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Spectral features of inelastic electron transport via a localized state

Takashi Mii,1,* Sergei G. Tikhodeev,2 and Hiromu Ueba1
1Department of Electronics, Toyama University, Gofuku, Toyama, Japan

2General Physical Institute, Russian Academy of Science, Moscow, Russia
~Received 24 June 2003; published 5 November 2003!

A theory of spectral properties of electron transport via a localized state coupled with a vibrational degree of
freedom is presented using a two-channel Newns-Anderson Hamiltonian with a nonequilibrium electron dis-
tribution. Our model can be applied to a study of electronic transport through an atomic wire, conductance via
a single molecule bridge sandwiched between two electrodes, and also inelastic tunneling spectroscopy of
single adsorbates with scanning tunneling microscope. A common key feature expected in these phenomena is
an inelastic scattering with lattice or molecular vibration. The density of statesra of the localized level and the
second derivative of the total currentd2I /dV2 with respect to the bias voltage are calculated in order to
elucidate how the inelastic scattering manifests itself inra and d2I /dV2. It is found that two different time
scales associated with thelifetime of tunneling electrons in the localized state and theresidence timedue to
virtual excitation of electrons between two electrodes and the localized state play important roles in various
features ofd2I /dV2 spectra.
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I. INTRODUCTION

Fabrication of nanoscale devices in which quantum
fects play a central role has received a great deal of atten
for novel atomic and molecular devices. In such syste
contribution to resistance in macroscopic scale such as
an elastic scattering with defects or impurities and an ine
tic scattering with the lattice vibrations becomes less in
ential, because the mean-free path of electrons can be m
longer than the length of the size of devices. Recently, Ag
et al.studied electronic transport in gold atomic chains of
to seven atoms in length.1 They found that the electroni
transport in a single-mode ballistic atomic wire is nondis
pative up to a finite voltage threshold corresponding to
excitation of the atomic vibrations. This threshold show
the evidence of inelastic current accompanied by excita
of vibrational mode. Recently, Smitet al. also measured the
conductance of a single hydrogen molecule sandwiched
tween two platinum electrodes.2 A sudden drop in the con
ductance was attributed to the excitation of an intramolec
vibrational mode. Furthermore, inelastic electron tunnel
spectroscopy~IETS! combined with scanning tunneling m
croscope~STM-IETS! has been recognized as a power
and ultimate tool to identify single adsorbed molecules w
atomic spatial resolution.3 A common characteristic of the
above-mentioned systems is an inelastic electron trans
accompanied with vibrational excitation.

In this paper, we present a theory to elucidate how
localized electronic states involved in the inelastic elect
tunneling ~IET! processes determine the spectral feature
tunneling current under an effect of the vibrational damp
due to electron-hole pair~EHP! excitations in a metal-
molecule-metal system. It is found that the spectral shap
the second derivative of the total tunneling current with
spect to the bias voltage,d2I /dV2, exhibits a variety of fea-
tures such as peak, dip, asymmetric, or derivativelike sha
depending on the electronic properties of an adsorb
coupled to a vibrational mode.
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II. THEORY

Employing the adsorbate-induced resonance model
Persson and Baratoff4 for the STM-IETS, we consider elec
tronic transport through a single localized state coupled w
two electrodes~the right electrode may be assumed as a
and the left electrode as a substrate in the case of the S
IETS experiment!. Temporal occupation of tunneling elec
trons in the localized state induces vibrational excitation a
deexcitation. The Hamiltonian of this system4,5 is given by a
sum of the following three terms:

H05(
k

ekck
†ck1(

p
epcp

†cp1eaca
†ca1\Vb†b, ~1!

H85(
k

Wk,ack
†ca1(

p
Wp,acp

†ca1H.c., ~2!

H95x~ca
†ca2^ca

†ca&!~b1b†!. ~3!

Annihilation ~creation! operator and energy for electrons a
denoted byc(c†) ande, respectively, andk, p, anda label
the one-particle eigenstates of the right electrode, the
electrode, and a single orbital, respectively. A molecular
bration is introduced with annihilation~creation! operator
b(b†) and the energy\V. In the absence of electron
vibration interaction,H8 gives a widthD5DR1DL induced
by electronic shuttling between the adsorbate and two e
trodesDR/L5p(k/puWk/p,au2d(e2ek/p). The energy depen
dence of DR/L is neglected in the wide-band limit. Th
electron-vibration couplingH9 causes vibrational dampin
and frequency shift through EHP excitations near the Fe
levels in the right and left electrodes. At the same time, t
interaction opens IET processes for tunneling electrons
emission and absorption of vibrational phonons.

The right and left electrodes are assumed to be in ther
equilibrium with the same temperatureT, and have indepen
dent chemical potentialsmR and mL , respectively. The dis-
©2003 The American Physical Society06-1



-

fo

qu
er

e

-

to
r

an

n
ird
u
n

xci-

m.
o-
n
dis-

of
is

r
ain
een

nt

or
re-
-

e

the

u-
a-
tal
e

As

to

TAKASHI MII, SERGEI G. TIKHODEEV, AND HIROMU UEBA PHYSICAL REVIEW B68, 205406 ~2003!
tribution functions for electrons in the right electrodenR(e)
and the left electrodenL(e) are given by the Fermi distribu
tion function. A bias voltageeV5mR2mL applied between
two electrodes gives rise to a nonequilibrium situation
electronic transport due to the hybridizationW. The Keldysh-
Green function technique is employed to study the none
librium system.5,6 The electron is assumed to undergo coh
ent tunneling through the single energy level.

The total stationary currentI, which includes both elastic
and inelastic currents, is given by

I 5
2e

\

DRDL

D E dera~e!@nL~e!2nR~e!#, ~4!

where

ra~e!52
1

p
Im@e2ea1 iD2S r~e!#21 ~5!

is the density of states~DOS! for electrons in the localized
state. The imaginary part of the second-order retarded s
energy for electronsS r(e) is given by

Im S r~e!52px2E
0

`

dvrph~v!$ra~e2v!~@12na~e2v!#

3@11nph~v!#1na~e2v!nph~v!!

1ra~e1v!~@12na~e1v!#nph~v!

1na~e1v!@11nph~v!#!%. ~6!

Here,rph(v) is the vibrational DOS. The distribution func
tions for electrons in the localized statena and vibrational
phononsnph are given by

na~e!5
DL

D
nL~e!1

DR

D
nR~e!, ~7!

nph5
1

ev/kT21
1

px2

Im P r~v!

DLDR

D2 E dera~e1v!ra~e!

3@nR~e1v!2nL~e1v!#@nR~e!2nL~e!#. ~8!

Here, the retarded self-energy for phonons is denoted asP r.
Equation~6! gives the electronic energy dissipation due
the coupling with vibrational system. The real and imagina
parts ofS r represent the energy-dependent energy shift
the broadening of the adsorbate electronic states due to
electron-vibration coupling, respectively. The first~second!
term in the curly bracket in Eq.~6! indicates a process in
which an electron~hole! with energy e emits ~absorbs! a
vibrational energyv. Transition of an electron~hole! from
energy e to energy e1v accompanied with absorptio
~emission! of a vibrational phonon corresponds to the th
~last! term. The first and the last terms give main contrib
tion to energy dissipation at low temperatures. The seco
order retarded self-energy for the vibrational phononsP r(v)
determines
20540
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rph~v!52
1

p
Im$@~v22\2V2!/2\V2P r~v!#21%. ~9!

Here, ImP is given by

Im P r~v!52px2E de@na~e!2na~e1v!#ra~e!ra~e1v!,

~10!

which causes the vibrational damping due to the EHP e
tations. As described below, ReS r(e) is found to give an
important contribution to characterize the IETS spectru
The second term of Eq.~8! describes the source of the s
called ‘‘vibrational heating’’ due to the vibrational excitatio
by tunneling currents and has been shown to play an in
pensable role in atom transfer with STM.7

Hereafter, we are primarily concerned with the theory
the STM-IETS, where the broadening of the resonance
dominated by the coupling with the substrate, i.e.,DL
@DR. ForDR;DL , the present formulation is applicable fo
a study of the inelastic electronic transports in atomic ch
system and through a single molecule sandwiched betw
two electrodes. With simplified assumptions ofT50 and
nph(v)50 ~without the vibrational heating5,8!, we obtain the
IETS spectrum ateV;\V in two limiting cases; one isreso-
nantcase,D@u\V2eau, and the other isfar-from-resonance
case,D!u\V2eau,

d2I

dV2
;7

2e3

\

DLDR

D2

Gph

\V
rph~eV!, ~11!

where the upper~lower! sign corresponds to the resona
~far-from-resonance! case and

Gph;px2\V@DRra
2~mR!1DLra

2~mL!#/D ~12!

is the vibrational broadening due to EHP excitations. F
these two limiting cases, the IETS spectrum is directly
lated to rph(v) with opposite signs at a red-shifted vibra
tional energy\V8;\V2x2@DRra(mR)1DLra(mL)#/D.9

III. NUMERICAL CALCULATION

Numerical calculation is performed to study how th
IETS spectrum changes as a function ofea. The chemical
potential of the right electrode is chosen as the origin of
energy. The vibrational frequency\V and DL are fixed at
100 meV and 1 eV, respectively. The electron-vibration co
pling x andDR are determined in such a way that the vibr
tional damping rate is nearly equal to 1 ps and the to
current ateV5\V is an order of 1 nA. Figure 1 shows th
evolution of the IETS spectrad2I /dV2 for ea50 (x
5100 meV andDR50.631024 meV), DL (x5200 meV
and DR50.12 meV), 1.5DL (x5320 meV and DR
50.2 meV), 2DL (x5500 meV andDR50.3 meV). Here,
we neglected the redshift of the vibrational frequency.
analytically derived in Eq.~11!, in the resonance case,ea
50, the IETS spectrum shows a close resemblance
rph(v), that is, a Lorentzian dip~peak! with a width of Gph
at ueVu5\V for positive ~negative! bias voltage. Asea
6-2
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SPECTRAL FEATURES OF INELASTIC ELECTRON . . . PHYSICAL REVIEW B68, 205406 ~2003!
moves away from the Fermi level, the IETS spectru
changes its shape into ‘‘derivativelike’’ shape atea5DL and
1.5DL , asymmetric one atea52DL and exhibits a Lorentz-
ian peak in the far-from-resonance case. Although\/Gph is
fixed at 1 ps, the broader spectra are observed at off-reso
cases in Fig. 1. The IETS spectrumd2I /dV2 does not di-
rectly reflectrph(v), but represents the first derivative o
ra(e). A close inspection ofS r(e) and ra(e) reveals how
these spectral shapes are determined. Figure 2 showsra(e)
at V50 for ea50. The inset of Fig. 2 depicts the real an
imaginary parts ofS r(e). Unless the energy of electrons o
holes exceeds the vibrational energy, no electronic ene
dissipates into the vibrational system. The broadening du
electron-vibration coupling is nearly zero between2\V and
\V. On the other hand, once an electron has enough en
to excite a vibrational mode, a new channel of energy di
pation becomes available. It produces an additional wi
D2Im S r(e) to ra. Upon opening the IET channe
ReS r(e) shows a sharp peak~dip! at 2\V (\V) as seen in
the inset of Fig. 2.

There are two characteristic time scales which govern
tunneling phenomena. One is the electronic lifetime given

Tlife~e!5
\

D2Im S r~e!
, ~13!

in which electronic energy in the localized state dissipa
into the right/left electrode or vibrational mode. The other
the residence time given by

Tres~e!5
\

uea2ReS r~e!2mL/Ru
. ~14!

FIG. 1. Evolution of the IETS spectra. The IETS spectra
shown for several positions ofea. See the parameters in the tex
The solid, dashed, dot-dashed, and double-dot-dashed lines r
sentea50, DL , 1.5DL , and 2DL , respectively. The upper~lower!
figure shows spectra for positive~negative! bias voltage. Here, we
neglected the real part of the self-energy for phonons, ReP r, which
determines the redshift due to coupling with the substrate and
tip.
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The virtual transition from the Fermi levels in the left an
right electrodes to the localized state is allowed with
Tres(e).

In the resonant condition, whenTlife(e) is much shorter
thanTres(e), it is plausible to approximate

ra~e!52
1

p
Im@e2ea2S r~e!#21 ~15!

;p21@D2Im S r~e!#21 ~16!

at e;\V. The first derivative ofra with respect to the en-
ergy, dra/de;d2I /dV2, exhibits a dip (V.0) and a peak
(V,0), whose widths are determined byGph ~see Fig. 1!.
Smit et al.2 observed a qualitatively similar feature ofra
shown in Fig. 2 in the conductance in a Pt/H2 system. The
dip ~peak! at 63.5 meV (263.5 meV) observed indG/dV
5d2I /dV2 was assigned to the center of mass motion of
H2 molecule. The width of these structures was found to
much larger than that expected from the thermal and ins
mental broadening. As derived in Eq.~11!, dG/dV
5d2I /dV2 spectrum is directly related torph in the resonant
case. The large width observed indG/dV spectrum for the
Pt/H2 system suggests a very short vibrational lifetime due
strong coupling to the Pt electrode. They speculated that c
duction through the molecule involves mainly the H2 anti-
bonding states. The present analysis also suggests tha
H2-antibonding orbital participated in the intermediate st
for electron transport is located near the Fermi level of the
electrode. Agraitet al. also observed the same feature of t
conductance and differential conductance in the electro
transport in gold atomic chains.1

In the STM-IETS experiments, Hahnet al.observed a dip
structure for the O-O stretch mode on Ag~110! for a positive

FIG. 2. The electronic DOS forea50, i.e., resonant case, atV
50. In the inset, the solid~dashed! line corresponds to the rea
~imaginary! part of S r(e). The other parameters are the same as
Fig. 1.
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bias voltage ind2I /dV2 spectrum.10 They suggests that th
1pg

' molecular orbital of the O2 located near the Fermi leve
of the substrate is responsible for the inelastic tunneli
Since the IETS spectrum is given by the first derivative
ra(e), it produces a dip~peak! at eV;\V (2\V) with a
width of Gph. Inclusion of multiple electron-vibration sca
tering in Eq. ~11! by replacing the denominator ofD with
D2Im S r(e) gives the following formula in the resonan
case:

d2I

dV2
;2

2e3

\3
DLDR

Gph

\V
rph~eV!Tlife

2 ~eV!. ~17!

The energy dependence ofTlife(eV) could be another pos
sible factor to produce the asymmetric shape in the IE
spectrum, even whenrph(eV) is a symmetric Lorentzian.

On the other hand, whenea is away from both the Ferm
levels,Tres(e) becomes much shorter thanTlife(e). It is not
appropriate to assume that tunneling electrons from the
or right electrodes stay in the adsorbate level duringTlife(e).
In Fig. 3, ra(e) for ea52DL is shown together with the rea
and imaginary parts ofS r(e). In contrast to the resonan
case, sinceTres(e)!Tlife(e), ra(e) is very sensitive to
Tres(e) rather thanTlife(e), andra can be approximated as

ra~e!;
1

p

D2Im S r~e!

@e2ea2ReS r~e!#2
. ~18!

In this situation, the shift of electronic energy level ReS r(e)
has a crucial influence on the behavior ofra(e). When the
effective energy levelẽa(e)5ea2ReS r(e) moves closer to
the Fermi levels,Tres(e) becomes longer. As a result o
larger temporal population in the localized state, this res
in the skewed peak structure. The dip~peak! in S r(e) gives a
peak ~dip! at \V (2\V) in ra(e). By taking the first de-

FIG. 3. The electronic DOS forea52DL at V50. In the inset,
the solid~dashed! line corresponds to the real~imaginary! part of
S r(e). The other parameters are the same as in the Fig. 1.
20540
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rivative dra(e)/de, this peak~or dip! produces the deriva
tivelike or asymmetric shape in the IETS spectrum at
vibrational energies6\V.

This type of singularity of the IETS spectra has been
ready predicted by Persson.11 However in his analysisS r(e)
was not taken into consideration. Inclusion of electronic se
energy may explain the difference of peak height and/or p
positions between the positive and negative bias polaritie
the STM-IETS experiment.12–14We also mention the chang
of the spectral feature for bias polarity. For the resonant~far-
from-resonance! case, in which a dip~peak! is observed at a
positive bias voltage, the IETS spectrum shows a peak~dip!
at a negative bias voltage. However as shown in Fig. 1,
IETS spectra do not give an antisymmetric change for
opposite bias polarity at off-resonant cases. For the der
tivelike spectrum such as forea5DL , it gives almostsym-
metricchange for the opposite bias polarity.~See the dashed
line in Fig. 1.! So far, one of the criteria of an experiment
assignment for vibrational signals is based on the antis
metric change of the IETS spectra for the opposite bias
larity. The present analysis, however, provides another w
of assignment for the derivativelike features, which disp
the symmetric spectrum for both bias polarities.

As discussed by Crljen and Langreth15 and experimentally
observed by Ryberg,16 the vibrational damping due to th
EHP excitations produces an asymmetric Fano shape17 in the
infrared absorption spectra of adsorbates on metal surfa
Recently, Pascualet al. observed an asymmetric line shap
in the IETS spectrum for a benzene molecule adsorbed
Ag~110!, which was tentatively assigned to the Fano effec18

However, the asymmetric feature is not sufficient evidence
the Fano effect. As we have seen here, it is found that
energy dependence ofẽa(e) produces the asymmetric featu
as shown in Fig. 1 forea52DL . Even in the resonant/far
from-resonance cases, where the IETS spectrum dire
mimics the vibrational DOS, the energy dependence
Tlife(e) produces the asymmetric line shape presented in
~17!. The present theory proposes that the observation
asymmetric feature in the IETS spectra does not necess
imply the Fano-type modification of the spectra.

IV. CONCLUDING REMARKS

In summary, we present a general theory for electro
transport accompanying emission and absorption of vib
tional phonons. It is shown that a variety of features in t
IETS spectra is closely related to the electronic properties
the localized state involved in the electron transport p
cesses. We pointed out the qualitative agreement between
theory and experimental results of the spectral features of
conductanceG and the differential conductancedG/dV of
hydrogen sandwiched between platinum electrodes2 as well
as the IETS spectrum of the STM-IETS experiments of
sorbed molecules.3 Only in some specific cases, the resona
and the far-from-resonance cases, the IETS spectrum is
rectly related to the vibrational DOS. Compared to the av
able experimental data, the spectral width presented he
much narrower than experimental results. Lauhon and
systematically studied the effect of temperature and the
modulation on the vibrational peak width, the intensity a
6-4
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SPECTRAL FEATURES OF INELASTIC ELECTRON . . . PHYSICAL REVIEW B68, 205406 ~2003!
the line shape for the C-H stretch mode of a single acetyl
molecule on Cu~001!.13 They reported that the IETS spect
are less influenced by the vibrational damping beca
of the use of large bias modulation than the vibratio
broadening. This may hide the intrinsic features of t
IETS spectrum. The present theory proposes that m
attention has to be paid on the intrinsic spectral line sh
in order to gain deep insight into the electronic a
vibrational properties of single adsorbed molecule obser
by the STM-IETS.
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