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Spectral features of inelastic electron transport via a localized state
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Atheory 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 spgatekthe localized level and the
second derivative of the total curredtl/dV? with respect to the bias voltage are calculated in order to
elucidate how the inelastic scattering manifests itselpjrand d?1/dV?2. It is found that two different time
scales associated with thiéetime of tunneling electrons in the localized state and esidence timelue to
virtual excitation of electrons between two electrodes and the localized state play important roles in various
features ofd?l/dV? spectra.
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I. INTRODUCTION Il. THEORY

L . . . Employing the adsorbate-induced resonance model by
Fabrication of nanoscale devices in which quantum ef'Persson and Baratéffor the STM-IETS. we consider elec-
fects play a cen_tral role has received a great deal of attentiony i transport through a single localized state coupled with
for novel atomic and molecular devices. In such systemsy,, glectrodegthe right electrode may be assumed as a tip
contribution to resistance in macroscopic scale such as both, the |eft electrode as a substrate in the case of the STM-
an elastic scattering with defects or impurities and an inelasgrg experiment Temporal occupation of tunneling elec-
tic scattering with the lattice vibrations becomes less influqng jn the localized state induces vibrational excitation and

ential, because the mean-free path of electrons can be mugRocitation. The Hamiltonian of this systkhis given by a
longer than the length of the size of devices. Recently, Agraif ;i of the following three terms:

et al. studied electronic transport in gold atomic chains of up
to seven atoms in lengthThey found that the electronic
transport in a single-mode ballistic atomic wire is nondissi- H0=E ekclck+2 epcgcer eac;caJr #Qb'b, (1)
pative up to a finite voltage threshold corresponding to the K P
excitation of the atomic vibrations. This threshold showed
the evidence of inelastic current accompanied by excitation ' + t
of vibrational mode. Recently, Smét al. also measured the H ; Wkﬂckcﬁ% Wo.spCat HC @
conductance of a single hydrogen molecule sandwiched be-
tween two platinum electrodésA sudden drop in the con- H”=X(C;Ca—<C;Ca>)(b+ b"). 3
ductance was attributed to the excitation of an intramolecular
vibrational mode. Furthermore, inelastic electron tunnelingAnnihilation (creatior) operator and energy for electrons are
spectroscopyIETS) combined with scanning tunneling mi- denoted byc(c') ande, respectively, and, p, anda label
croscope(STM-IETS) has been recognized as a powerfulthe one-particle eigenstates of the right electrode, the left
and ultimate tool to identify single adsorbed molecules withelectrode, and a single orbital, respectively. A molecular vi-
atomic spatial resolutioh A common characteristic of the bration is introduced with annihilatioficreation operator
above-mentioned systems is an inelastic electron transpobi(b™) and the energynQ). In the absence of electron-
accompanied with vibrational excitation. vibration interactionH’ gives a widthA=Ag+ A, induced

In this paper, we present a theory to elucidate how théy electronic shuttling between the adsorbate and two elec-
localized electronic states involved in the inelastic electrortrodesAg, = wEk,p|Wk,p'aJ25(e—ek,p). The energy depen-
tunneling (IET) processes determine the spectral feature oflence of Ag, is neglected in the wide-band limit. The
tunneling current under an effect of the vibrational dampingelectron-vibration couplindd” causes vibrational damping
due to electron-hole paifEHP) excitations in a metal- and frequency shift through EHP excitations near the Fermi
molecule-metal system. It is found that the spectral shape dévels in the right and left electrodes. At the same time, this
the second derivative of the total tunneling current with re-interaction opens IET processes for tunneling electrons via
spect to the bias voltage?l/dV?, exhibits a variety of fea- emission and absorption of vibrational phonons.
tures such as peak, dip, asymmetric, or derivativelike shapes The right and left electrodes are assumed to be in thermal
depending on the electronic properties of an adsorbatequilibrium with the same temperatufe and have indepen-
coupled to a vibrational mode. dent chemical potentialag and u, , respectively. The dis-
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tribution functions for electrons in the right electrodg( €) 1 5 22 . 4

and the left electroda, (€) are given by the Fermi distribu- Ppr(@)=— ;'m{[(“’ —h*QN)2hQ=P(w)]" 7} (9
tion function. A bias voltageV=ur— . applied between

two electrodes gives rise to a nonequilibrium situation forHere, ImP is given by

electronic transport due to the hybridizatidh The Keldysh-

Green function technique is employed to study the nonequiyy, pr( )= — 2f deln(e)—n.(e+ +
librium systent® The electron is assumed to undergo coher- Plw)==mx | delni(e)=ndet w)]pe)pd et w),

ent tunneling through the single energy level. (10
The total stationary current, which includes both elastic \ynich causes the vibrational damping due to the EHP exci-
and inelastic currents, is given by tations. As described below, Ré(e) is found to give an
26 AuA important contribution to characterize the IETS spectrum.
€Aar Lj The second term of E(8) describes the source of the so-
=—— - 4 - . . . . o
noa ) depdOlnue)—ng(e)l, @ Called “vibrational heating” due to the vibrational excitation

by tunneling currents and has been shown to play an indis-

where pensable role in atom transfer with STM.

Hereafter, we are primarily concerned with the theory of
5) the STM-IETS, where the broadening of the resonance is

dominated by the coupling with the substrate, i.A,,

_ _ ) _ >Ag. ForAg~A_, the present formulation is applicable for
is the density of state€DOS) for electrons in the localized 5 study of the inelastic electronic transports in atomic chain
state. The imaginary part of the second-order retarded selkystem and through a single molecule sandwiched between
energy for electron&’(e) is given by two electrodes. With simplified assumptions &0 and
Nyr(w) =0 (without the vibrational heating), we obtain the
IETS spectrum ag&V~#() in two limiting cases; one ireso-
nantcase A>|#Q — €], and the other ifar-from-resonance
case A<|iQ— ¢y,

1 H r -1
p€)=— ;Im[e—ea-l—lA—E (e)]

IM3(e)=—mx? f:dwpphw){pa(e—w)([l—na<e—w>]

X[1+npr(@)]+ng(e— w)Npy(w))

_ d?l 2e3 A\ AR Ty
+pdetw)([1-nyetw)]nyw) W~:T?%pph(ev), (12)
+nyet+w)[1+np(w) ]} (6)
where the uppeflower) sign corresponds to the resonant
Here, pyr() is the vibrational DOS. The distribution func- (far-from-resonancgecase and

tions for electrons in the localized statg and vibrational
phononsn,, are given by L on~ xR Q[ Arpi(1r) + ALpi( ) ]/A (12

AL Ag is the vibrational broadening due to EHP excitations. For

nye)= XnL(eH THR(E)’ (7)  these two limiting cases, the IETS spectrum is directly re-
lated to pp(w) with opposite signs at a red-shifted vibra-
tional energyi Q' ~AQ — x*[ Appa(pr) + ALpap)1/A°

_ 1 7TX2 ALARJ d
Mo KT 1 Im P () A2 epd et w)pd€) lll. NUMERICAL CALCULATION
X[Np(e+w)—n (e+w)][Ng(€)—n.(€)]. (8) Numerical calculation is performed to study how the

IETS spectrum changes as a functionegf The chemical
Here, the retarded self-energy for phonons is denoted'as potential of the right electrode is chosen as the origin of the
Equation(6) gives the electronic energy dissipation due toenergy. The vibrational frequendy) and A, are fixed at
the coupling with vibrational system. The real and imaginaryl00 meV and 1 eV, respectively. The electron-vibration cou-
parts of2" represent the energy-dependent energy shift angling y andAg are determined in such a way that the vibra-
the broadening of the adsorbate electronic states due to thi®nal damping rate is nearly equal to 1 ps and the total
electron-vibration coupling, respectively. The fifsecond  current ateV=% is an order of 1 nA. Figure 1 shows the
term in the curly bracket in Eq6) indicates a process in evolution of the IETS spectrad?l/dV? for e,=0 (x
which an electronhole) with energy e emits (absorby a =100 meV andAg=0.6x10"% meV), A, (x=200 meV
vibrational energyw. Transition of an electroithole) from  and Ag=0.12 meV), 1.3, (x=320meV and Ag
energy € to energy e+ accompanied with absorption =0.2 meV), 2A; (x=500 meV andAz=0.3 meV). Here,
(emission of a vibrational phonon corresponds to the third we neglected the redshift of the vibrational frequency. As
(last term. The first and the last terms give main contribu-analytically derived in Eq(11), in the resonance case,
tion to energy dissipation at low temperatures. The second=0, the IETS spectrum shows a close resemblance to
order retarded self-energy for the vibrational phon®é&w) ppr(w), that is, a Lorentzian digpeak with a width of I'y,
determines at levV|=hQ for positive (negativeé bias voltage. Ase,
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FIG. 2. The electronic DOS fo¢,=0, i.e., resonant case, ¥t

FIG. 1. Evolution of the IETS spectra. The IETS spectra are=0. In the inset, the soliddashedl line corresponds to the real
shown for several positions af,. See the parameters in the text. (imaginary part of 2'(€). The other parameters are the same as in
The solid, dashed, dot-dashed, and double-dot-dashed lines repreig. 1.
sente,=0,A,, 1.5A,, and A, respectively. The uppetower)

figure shows spectra for positifeegative bias voltage. Here, we  rq yirtal transition from the Fermi levels in the left and

neglected the real part of the self-energy for phonons?Revhich . . . I,
determines the redshift due to coupling with the substrate and thrlght electrodes to the localized state is allowed within

tip. ?VES( €). " .
In the resonant condition, wheRy.(€) is much shorter
moves away from the Fermi level, the IETS spectrumthanTe{e), itis plausible to approximate
changes its shape into “derivativelike” shapeet=A, and
1.5A, , asymmetric one a¢,=2A, and exhibits a Lorentz- 1
ian peak in the far-from-resonance case. Althodégh , is pa€)=——Imle—e,~ 3" ()]t (15)
fixed at 1 ps, the broader spectra are observed at off-resonant ™
cases in Fig. 1. The IETS spectrutil/dV? does not di-
rectly reflectp,(w), but represents the first derivative of _ _
pA€). A closepinspection oB'(e) and p4(€) reveals how ~m {A-ImX(e)]™ (16)
these spectral shapes are determined. Figure 2 shgw¥
at V=0 for e,=0. The inset of Fig. 2 depicts the real and at e~# ). The first derivative of, with respect to the en-
imaginary parts o '(e). Unless the energy of electrons or ergy, dp,/de~d?l/dV?, exhibits a dip ¥>0) and a peak
holes exceeds the vibrational energy, no electronic energi/<0), whose widths are determined By, (see Fig. 1
dissipates into the vibrational system. The broadening due tgmijt et al? observed a qualitatively similar feature pf,
electron-vibration coupling is nearly zero betweefi{) and  shown in Fig. 2 in the conductance in a P§/system. The
Q). On the other hand, once an electron has enough energyp (peak at 63.5 meV (- 63.5 meV) observed inG/dV
to excite a vibrational mode, a new channel of energy dissi= ¢2|/d\v2 was assigned to the center of mass motion of the
pation becomes available. It produces an additional widthy, molecule. The width of these structures was found to be
A—ImX'(e) to p,. Upon opening the IET channel, much larger than that expected from the thermal and instru-
ReX'(e) shows a sharp pedkllip) at —7() (7()) as seenin  mental broadening. As derived in Eqll), dG/dV
the inset of Fig. 2. =d?I/dV? spectrum is directly related @y, in the resonant
There are two characteristic time scales which govern thgase. The large width observed dG/dV spectrum for the
tunneling phenomena. One is the electronic lifetime given bybyH, system suggests a very short vibrational lifetime due to
strong coupling to the Pt electrode. They speculated that con-
€)= h (13) duction through the molecule involves mainly the Einti-
A—Im3'(e)’ bonding states. The present analysis also suggests that the

H,-antibonding orbital participated in the intermediate state

in which electronic energy in the localized state dissipate§q; gjectron transport is located near the Fermi level of the Pt
into the right/left electrode or vibrational mode. The other isgactrode. Agraiet al. also observed the same feature of the

the residence time given by conductance and differential conductance in the electronic
5 transport in gold atomic chairts.

_ (14) In the STM-IETS experiments, Hatet al. observed a dip
le.—ReX(€) — uugl structure for the O-O stretch mode on(Ad0) for a positive

Tred €)=
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[x107]

VT rivative dp,(€)/de, this peak(or dip) produces the deriva-
Pa [meV] tivelike or asymmetric shape in the IETS spectrum at the
mevi ' ' vibrational energies-% ().

o ] This type of singularity of the IETS spectra has been al-
ready predicted by PersséhHowever in his analysi& ()
was not taken into consideration. Inclusion of electronic self-
energy may explain the difference of peak height and/or peak
positions between the positive and negative bias polarities in
the STM-IETS experimentt—*4We also mention the change
of the spectral feature for bias polarity. For the resoriart
from-resonancecase, in which a digpeak is observed at a
positive bias voltage, the IETS spectrum shows a ddgk
at a negative bias voltage. However as shown in Fig. 1, the
IETS spectra do not give an antisymmetric change for the
opposite bias polarity at off-resonant cases. For the deriva-
. tivelike spectrum such as far,=A| , it gives almostsym-
-200 ' 0 fmeV] 200 r_netr_ic change for the opposite bias_ pqlari(giee the d_ashed
line in Fig. 1) So far, one of the criteria of an experimental
assignment for vibrational signals is based on the antisym-
metric change of the IETS spectra for the opposite bias po-
larity. The present analysis, however, provides another way

_ o ) o of assignment for the derivativelike features, which display
bias voltage ind?l/dV? spectrunt® They suggests that the the symmetric spectrum for both bias polarities.

1773 molecular orbital of the @located near the Fermi level  Ag discussed by Crljen and Langr&tiand experimentally
of the substrate is responsible for the inelastic tunnelingphserved by Ryberf the vibrational damping due to the
Since the IETS SpeCtrUm is given by the first derivative OfEHP excitations produces an asymmetric Fano Snﬁa_pehe
pa(€), it produces a didpeak ateV~#() (—#€) with a  infrared absorption spectra of adsorbates on metal surfaces.
width of th. Inclusion of multiple electron-vibration scat- Recently, Pascuadt al. observed an asymmetric line shape
tering in Eq.(11) by replacing the denominator & with i the IETS spectrum for a benzene molecule adsorbed on
A—ImZX'(e) gives the following formula in the resonant Ag(110), which was tentatively assigned to the Fano efféct.
case: However, the asymmetric feature is not sufficient evidence of
the Fano effect. As we have seen here, it is found that the

d2| 2e3 | . ) energy dependence ef(€) produces the asymmetric feature

v ?ALARmpph(e\/)Tlife(e\/)- (17)  as shown in Fig. 1 foke,=2A, . Even in the resonant/far-
from-resonance cases, where the IETS spectrum directly
mimics the vibrational DOS, the energy dependence of
The energy dependence ®fi(eV) could be another pos- T, () produces the asymmetric line shape presented in Eq.
sible factor to produce the asymmetric shape in the IETS17). The present theory proposes that the observation of
spectrum, even whepy,(eV) is a symmetric Lorentzian.  asymmetric feature in the IETS spectra does not necessarily

On the other hand, whegy is away from both the Fermi  imply the Fano-type modification of the spectra.
levels, T,.{ €) becomes much shorter thdi.(€). It is not

appropriate to assume that tunneling electrons from the left IV. CONCLUDING REMARKS
or right electrodes stay in the adsorbate level dufipg(e€).

In Fig. 3, p(€) for e,=2A, is shown together with the real
and imaginary parts oE'(e). In contrast to the resonant
case, sinceT,{€)<Ti(€), pL€) is very sensitive to
T,ed €) rather thanT;.(€), andp, can be approximated as

FIG. 3. The electronic DOS fo¢,=2A, atV=0. In the inset,
the solid (dashed line corresponds to the re@maginary part of
2"(€). The other parameters are the same as in the Fig. 1.

In summary, we present a general theory for electronic
transport accompanying emission and absorption of vibra-
tional phonons. It is shown that a variety of features in the
IETS spectra is closely related to the electronic properties of
the localized state involved in the electron transport pro-
cesses. We pointed out the qualitative agreement between our

1 A—ImX"(e) theory and experimental results of the spectral features of the
pd€)~— ReS () (18)  conductances and the differential conductanatG/dV of

[e~eamRex(e)] hydrogen sandwiched between platinum electrbdsswell
o ) ) ) as the IETS spectrum of the STM-IETS experiments of ad-
In this situation, the shift of electronic energy levelRée)  gorhed moleculedOnly in some specific cases, the resonant
has a crucial influence on the behaviorm{e). When the  and the far-from-resonance cases, the IETS spectrum is di-
effective energy levek,(€) = e,— ReX'(e) moves closer to rectly related to the vibrational DOS. Compared to the avail-
the Fermi levels,T{€) becomes longer. As a result of able experimental data, the spectral width presented here is
larger temporal population in the localized state, this resultgnuch narrower than experimental results. Lauhon and Ho
in the skewed peak structure. The deak in X'(e) givesa  systematically studied the effect of temperature and the bias
peak(dip) at Q) (—%Q) in p,(€). By taking the first de- modulation on the vibrational peak width, the intensity and
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