle, this average should be taken over
given by the ensemble of all the possible configurations of the mol-
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ecule, weighted by the distribution in E¢). Therefore, the TABLE I. Results of the computation for the normal modes for
average transmission can be obtained by an integration ov&PA. The table shows the comparisons between the DFTB compu-
the configuration space tation and measured values. In braces are reported theoretical re-

sults using the semiempirical PM3 method. Frequencies are ex-
pressed in cm.

()= [ desty - deaTEEDPUED. (D

Mode Symmetry DFTB ExptPM3)?

As this integration has to be evaluated in H-8im space,
the best suited method is a Monte CafMC) technique 1 Ay 16.44 (39
sampling the configuration space randomly with weights ac- 2 Bsg 38.04 (51
cording to P(£&,). For a set of random coordinatég the 3 Bay 45.67 (52
deformation of the molecule is given by Eq48) and(4). For 4 Bog 118.92 147
each of these configurations, the Hamiltonian and overlap 5 Bag 102.43 174
matrices can be recomputed. From these ingredients the 6 Bay 270.02 280
transmissionT(E) of Eq. (8) can be calculated from the 7 Ag 274.91 261
molecular Green’s function of Ed6), obtained with direct 8 Big 377.93 407
numerical inversions. 9 A, 378.49 (358

Finally, using Eq.(9), the current is computed from the 10 Bog 327.49 388
average transmission. However, particular care is needed in 11 B,y 471.63 467
the computation of the average using the Monte Carlo 12 Ba, 492.52 509
method. It is knowf® that the ensemble average of the trans- : : : :
mission probability in a disordered one-dimensional conduc- 64 B, 3059.94 3069
tor is a statistically ill-defined quantity because it is domi- g5 By, 3063.80 3078
nated by a very small number of exceptional configurations.  gg Aq 3064.05 3084

In other words, the average is in no way representative of the
typical transmission probability to be expected from a ran-From Reference 31.

domly sampled member of the ensemble. This difficulty does

not arise if InT(E) is averaged instead df(E).*° Therefore, IIl. RESULTS

the procedure we have followed was to compute the average A. Vibrational spectrum of di-phenyl-acetylene

tunneling agT(E))=exp({In[T(E)])). For each temperature, _ )

the phonon fluctuations are averaged over 500 random con- I this section we compare the frequency spectrum calcu-

figurations. The convergence of this sampling procedure waléted with the DFTB code to the results of semiempirical
checked by doubling the size of this ensemble, resulting irmethods and available experimental data. These test calcula-

no significant changes of the average transmission. tions are performed for the vibrational spectrum of di-
phenyl-acetyleng DPA), resembling the di-thio-phenylene

molecule used in the following sections for the calculation of
the tunneling current between two Au contacts. Even though
The quantum-mechanical treatment of the vibrationakhe low-frequency vibrations are difficult to access experi-
modes has been compared to a time average obtained Ibyentally these are precisely the modes with strong influence
classical MD simulations. In this approach the molecularof the zero-point fluctuations on the tunneling current. Most
configurations follow the dynamics of the molecule. Theof the time these modes are optically inactive or very weakly
time evolution is obtained with a Verlet algoritifwith a  active because of symmetry or because they involve oscilla-
random rescaling of the atomic velocities in order to thermaltions of large molecular portion with very small dipolar cou-
ize the kinetic energy to the value oN&zT/2 for N atoms  pling. However, these modes can be very relevant for elec-
involved3? This limiting value is in agreement with the clas- tronic transport properties, because they can have the effect
sical energy of 8l harmonic oscillators and coincides with of breaking the coherent tunneling path. For example, in the
the high-temperature limit of the quantum-mechanical treatDPA the twist oscillations of the phenyl rings around the
ment. Therefore, assuming that the system is ergodic, weentral triple bond strongly affect the conjugation between
would expect that the average transmission obtained with ththe two rings and the tunneling across the molectilehe
MD simulations corresponds essentially to the same result akesult of our computations are reported in Table I. The table
the quantum-mechanical average in the limit of high tem-shows the lowest-energy modes of DPA as computed with
peratures. The MD simulations were carried out for a timeDFTB compared to the experimental results taken from Ref.
interval of about 11.5 ps of time, corresponding to about34. Whenever the experimental result was not available we
120 000 time steps of 4 a:0.096 fs. Like the quantum case have reported the theoretical values obtained with the semi-
described above, the average transmission is calculated ovempirical method PM3*
the transmission computed for successive molecular configu- Recently, the DFTB method has been recently applied
rations. As the most time consuming part of the algorithm issuccessfully to study the vibrational frequencies of perylene
the computation of Green’s function, this calculation wastetracarboxylic dianhydridéPTCDA),>>3¢ and also in the
performed every 40th time step of the MD simulation, result-present case it compares relatively well. In the following, it
ing in 3000 sampling times. is important to observe that DFTB tends to underestimate the

D. Molecular-dynamics treatment of the vibrations

235321-4



ROLE OF THERMAL VIBRATIONS IN . . . PHYSICAL REVIEW B68, 235321 (2003

TABLE Il. Vibrational frequencies and mode description for the
DTT molecule.

Mode
Mode Frequency (cmt) description
1 8.00 | string vibration
2 12.17 L string vibration
3 20.58 Ph twist
4 46.32 1 string vibration
(Il harm)
5 75.60 C-PhL bend
(boab
6 83.79 | string vibration
(I harm)
HO CN 7 86.78 C-PH| bend
andz oscillation
FIG. 1. Representation @) di-thio-tolane andb) dihydroxy- 8 97.15 C-PhL rotation
dicyano-diphenylene molecule between two Au contacts. 9 151.12 1 bend
. . (1 harm)
mode frequencies of the torsional modes, although the rela- 10 178.04 C-PH rotation

tive error decreases considerably as the frequencies increase.
The lowest mode corresponds to the twist of the two phenyl
ring around the principal axis of the molecule. It is difficult

S z oscillation

0 3058.66 C-H Stretch

\l e

to obtain an accurate frequency for this mode by direct di-
agonalization of the numerically computed Hessian, despite L 3061.26 C-H Stretch
72 3061.62 C-H Stretch

the fact that the molecular geometry was relaxed to the level
at which the atomic forces were lower thark30 © a.u.

These problems arise from the computation of the Hessian _ . . -
out of the total energy for slightly deformed geomemespe_rpend|cular to the phe_nyl plane. The third mode_|s the rigid
around the global minimum: large deformations would re-twist of the two phenyl rings around the cer_1tra| triple bond.
duce the influence of numerical fluctuations arising in the! N fourth and sixth modes can be described as a second

diagonalization, a requirement which has to be optimized!@monic of a vibrating string, with a node in the center of
against the validity range of the harmonic approximation. the molecule. The higher modes correspond to_a r!gld motion
of the phenyl rings with predominant shear oscillations of the

triple bond. In mode 7 the parallel bend of the rings is ac-
companied by an oscillation of the whole molecule along the
We have investigated the influence of vibrations on thez direction. The Au-S stretch frequency is around 390 ém
transmission across a molecule of di-thio-toldBdT) and a  whereas above 600 ch the internal vibrational modes of
dihydroxy-dicyano-diphenylene rectifying moleculeDP).  the DPA are recovered.
The molecules are connected to the contacts via covalent The spectral transmissions for different temperatures are
Au-S bonds, as shown in Fig. 1. In the computation of theshown in Fig. 2, for the energy window betweeri7.0 eV
molecular vibrations, the Au atoms of the contacts are kepand —1.4 eV, covering the HOMO-LUMO gap. In this
fixed. This can be considered as a reasonable approximatigtale, the Au Fermi energy is located -a#.25 eV. Figure
given the relatively large mass of the Au atoms with respec(a) refers to the MD simulations and Fig(l2 to the quan-
to the C and H atoms forming the molecule. First we discussum Monte Carlo average. These two computational schemes
the results obtained for the DTT molecule. After the relax-give different results even in the limit of high temperatures.
ation of the atomic coordinates, obtained by imposing theAt a temperature of 10 K, the transmission function obtained
atomic forces to be smaller than1a.u., the molecule was with the MD simulation coincides essentially with the one
found on a planar geometry. The vibrational frequencies toebtained for the molecule in equilibrium presenting sharp
gether with a description of the modes are reported in Tabléeatures in correspondence to the HOMO and LUMO bands.
[l. Since the molecule is constrained by the fixed contactsin the quantum-mechanical counterpart, the same features
the rotational and translational invariance is broken andare broadened already at 10 K because of the zero-point mo-
therefore the six corresponding improper modes are absenton of the internal vibrations.
The system comprises 72 proper modes of vibrations. The Increasing the temperature from 10 K to 50 K, the trans-
lowest vibrational mode, with a frequency of only 8 chp  mission inside the gap increases, whereas the transmission
corresponds to a molecular oscillation in the plane of theesonances tend to decrease both in the MD simulations and
phenyl rings resembling the first harmonics of a string within the quantum MC computations. This is due to the fact that
the two sulfur atoms remaining fixed. The second mode ishe molecular vibrations induce fluctuations in the HOMO-
similar, with the exception that it corresponds to a vibrationLUMO gap. Since the transmission inside the gap depends,

B. The effect of lattice fluctuations on the tunneling current
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gies decreases on average, because the same fluctuations
bring the levels in and out of resonance, where the transmis-
sion is almost unitary.

The typical deviations from the average are shown in Fig.
3, where the transmission for different configurations are vi-
sualized for the MD simulatiorfFig. 3(@] and for the
guantum-MCJFig. 3(b)]. Both computations were obtained
for a temperature of 50 K, giving clear evidence for larger
deviations in the quantum-mechanical ensemble. At a tem-
perature of 100 K and above, the average transmission ob-
tained with the MD simulations starts to decrease, both in-
side the gap and at resonance. On the other hand, in the
quantum MC the behavior is qualitatively different since the
transmission progressively increases further inside the gap
and decreases at resonance. This indicates that the simple
harmonic approximation comes to the limits of its validity.
Two separate effects contribute to this result. First, above
100 K, the thermal energy is sufficient to overcome the low-
energy barrier for the phenyl rotations around the triple
bonds(9.5 me\j. As the molecule begins to rotate the aver-
age transmission decreases, because the transmission for the
configuration in which the phenyl rings are perpendicular to
each other is very smaif The other very important problem
arising in the quantum computations is that the oscillation
amplitude increases with temperature beyond the validity
range of the normal-mode analysis. This effect can be seen in
Fig. 4, which represents the potential profile corresponding
to the twist mode of the phenyl rings in the DPA molecule.

FIG. 2. Transmission functions of DTT as a function of tem- 1n€ atomic displacements along the mode eigenvectors is

accompanied by a relevant stretching of the riffgg. 4(a)]
with a potential profile deviating from the harmonic approxi-

the MC with quantum oscillators with frequencies shifted up by mation already for very small amplitudes. For comparison,
20 cmi L. The Fermi level of the Au metal is at4.25 eV.

the potential barrier for rotation of one ring with respect to
the other is shown in Fig.(8).

to first order, on the inverse of the energy difference between The standard deviation of the atomic displacements as a
the HOMO (LUMO) and the injection energy, the current is function of temperature is visualized in Fig. 5 for the six
enhanced because, on average, the gap reduction dominatksvest internal vibrational modes. The atomic index in the
On the contrary, the injection at the LUMO or HOMO ener- abscissa refers to numbering reported in Fig. 1. The middle

Transmission

10

FIG. 3. A family of transmission functions
obtained aff =50 K for different atomic configu-
rations taken from(@) different times of the MD
simulations andb) different samples of the quan-
tum MC.

o
~—’

10 4 3

E (eV)
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M w M
sz 2 sz g
I -756.187
-756.188
-755.0
-756.189
L -756.19 . . . .
o FIG. 4. Potential profile for the twist mode in
L — ” = — R the DPA molecule. The solid line represents the
?755.5— 03 02 01 0 01 02 03 potential displacing the atoms alon@) the
5 by 3 eigenmode andb) the arc of the rotation. The
inset is a zoom around equilibrium.
2)
-756.0 —
---______EL__-___x__Z_____, ———————————

T T T I T T T I
-1 0 1 2
displacement (Ang)

column of graphs in Fig. 5 corresponds to the distribution ofbons do not move. For the lowest modes the deformations
elongations over the molecule. As a general trend, the dissan reach values of up to 0.6 A at 100 K and up to 1.2 A at
placements increase with temperature and decrease as tteom temperature. With such large amplitudes the simple
frequency increases, compare E2). decomposition into normal modes in E@) does not give
The first two modes, which correspond to the first har-correct results. For example, for the third mode, a large os-
monics of a stringlike vibration, can easily be recognizedcillation amplitude will not just correspond to a rotation, but
since they have the largest displacements for the atomis will include a considerable distortion of the phenyl rings
closer to the center of the molecule. The maximum displaceand the C-H bonds. A similar effect appears in the first and
ment in the third mode, which corresponds to the phenythe second mode before decreasing for the higher modes.
twist, occurs for the hydrogen atoms while the central carThe large distortion introduced by the first modes has a great

04 C-PH Q-PH Q-PH (shifted)
T=10K
0.3 1 F 1
< 02 1)
©
0.1 /]
L 0 F 10 15 2035
% 3 B T TI—IO(; K frr=1t FIG. 5. Oscillation amplitudes for the first six
1t E 3 E -- qu E normal modes of vibration resolved for each
i - atom for(a) T=10 K, (b) T=100 K, and(c) T
3 Mq=2 1b) =300 K. The first column refers to classical am-
6.0 q:

plitudes, the second to quantum oscillators, and
the third to quantum oscillator with frequency
shifted by 20 cm?. The atom numbers refer to
Fig. 1.

3 ] 43 3 : il
00510152025)510152025

{0

¥4 eemm“ ot onan-S‘& y

00 3 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
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effect on the energy spectrum and, as a consequence, on tt 2 Al
transmission. In order to account correctly for these nonlin- _ | d
earities within the quantum-mechanical framework, it would 3
be necessary to introduce higher-order expansions of the pcg
tential resulting in complex phonon-phonon interactions.
The transition from the low- to the high-temperature re-
gime of the oscillation amplitudes can be emphasized as fol-
lows. We have performed a Monte Carlo integration of Eq.
(11) in a manner similar to the one described above, but
using a classical distribution for the energy of the modes.i
Equation(3) has been replaced bi,,=kT, which corre-
sponds to a classical treatment of the oscillators. The result:
of these computations are shown in Fi¢c)2 This procedure
eliminates the zero-point fluctuations and, as an expectel
consequence, the transmission functio at10 K is essen-
tially the same to the one obtained with the classical MD
simulation. However, within this approach the molecular 0s- FIG. 6. I-V characteristics for the DTT molecule. Results from
cillations are treated in the same way as in the quantun) the MD simulationsyb) the MC with quantum oscillatorgg)
treatment. As a consequentéE) converges to the quantum the MC with classical oscillators; an@) the MC with quantum
computations in the limit of high temperaturésompare oscillators with frequencies shifted by 20 ch
Figs. 2b) and Zc) for T>200 K). This is expected, since ) ) )
for kT>%w the expression of the thermal energy, as givenStar_‘t shlft to aII. the frequencies has a larger |m_pact_on the
by Eq. (3), converges tT. Therefore, the vibrational am- oscillation amplitudes of the lowest modes, as visualized in

plitudes of the lowest modes obtained from the quantum aaneTrAght C°||ltjmnf ?rf] Fig. 5. tati h . 5
the classical distributions coincide, as can be seen when e results of these computations are shown in Fid).

comparing the first with the second column of Fig. 5. Severaib‘.t low temperatures _the transmission cc_)lnmd_es with the pre-
\élous computationf§Fig. 2(b)], since in this regime the zero-

observatlon_s must be made in order tp distinguish the role g oint fluctuations of all the modes are so important that the
the_zer_o-pomt f_Iuctuatlons_ from_ the influence (_)f the Iargefrequency shift does not have major influence. However, at
oscillation amplitudes at high. First, the elongation of the pion T the frequency shift decreases the oscillation ampli-
low-frequency mo.des is quite similar for the classical and thg,,jes of the first modes significantigee Fig. 5. As a con-
quantum-mechanical treatment because the mode frequegaquence, the transmission is not affected by the temperature
cies are close to the thermal energyTat 10 K. This hap- a5 much as before since the HOMO and LUMO features
pens because at=10 K, kT~%iw for the lowest modes. survive up to 500 K compare Fig. &) with Fig. 2(b)]. We
However, for the higher modes, the standard deviations dezonclude that at low temperatures the spectral transmission
crease much slower in the quantum treatment because of thenich includes the elastic scattering due to the quantum fluc-
zero-point energy. An inspection of Eq®) and(3) reveals tuations of the molecule is not strongly affected by errors in
that in the quantum-mechanical treatment the standard devithe determination of the modes and the associated frequen-
tion behaves as~ 1/\/o for Aw>kT, whereas in the clas- cies. As the temperature increases a realistic representation
sical approximatioro~ 1/w for #w>kT. We conclude that of the vibrational frequencies becomes more important.
at low temperatures the zero-point fluctuations of all theHowever, above a certain critical temperature, which in this
modes contribute to the average transmission. This can Hease is around 100 K, the anharmonic and nonlinear effects
verified by repeating the computations including the contri-may start to play a critical role which, in any case, the quan-
bution of more internal modes, resulting in larger fluctua-{UM ensemble relying on the harmonic approximation cannot
tions of the transmission. On the contrary,Tat 300 K the reproduce. Above this temperature, the nonlinear effects are

zero-point fluctuations of the nonactivated modes this well described within the classical MD approach.
case fore=1300 cm %) are dominated by the large oscilla-
tion amplitudes of the first few modes. This was also verified
by eliminating all but the first six modes, resulting essen- Figure 6 reports thé-V characteristics computed from the
tially in the same average transmissionTat 300 K. spectral transmission. TheV curves are obtained by includ-
Another instructive comparison can be obtained by reding the bias effect on the Fermi functions in E®). The
peating the quantum MC computations with all the modeFermi energy of the left electrode is shifted upwards by a
frequencies shifted up by a certain amount. This is useful foguantityeV/2 and, correspondingly, the Fermi energy of the
evaluating the possible systematic errors introduced by thaght electrode is shifted downwards byeV/2. This is con-
uncertainty on the lowest frequencies inherent in the modsistent with the approximation that the molecular spectrum
computation, as discussed above. We have chosen a valuegififts almost rigidly by a quantitgV/2 when a biasv is
20 cmi ! that can be considered as an upper limit for theapplied to the system. A much more time consuming compu-
uncertainty of the frequencies. Obviously, introducing a con+tation would be needed for an accurate computation of the

15

Curr

urrent (|

C

Voltage (V) Voltage (V)

C. |-V characteristics
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0.4 b) T 25 TABLE lll. Vibrational frequencies for the DDP molecule.
0.35 %25 Mod it
¥ ode Frequency (cmr)
AN —20
03 A . ] 1 12.89
* —17.5 2 16.18
0.25 * oo * P 3 19.79
0.2 2 2 el - 0 *, 4 31.59
1~ S 5 42.83
0415 6 59.22
7 75.80
1 8 81.18
s 9 86.40
poosb e L ) ....|....|....|....|....|_25 10 104.52
0 100 200 300 400 500 O 100 200 300 400 500" : :
T(K) T(K) 94 3059.11
FIG. 7. Current as a function of temperature for the different 95 3688.55
96 3692.79

computational methods for MD, quantum, and classical oscillators.

(a) Values obtained at biagd.5 V and(b) at bias=3.0 V. In both

cases the classical oscillator tends to the MD simulations atTlow

and converges to the quantum treatment at Aigh of the low-frequency modes is so large that multiple scatter-
ing events may become important.

o . . . . . It should also be observed that the usual experimental
transmission that is self-consistent with the applied bias , :
: C . ; onfiguration employed to measure the conductance of such
however, the main physical ingredients are already include

in this simplified treat M the Fermi function f olecules is in self-assembled monolay€#aM'’s). In such
In this simpiilied treatment. Moreover, the mermi Tunction 1or -, yitions, the interactions between neighboring molecules

the charge carriers introduces a further broadening mechag, ¢y jiective oscillations can also play an important role in
nism, but its influence on the current is much smaller withie getermination of the energetically more stable configura-
respect to the thermal fluctuations of the molecular geometryq, and the vibrational frequencies of the lowest matfes.

In thel-V characteristics reported in Fig. 6, the current at

low biases increases and at high biases decreases, a direct
consequence of the gap fluctuations. This effect is more pro- D. Thermal effects on a DDP molecule

nounced in the quantum Computations than in the MD simu- For Comparisons with the Simple DTT, we have also in-
lations. The trend is summarized in Fig. 7, which shows thesestigated the influence of thermal fluctuations on the trans-
current as a function of temperature at the voltages of 0.5 \port through a DDP moleculéig. 1(b)]. This molecule is in
and 3.0 V. Both in the low- and the high-voltage regime thethe class of the Aviram-Ratrn&rmolecular diodes and was
MD current approaches the classical MC result and aroundlso proposed by Ellenbog®mas a prototype of a rectifying

50 K both give similar results. Note that the MD and classi-device. The molecule consists of two benzene rings linked
cal MC results do not coincide at 10 K due to deviationstogether by a barrier bridg@an alkyl chain. The two parts
from the harmonic approximation affecting the lowest vibra-are chemically modified in order to act as electron donor or
tional modes already in this temperature regime, comparacceptor, resulting in electronic orbitals localized either on
Fig. 4. As the temperature rises, both computational schemébke donor or the acceptor side when no bias is applied. Under
give different results, particularly at low voltages, where thebias the rectification mechanism is governed by the asymme-
gap tunneling dominates. According to the MD simulations,try in the level alignment. Under forward bias, the energy
above 200 K there are no significant current variations belevels of the donor and the acceptor can be aligned with the
cause the important modes which affect the transport are alfermi level of the emitter, resulting in an enhancement of the
activated. resonant tunneling.

At low T and high voltages, the quantum computation In the case discussed here the CN groups act as electron
gives significantly different results from the classical ap-donors and raise the energy levels of the phenyl ring,
proaches because the resonant tunneling contributes signififhereas the OH groups act as electron acceptors and lower
cantly. However, at high temperature the classical and quarthe levels. Concerning the mode frequencies reported in
tum MC sampling give similar results over the entire voltageTable Ill, the lowest modes are, again, associated with the
range. lowest harmonics of stringlike vibrations. The highest fre-

A subject of current investigation is the effect of inelastic quencies shown correspond to the C-H stretching and the
scattering on the molecular electric conductiértdowever,  O-H stretching(about 3690 cm?).
based on the results shown in the present work, the inelastic Figure 8 shows the calculatéeV characteristics obtained
scattering in the high-temperature regime is a challengingrom classical MD simulations and the quantum MC sam-
problem because it requires the inclusion of anharmonic efpling. The findings are qualitatively similar to those of the
fects. Moreover, at room temperature the phonon populatiom TP molecule.
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50 — T T — T ] In order to show the relationship between the time-

- 44 QMG T=10K s . dependent signal and the vibrational eigenmodes, we have

o DSV if\] reported in Figs. 9 and 10 the Fourier spectrum of the time-

i 8- MD; T=100K [ . dependent current through a DTT molecule together with the

3.0 G--© MD; T=300K Pg . . . . .

3 +— Equilibrium b 1 vibrational frequencies. Figure 9 shows the time-resolved
~ 20k a7 current and corresponding Fourier spectrum for a tempera-
< 1 ture of 10 K and a bias voltage of 1 V. Figure 10 reports a
= 10l ] similar calculation for a temperature of 300 K. The time

[ i evolution confirms the consistency with the vibrational

0 . modes. Indeed, several peaks exactly correspond to specific

i 1 modes, especially above 300 ¢t In general, the modes

-101 N which affect most strongly the tunneling current are charac-
L 1 terized by stretching motion of the central carbon bridge, by
B B S S—" a skewing motion of the phenyl rings influencing the C-S

V (Volt) bond, and by S-Au stretching.
The strongest peaks coincide with the vibrational modes
FIG. 8. 1-V characteristics for the DDP molecule for different that give the largest perturbation to the current. Beginning
temperatures obtained from the MD simulations and the quantunfrom the highest frequencies, the stretching of the central
treatment of the oscillators. C-C triple bond at 2400 cht has a large impact on the

Higher temperatures reduce the current and lower the re(11;[ansmitted current. This large effect is intuitively obvious

tification ratio. This effect is stronger in the case of the quan<onsidering that the current flows entirely along this bond.

tum MC simulations, for reasons similar to those presented h€Z deformation of the phenyl rings, which leaves the cen-
for the TTP molecule. Also in this case the Bose-Einsteintral bridge and the sulfur atoms frozen, also has a large effect
ensemble gives the correct low-temperature limit where th@s revealed by the peak at the frequency of 1798 ‘crivur-
transport is influenced by the zero-point motion of all inter-ther down the influence of the phenyl breathing mode is also
nal modes. As a result the peak current given by the quantursfrong, at the frequency of 1272 ¢ The z stretching of
MC calculation at 10 K is only half of the current obtained the rings, with consequent change in distance of the C-S and
for the equilibrium configuration. At high temperatures thethe central C-C bridge, occurs in correspondence of the
harmonic approximation is no more applicable, giving apeaks at 1170 and 1153 crh At 521 cmi ! corresponds the
strong broadening of theV curve. almost rigid Ph-S oscillation along theaxis. Very strong is
Just as in the case of the TTP molecule the MD simulathe effect of the modes around 400 chwhich involves the
tions saturate above 200 K, so that th¥ curve does not S-Au bond stretching. The lowest part of the frequency spec-

show a significant temperature dependence. trum tends to be quite noisy. This is dominated by the phenyl
. . twist mode, which is labeled as mode 3 in Table Il. This
E. Frequency analysis of the time-dependent current mode is appreciably softened as a signature of nonharmonic

The MD simulations allow the investigation of the time effects which intervene already at 10 K. The strongest peak
dependence of the tunneling current, revealing signatures d@$ actually located at twice the frequency of the twist mode

the vibrational modes. (around 31 cm?). This doubling effect comes simply from
a)
0.40
_ 030
3
0.20 [
| | | | | | | | | | | FIG. 9. (& MD simulation of the time-
0 1 2 3 4 5 6 7 8 9 10 11 12 dependent current for the DTT molecule &t
t(ps) =10 K. (b) Frequency spectrum analysis of the

(=2
~

current compared to the frequencies of the vibra-
H tional modes(dashed lines The spectrum is
magnified by a factor of 5 above 70 crh

arbitrary units
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ooy, e FIG. 10. (& MD simulation of the time-
b) 64 2 8§ 4 B 1(6) 7 & 8 W M B dependent current for the DTT molecule &t
i ‘ps =300 K. (b) Frequency spectrum analysis of the

current compared to the frequencies of the vibra-
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the specular symmetry of the transmission between the comeling currents at such high frequencies has been studied
figurations occurring every half period of oscillation of suchvery little,** however, we can expect that the resonant re-
mode. sponses to high-frequency signals could provide the access
Sum frequencies and other complex nonlinear behaviorto the vibrational spectrum of organic molecules and give the
are all present but much more difficult to distinguish. Satel-possibility to study a number of phenomena such as surface
lite peaks, with frequency sum and subtraction of the imporaggregation and collective motions.
tant low-frequency mode of 15 cm, appear clearly around
the modes at 151, 178, and 211 ¢ A large number of
satellite peaks which clearly originate from frequency sum-
mation and subtractions appear around all the main peaks We have computed the effect of coherent phonon vibra-
above 300 cm?. tions on the transmission through molecular wires. The com-
At the temperature of 300 K the low-frequency spectrumputations have been performed using MD simulations which
is completely broadened by nonlinearities. The moleculesreat the molecular vibrations classically. These computa-
freely rotate and each rotation can be well recognized in théions have been compared with averages over the ensemble
time-dependent signal as a strong decrease of current. In tled the configurations obtained from a quantum-mechanical
higher part of the spectrum a number of modes present at liteatment of the mode oscillators. These treatments start
K still survive, although broadened. from the determination of the normal modes of vibrations
This information is very difficult to explore experimen- obtained from the diagonalization of the Hessian. To each
tally, since it would require ultrafast response measurementsnode is then associated a quantum-mechanical distribution
Furthermore, the current signal and the resulting noise iprobability which in thermal equilibrium depends on the
extremely small. Amplifications of such noises are possiblenumber of excited quanta in the mode. The molecular con-
from the transmission through a large number of molecule$iguration is found from the product of the independent mode
(e.g., on a SAN with alternating currents. distributions and the average over the configuration space is
According to Ref. 37 the largest contribution to the inelas-obtained by means of a Monte Carlo integration. The com-
tic scattering should be expected from the modes whictputations reveal that the harmonic approximation looses va-
maximize the variation of the transmission amplitude, i.e.lidity as the temperature increases and the simple first-order
exactly from those modes which present a high peak in thexpansion of the atomic displacements into normal modes of
frequency spectrum discussed here. According to Ref. 10, foribrations give inaccurate results already at 100 K. On the
gap transmission, the inelastic component of the current isther hand, the molecular dynamics, although classical, gives
expected to be one to two orders of magnitude smaller thaa more correct treatment of the molecular vibrations at high
the elastic. Only at high bias voltage, when the resonantemperatures, since it treats more accurately nonlinear behav-
tunneling plays a dominant role, the inelastic componentors which occur when the oscillations become large. At low
should compete with the elastic one. temperatures the quantum-mechanical treatment takes into
Despite a number of difficulties, frequencies up to 50—account the zero-point motion of the oscillators, which is
100 GHz can be reached experimentally, therefore the lowestompletely missed in the classical approximations. The har-
frequency of 1 GHz, corresponding to the phenyl twist, maymonic approximation is sufficiently accurate for these mol-
accessible. The behavior of the metal contacts and the turecules at 10 K. Increasing the temperature we found a de-

IV. CONCLUSIONS
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