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Inelastic electron tunneling spectroscopy in molecular junctions:
Peaks and dips
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We study inelastic electron tunneling through a molecular junction using the nonequilibrium Green'’s
function formalism. The effect of the mutual influence between the phonon and the electron
subsystems on the electron tunneling process is considered within a general self-consistent scheme.
Results of this calculation are compared to those obtained from the simpler Born approximation and
the simplest perturbation theory approaches, and some shortcomings of the latter are pointed out.
The self-consistent calculation allows also for evaluating other related quantities such as the power
loss during electron conduction. Regarding the inelastic spectrum, two types of inelastic
contributions are discussed. Features associated with real and virtual energy transfer to phonons are
usually observed in the second derivative of the currsvith respect to the voltageé when plotted
againstd. Signatures of resonant tunneling driven by an intermediate molecular ion appear as peaks
in the first derivativedl/d® and may show phonon sidebands. The dependence of the observed
vibrationally induced lineshapes on the junction characteristics, and the linewidth associated with
these features are also discussed. 2@4 American Institute of Physics.
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I. INTRODUCTION process, and at the same time to provide important spectro-
scopic and structural data on the conducting molecule, in

Experiments on conduction in molecular wire junctions : . . : .
P J rg)_artlcular, information on the strength of the vibronic cou-

are becoming more common, as the community seeks to un-. " ~.
- . ling itself.
derstand the principles that govern how electrical charge ca i . . .
The interpretation of electronic transport in molecular

be carried by individual moleculésEarly experiments fo- . .
nctions has so far been done largely in the context of an

cused on the absolute conduction and on trends such as d@l . ) . i \v derived f he Land
pendence on wire length, molecular structure, andastic scattering picture ultimately derived from the Land-

temperaturé. An intriguing issue is the role played by auer approacf® Inelastic conductance through models of

nuclear motions in the conduction process. This issue is oftolecular wires was considered theoretically by several
interest on several accounts. First, it underlines the interplag’orkers' Ness and F|§ﬁéranq Todorov and co-workets
between coherent transport by carrier tunneling and/or bang@ve considered the inelastic propagation of an electron

motion, polaronic conduction, and incoherent, thermally asthrough the junction as a multichannel scattering problem,

sisted hopping transpcttindeed, the importance of the full While Segal, Nitzan, Ratner, and CO"’V_‘”%% well as
hopping regime, in which charges are definitely localized orMay and co-worker$ have used formalisms based on gen-
the molecular bridge, has been demonstrated both in theralized quantum master equations. The influence of the con-
Coulomb blockade limftand in a polaron-type localization tact population(Pauli principle on the inelastic process is
situation® Second, it is directly relevant to the issue of junc- disregarded in these works as is the influence of the elec-
tion heating®’ Also, vibronic interactions accompanying tronic subsystem on the phonon dynamics.

electron transport may lead to specific nuclear motions such A systematic framework describing transport phenomena
as rotation$;® lateral hopping of molecules on the surfa€e, in interacting particle systems is based on the nonequilibrium
atomic rearrangements,and chemical reactior€.Finally, ~ Green’s function(NEGF) formulation®® For the particular
nuclear motions can directly manifest themselves as inelastigase of IETS, while simple perturbative treatments using
signals in the current-voltage spectra. Inelastic electron tunklerzberg—Teller-like analysis of the molecular Green’s func-
neling spectroscopylETS) has been an important tool for tion or the electron propagatSrmay be useful for rough
identifying molecular species in tunnel junctions for a longestimates using realistic molecular models, such a heuristic
time X* With the development and advances in scanning tunapproach is not fully consistent with the nonequilibrium con-
neling microscopy(STM) and scanning tunneling spectros- ditions under which such measurements are done as well as
copy (STS it has proven invaluable as a tool for identifying with the boundary restrictions imposed by the Pauli prin-
and characterizing molecular species within the conductiowriple. Also, by using the lowest order in the electron-phonon
region®1*~1°Indeed, this is the only direct way to ascertain interaction it misses important interference effects and can-
that a molecular species indeed participates in the conductiomot deal with the mutual effects of electron correlation and
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vibronic coupling. The NEGF formalism can readily handle derivative of the current/voltage relationship. Such negative
such problem$/?8 though its complexity may limit its use- features have indeed been observed in single-molecule vibra-
fulness to relatively simple molecular models. Several recentional spectroscopy of methyl isocyanide adsorbed on
discussions of inelastic transport in microscopic junctions aralumina-supported rhodium particfésand of oxygen mol-
particularly relevant to the present discus$for? (see also  ecules chemisorbed on AP0 It should be noted that not
the early treatment by Caradit al??). only the sign but also the shape of these peaks depend on the

Such an approach was recently taken by Ueba andnergetic parameters of the syst&hand recent results by
co-workers:®=*?who have applied the NEGF formalism to Reed and co-workel that show relatively strong deriva-
the resonant level model of phonon assisted tunneling whergvelike features in the low temperature IETS spectrum of C8
a single bridge level represents a junction connecting twalkane thiols may be another manifestation of the same ef-
free electron reservoirs while being also coupled to a singléect.

harmonic mode. The free particle Hamiltonian is The Persson-Baratoff analy$is®® as well as its reas-
sessment by Ueba and co-work8rs? correspond to the
|3|0: Eclci+ > fkalaﬁ 0,a'ta, (1)  limit where electron transmission across the junction is a low
kelL,R

probability event that does not disturb the electron distribu-
tion in the leads. In the opposite limit where the leads-bridge

L o coupling is strong so that the transmission probability is
electrons on the bridging level of ener@y, {k}={I}, {r} nearly 1 (and the single channel conduction given by

are sets of electronic states representing the(lefiand the ~e?/h) we may encounter the situation where in the nega-

“.ght (R) electrodes ;N ith the corrgfpondjng creathn and an7[ively biased lead backscattered electrons of energies in the
nihilation operatorsl, andd,, anda' anda are creation and

S conduction window between the lefEf, ) and right Err)
annlhllatlon operator fqr the phonon mode of frequefiy. Fermi energies are locally depleted near the junction. In this
The interactions are given by

case the onset of inelastic scatteringi&t,=|e®| can give
. . rise to increased reflectiofwhich would otherwise be im-
Hi= X (Vigdii+H.c)+M(a"+a)ele,, (2)  possible by the Fermi exclusipand, consequently, a nega-
kelL,R . . . .. N
tive step in the conduction. This is presumably the dominant

Within this model Uebat al. have reproduced and improved mechanism for observed negative peakdid®? in point
results obtained earlier by Persson and Bardtolf where ~ contact spectroscopy characterized by large transmission
inelastic tunneling spectra were analyzed in the leading orde?robabilities:>*
M? of the electron phonon interaction. Persson and Baratoff ~ The inelastic tunneling features discussed so far are usu-
have observedfollowing Davis®) that in this order there is ally observed as peaksr dips in the second derivative of
an important correction to the elastic component of the tunthe current voltage relationship at the threshold where the
neling current at the onsete®|=7%Q,, whered is the bias ~ €electronic energy associated with the bias voltgesk| just
potentia) of the inelastic channel. This contribution to the matches the oscillator energy),. Another manifestation of
tunneling flux stems from what may be seen as interferencélectron phonon interaction in inelastic tunneling can be ob-
between purely elastic current amplitude that does not inserved as phonon sidebands on resonance tunneling
volve electron-phonon interaction and the elastic amplituddeatures.” Figure 1 illustrates the energetic scenarios for
associated with two electron-phonon interaction events inthese different processes &t0. The shaded areas on the
volving virtual phonon emission and absorption. Similarly, right and left denote the continuous manifolds of states of the
Lorente and Perss6hhave recently generalized the Tersoff- two leads where the lines separating the occupied and unoc-
Hamann approach to the tunneling in STM junctions, usingcupied states are the corresponding Fermi energies. In this
many-body density functional theory in conjunction with the zero-order picture a wave function of the overall system is a
NEGF formulation of Carolet al?’ to obtain the change in product of lead wave functions and a molecular state. One of
the local density of substrate electronic states caused by the two manifolds shown for the right lead represents the
weak electron-phonon coupling. This approach again yieldground vibrational state of the molecule. The otkdiago-
the inelastic contribution to the tunneling flux in the lowest nally shadegicorresponds to the molecule in the first excited
order in the electron-phonon coupling, as well as the elastigibrational state. We assume for simplicity that a potential
correction of the same order. This formalism was later apbias® amounts to raising the energy of the left lead states
plied to formulate symmetry propensity rules for vibra- without affecting the other states of the model and that con-
tionally inelastic tunneling® duction takes place via the LUMQ@owest unoccupied mo-

At the thresholde®|=%Q, of the inelastic tunneling lecular orbita) state of the bridge molecule, i.e., resonance
channel both the elastic and the inelastic fluxes change, wittunneling occurs via negative ion states. As the bias is in-
the latter obviously increasing from its zero value belowcreased, the first type of vibrational feature is obtained when
threshold. In contrast, as first noted by Persson anted®|=%(), and is seen as a peédip) in the d?I/d®? vs
Baratoff3® depending on the energetic parameters of the sysspectrum. The second type appears wikeis large enough
tem, the correction to the elastic current may be negativeso thatu, just exceedsE;: resonance tunneling features
Furthermore, this negative change in the elastic tunnelingppear as peaks in the conductandb/d® vs ®) spectrum.
component may outweigh the positive contribution of theAt low temperature the first such peak corresponds to the
inelastic current, leading to a negative peak in the secondround state of the molecular negative ion state, however, if

Wheref:J{ andc, are creation and annihilation operators for
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the inelastic tunneling problem is considered in the self-
consistent Born approximatiéh*3that goes far beyond the
second-order approximation used earlier. This makes it pos-
sible to account for overtones of the inelastic signals that are
observed in resonant tunneling situations. Furthermore, we
show that while the second-order approximation captures
much of the essential physics of the IET process, infinite
order corrections can lead to quantitative differences with
qualitative implications, e.g., peakdips) in d?l/d®? vs ®
predicted by the low order theory can appear as ¢esaks

in the infinite order calculation. Finally, experimentally veri-
fiable predictions are made with respect to the dependence of
the shape of the vibrational features ird?l/d®? as the
molecule-lead coupling is changed, e.g., by changing the dis-
tance of the STM tip.

FIG. 1. A schematic view of the level structure for inelastic electron tun- . Our general model is described in Sec, I-I where an out-
neling. The shaded areas on the right and left denote the continuous mar”—ne _Of th_e NEGF method and the self-con5|s_tent Born ap-
folds of states of the two leads where the lines separating the occupied afdfoXimation is also presented. In Sec. Il we give some rep-
unoccupied states are the corresponding Fermi energies. For the right lezgsentative results in which w@) compare the predictions
two manifold; are shown; one where the corresponding mol'ecular state iéf different approximation schemesb) demonstrate the

the ground vibrational state of the molecule, and the otldéagonally . . . . . .
shadedl where the molecule is in the first excited vibrational state. The presence of inelastic contributions in the normal tunnelmg
horizontal dotted lines at heighis, andE, are added to guide the eye.  current (second derivative spectrynand as sidebands to
resonant peaks in the conductaitfiest derivative spectrum,
and (c) show the effect of junctions characteristics, in par-

the width associated with the coupling of this state to thencular_the tip-molecule distance as express_ed by the corre-
onding electron escape rate, on the IETS lineshape. In Sec.

metal is small enough, additional peaks are expected whe . . ) o
. traversesE,+niQg, n=1,2,.. (peaks associated with IV we discuss the linewidth of the IETS vibrational features

negative values oh are also possible at higher tempera-"" colnsjunctlon with the recent gxpenmental re_sults of Wang
et al.”® and assess the relative importance of different contri-

tures. Similar features can be seen in the conduction deper‘B i o the ob d “intrinsic” l idth. Section V
dence on a gate potential which changes the positiof;of utions to the observed ntrnsic™ inewidinh. section V- pre-
gents the conclusion.

relative to the Fermi energies. The process is analogous
resonance Raman scattefiignd both the proximity to reso-
nance and the fact that the transient electronic state id. TECHNICAL DETAILS

charged implies strong vibronic coupling and consequently We consider a two-terminal junction with leads repre-

long progression of vibrational satellites, as indeed seen igented by free electron reservoirs in thermal equilibrium

the experimental results of Refs. 17. We are not familiar Withcoupled through a bridging molecular system. The assump-

a theoretical treatmelr_n of thdesied obsggvznogs, hOV\(]ever tht'?on that the electrodes are in thermal equilibrium under the
same resongnt tunneling model described above, when progfeady-state operation of the junction corresponds to a weak
erly generalized to allow for strong electron-phonon COU-coupling situation (i.e., conduction much smaller than

pling, should provide a suitable framework. e?/w#) which characterizes most molecular junctions. In

In this paper we generalize the NEGF approach 10 iny,nat follows, we refer to the molecular bridgeossibly with

elastic tunneling spectroscopy in several ways. First, many, (e, jead atoms on both sides, constituting together an ex-
electronic states and phonon modes are taken into account,,qaq moleculeas our system. Nuclear motions are de-
allowing the usual treatments of a real molecular bridge inge e as harmonic normal modes and are divided into two
any convenient representation. Second, the V'brat'on;zroups. The primary group includes local phonons that inter-
modes are tak_en as two subsets. The primary subsgt are tho?@t with the electronic system. Electron-phonon interaction
modes that directly couplg to the electronic transitiéme in the leads is disregarded. The secondary phonon group rep-
analogs of the mode considered above secondary set of resents the environment, assumed to be in thermal equilib-

thermal bath modes,_assumed to be_in thermal equilibriurr},ium, which is coupled to the local phonons. The primary
are t_akenft(;] couple Imearhé to the prlmdary (rjnode?. _-I;he_dy'phonons are thus driven by the nonequilibrium electronic
hamics of the primary modes is considered explicitly, 1.8..qystem concurrently with interchanging energy with their

unlike most former treatments their nonequilibrium state isthermal environment. The zero-order Hamiltonian in second
derived from the dynamics of the problem. As such, they arequantization takes th.e form

driven by the electronic current and relax due to their cou-
pling both to the electronic system and to the thermal bath of
secondary modes. This aspect of the formalism is probably
not very important for most IETS observations, but it makes
it possible to address the issue of heating and subsequent +2 w-b-b @)
possible chemical rearrangements in the junctioRinally, mooomm

R

Hozizj tljérej‘l‘kZLR deldk‘FZ Q|é|.ré|
, eL,
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with t;; = E; . The four terms on the right hand side representions for the projected GFs and self-energiégnoted as
respectively electrons on the molecules, electrons on thasual by the superscripgsr, >, <, and using the fact that at
leads, the primary subset of molecular harmonic modes ansteady states all two-time quantities depend only on the time
the secondary subset of harmonic modes representing thlifference to obtain the corresponding equations in Fourier
thermal environment. The first and third terms are obviougenergy space. The resulting equations for the GFs are the
generalizations of the corresponding terms in Bg.allow-  Dyson equations for the retarded GFs,

ing for many primary phonon modes and for many molecular . ; 1 o .

electronic states. In the last tem(bTm) represent the anni- GI(E)={[Go(E)] " —2"(B)} ", ©
hilation (creatior) operators of the phonon bath modes. The r _ _

single electron basis chosen to represent the molecular elec- D (@) ={[Do(@)] "~ 1"(w)} (10
tronic system can vang;(&]) can correspond to an atomic (and the equivalent equations for their advanced counter-

or molecular orbital, a lattice point, a plane wave, or anyparty and the Keldysh equations for the lesser and greater
other convenient basis. Also, any additional single-electroryjections,

term such as the effect of an external field can be incorpo-
rated into the first term of Eq3). Internal degrees of free- G~(E)=G"(E)3X~(E)G* E) (and same wit{«<)),
dom such as spin are assumed to be incorporated in the in- (11)

dices used. - - a _
This zero-order description is supplemented by the interP® (@) =D'(&)II"(0)D*@)  (and same witH{-)). 1
action Hamiltonian (12)
In Egs.(9) and (10) G{(E) andDg(w) are the electron and
Hi= > (vkialéi+H_C_)+Z MIAETE, local phonon Green’s functions for the uncoupled system
W

keLRii described by the Hamiltoniaf8). We have denoted the Fou-

o rier variables associated with the electronic and phononic
+, ULA B, (4 GFs by E and o, respectively. In the noncrossing
hm approximatiofi* (which in the present context amounts to
whereA =4/ +3, andB,=b! +b,,. The three terms in Eq. assuming that the interactions of the “system” with different
(4) correspond, respectively, to coupling to the leads, cou-Path” environments are independent of each ojftae self-
pling of the primary phonons to the electronic systédrare ~ €nergies are obtained in the forms
taken to be of the polaronic formand interaction of the

_3SL R ph
local phonon modes with their thermal environment. 2(B)=2H(B)+27(E)+27YE), (13
The principal objects used in the dynamical description (@) =TTP"(w)+ 1% (o). (14)

of a coupled many-body quantum system within the NEGF

approach are the one-particle Green’s functi@Bs. In our ~ The components of the electronic self-enefgyare those
coupled electron-phonon system these are the electronic amgsociated with the coupling to the left and right leaxls,
phononic GFs on the molecular bridge defined on theand =R, and that arising from the coupling to the primary

Keldysh contour by phonons3P". The former can be obtained exactly, leading
) o to particularly simple forms in the wide band limit for the
Gij(m,7)=—I(TcCi(m)ci(7'))  (electrons (®  leads that essentially implies that the real parts of the corre-

sponding retardedadvanceyl self-energies can be disre-
garded while their imaginary parts are approximated as en-

whereT, is the contour ordering operator. These GFs satisfyr9y independent constants:
Dyson-type equations

Dij(7,7)=—i(TA(nAl()) (phonons, (6)

(S li=[Eir i =—(L2IT®, (159
G(T’T,):GO(T’T,)—'_fchlfchZGO(T!Tl) [EL<(R)]IJ=|Fh(R)fL(R)(E)’ (15b)
X2(71,72)G(7,,7"), (7) [EE(R)]ij = _iFiLj(R)[l_ fLr(E)], (150
) , wheref /(E) are the Fermi—Dirac distributions character-
D(7,7')=Do(7.7 )+Ld7'1JCdTZD0(T’Tl) ized by the corresponding chemical potentials gy,
fi(E)={exd (E-md/keT]+1} " and TR is the level-
XTI(71,75)D(75,7"), (8)  width matrix defined by

whereY andII are the electron and phonon self-energies,

respectively. These are essentially dressed single-particle iﬁ-ﬁ(E)ZZWE VikVijo(E—Ey)

teractions that can be represented to a desired level of ap- keK

proximation by the GFs themselves, thus providing a closed (independent o in the wide-band limig (16)
set of equations that can be solved self-consistently. The

standard way for treating steady states proceeds by projeatvith K=L, R denoting the left or right lead. The phonon
ing these equations onto the real time axis, yielding equaeontribution to the electronic self-energy reads
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dw S dE
. k k i
2B =1 2% Milezf 5 [Dici(@)G(E-w) [MGi@))y= =12 MM | 5-GL(E)G (E-o),
(22b
+Dlez(w)Gﬁ(E—w)JrDrklkz(w)G{j(E—w)]
[Mg(@)]j==1> M| M| fEG?i (B)G,(E-w).
+& X MAM2n®DL, (0=0) (173 P, ) 2w TR
Ky Kooi ' 1 (220
do The self-consistent Born approximatiggsCBA) is a
[S5h(E)]; =i > MrlMTZJ Z_lelkz(w)Gﬁ(E—w), computational scheme that effectively sums an infinite subset
ki ka m of noncrossing diagrams in the perturbation expansion of

(7B Green's functions of many-body systef?¢® The procedure

» starts with the expressions for the Green’s functions of the
[Zon(E)]j=i > M:“MTZJ' Z—D,flkz(w)Gﬁ(E—w). electronic system and the primary phonons that are zero or-
k1ka T 17 der in the electron-phonon interaction. It is convenient to
(179 designate these as our zero-order GFs for the rest of the
The term containing the factmrf",I in Eq. (179 is the so- calculation. With this redesignation E¢9) and(10) remain
called Hartree term in the electron-phonon interaction. Herevalid provided that onlys P"(E) andII®'(w) are included in

nie'=p” . where the corresponding self-energies. For the case of a single
dE bridge level these zero-order GFs are given by
pij=—ifﬁGﬁ(E)- (18) GH(E)=[G§(E)]* =[E—E;+(1/2iT'(E)]"*, (23a
This Hartree term does not appear in solid-state treatments of ~_ _ if (E)I'(E)+ifr(E)'r(E)
this problem because by momentum conservation they turn 0 - (E—E;)2+(T(E)/2)? ' (230
out to involve only phonons of zero momentum whose den-
sity vanishes. The other terms are standard in the self- —i[1—f(E)]T(E)—i[1—fr(E)]TR(E)
consistent Born approximation to this problem. Gy (E)= > > ,
The self-energy matrix associated with the primary (E-E)™+(T'(E)/2)

phonons is expressed in Ed.4) as a sum of contributions (230
from the interaction with the electronic systefi®((w), and  with =T, +'r. For the case of a single primary harmonic
the interaction with the thermal bath of secondary phononsmode the phonon GF projections are

IIP"(w). The latter is obtained exactly in the wide band limit . a

of this thermal bath, using the fact that this bath is in thermal Do(w)=[Dg(w)]*

equilibrium. Its projected components are giver{by 1 1
[Mp(@)]ij= = (1/2)i sgrw) yij(w), (193 T 00t (I2)y(w) 0t Ot (iR)y(w)’
. 24
[T @)y =~y (@) F(w), (19b) (243
. D5 (w)=F(w)[D§(w)—Di(w)]sgn w), (24b)
(o)1= =% (0)F(~w), (199 ° ° °
where Doy (w)=F(—)[Dg(w)—D§(w)]sgn w), (240
N(w]) -0 whereF(w) is defined in Eq(20). If (as is commonly done
)= @) @ , (20)  the relaxation to a thermal bath of secondary phonons is
1+N(|o|), <O disregarded, Eqg24) take the simpler form,
'y'-(w)=27Tz ul Ul (w—wy) Di(w)= ! — ! (253
. m o m 0 0—Qo+tid w+Qu+id’
(w independent in the wide band limgjt  (21) Do (w)=—2mi{N(Qg) 8 w—Qg)
and whereN(w)=[exp(/ksT)—1] ! is the Bose-Einstein +[1+N(Qp)]8(w+Qg)}, (25b)

distribution. Finally, the contributiodil®(w) to the primary - )
phonons’ self-energy due to their coupling to the electronic Do (@)= —27i{N(Qq) 8(w+ Qo)
system can be _expressed in terms of the electronic Green’s +H[1+N(Qg)]8(w— Qo)) (250
function. Its projections are

These expressions are easily generalized to situations with
[ ()] = —i E Mi M fE[Gg_ (E)G?. (E—w) many electronic states and many primary phonons on the

et i, 1 '2) 2@t Tt 21 bridge. For the latter one often assumes for simplicity that

they are not mixed by their interaction with the thermal bath,
r < _
+Gi1iz(E)Gizi1(E )], (229 so Eqgs.(24) are taken to hold for each mode separately.
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The numerical calculation of these Green’s functions andhe elastic current. In the lowest order in the electron-phonon
self-energies involves repeated integrations over the elednteraction(second order in the coupling) the GFs in Eq.
tronic energ)E and the frequency variable. These are done (29) are replaced by their zero-order counterpé233 and
using numerical grids that are chosen large enough to spafi,, is taken from the lowest order equivalent of Efj7) in
the essential energy and frequency regions of the correspondich the GFsSG andD are represented by their zero-order
ing spectra, and dense enough relative to the spectral widthunterparts:
to yields reliable quadratures. As always, the choice of grid

para_lmeter_s _reflects a compromise between_ accuracy an_d nu- ”g‘)ﬂ:_f —Tr[E (E)GY(E )Epho(E)GS(E)
merical efficiency. Some details on our choices are provided
in the figure captions in Sec. . —EE(E)GB(E)E;fh,o(E)GS(E)]- (30)

At each iteration step the Green’s functions of the previ-
ous step are used to update electron and phonon self-energis obtain Eq.(28) in the same order, the GFs are expressed
associated with the electron-phonon interaction using Egqsy the lowest order Dyson forms
(17) and (22), which in turn are used in Eq$9)—(12) to ) . ) ] ]
obtain the next generation Green'’s functions. The procedure G'(E)=Go(E) +Go(E)2pno(E)Go(E)

terminates when the self-energi€s?) and (22) have con- (and same for«+a) (32
verged. Convergence of a matrir is determined by the
condition to get

mi(jn)_ (n—1)

2 %
9 13=2 [ S E - e

<5 (all i,j), (26) el "4

(n—1)
mij

with 6 some predefined tolerance, where-1 andn are

XTI L(E)Go(E)TR(E)GG(E)]

subsequent iteration steps. 2¢e (+=dE

After convergence is achieved, the resulting Green's +7J E[fL(E)_fR(E)]Tr[FL(E)GrO(E)
functions and self-energies can be used to calculate many
important one-particle characteristics of the junction. In par- XE:)h,O(E)G(r)(E)FR(E)Gg(E)+ H.c]. (32
ticular, the total current through the junction is given by

Equations(30) and(32) were recently used by Mt al*! to
rederive the results of Persson and co-worketsfor the
IETS spectra for a model of a single electronic level connect-
ing between the leadsn this case all GFs and self-energies

2e ( dE _ -
IL(R):WJ'ETI’[EL(R)(E)G (B)

L(R (E)G (B)]. (27 are scalars and the trace operation in Eg6) and (32) is
Herel (g is the current at the lefright) molecule-lead con- unneedefl In Appendix B we repeat this derivation along a
tact. It can be shown thdt = — I in accordance with Kir- somewhat different route that yields the phonon-induced cor-

choff’s law. Using Eq.(11) and the assumed additive form rectiondl to the current obtained in the absence of electron-
(13) of the electronic self-energy, the total curré@?) can ~ phonon coupling in a form that is not limite@s the earlier
be recast as a sum of elastic and inelastic contributions writwork) to the lowest(second order in the electron-phonon

ten below at the left contact: interaction. This improved representation will be useful in
5 the discussion of Sec. IV below of IETS linewidths. For a
lg=— - Tr{E (E)G'(E)[ST(E)+32(E)] one-level bridge this calculation leads to
a - ) - - a 2e I'I'g
XGHE)-2(BE)G(E)[X (E)+2r(E)]G¥E)} dl==1 dE 2 pe|(E)th(E)
2e -
=7 %z[fL(E)—fR(E)] [E Ey(E)]?—(I'/2)2

[E BB (I12) [(fL(B)-fr(E)], (33
XTI (E)G'(E)I'r(E)G*(E)], (28)
where pg|(E)=—ImG'(E)/7 is the electronic density of
= f ()G (E)35,(E)GA(E) states I py(E) = — 2 IM3{(E), and Ey(E) =E; +Re3{,(E).
h Equation(33) is similar to Eq.(17) of Ref. 31, except that
> r < a 2 ho(E) (the lowest order phonon contribution to the elec-
—2(B)G (E)Eph(E)G (B)] (29 tropnic self-energyand its real and imaginary components are
The identification of these contributions to the total currentreplaced here b¥. ,,(E) and its components, angl, o(E),
with the elastic and inelastic components can be substantthe zero-order electronic density of states, is replaced by its
ated by considering the equivalent scattering forms of thesexact counterpart.
equationgsee Appendix A Note that the “Landauer form” We note in passing that another important quantity
obtained in Eq(28) contains retarded and advanced GFs thateadily calculated from these GFs and self-energies is the
are renormalized by the electron-phonon interaction. In factpower loss in the junction, i.e., the net energy flux from the
this renormalization yields the phonon induced correction teelectronic into the phononic system,
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2 dE ) N _ _ (x10%)
P_—%JEETr[Eph(E)G (E)~33,(E)G=(E)]. (a)
(34 o

Some preliminary results based on this expression are showr 2 R
below; however, we defer a thorough analysis of this issue to ’
a separate publication. *

To end this section we consider the different levels of s .
approximations that can be used for describing IETS. The 1 "
procedure described above constitutes the self-consisten .
Born approximation. In the simple Born approximation one 5
replaces all the GFs in Eq&28) and (29) by their expres- " ,
sions(9)—(12), however, the self-energies,, and Il are (<107 (x10%
calculated from Eqg17) and(22) using the zero-order GFs.
This amounts to stopping the SCBA procedure after the first
iteration. Finally, Eqs.(30) and (32 represent results ob-
tained in the lowest order in the electron-phonon interaction.
In what follows we refer to these approximations as the
SCBA, the Simple BA, and the lowest order perturbation
theory (LOPT).

1(A)
.

IIl. REPRESENTATIVE NUMERICAL RESULTS

In the calculations described below we have employed a (C)
model with a single harmonic mode in the primary set di-
rectly coupled to the electronic system. We primarily con- 10
sider two situations that are distinguished by the choice of
molecule-electrodes’ couplings. In one that corresponds to
strong chemisorption to both leads we taldg =Ty
=0.5eV. In the other, more akin to an STM geometry, we rerrrrea o, ]
take I' ' =0.05eV, I'r=0.5eV, where the more weakly
coupled electrode represents physisorption. The Fermi ener- RN
gies of the two leads were taken to be zero in the unbiased R -
junction. As a “standard” set of parameters we have also
taken the electronic state energy in the unbiased junction,
Ei=t;=1eV, the primary phonon frequen¢y,=0.13eV,
the electron-phonon couplinyl =0.3 eV, and the thermal FIG. 2.(a) The current-voltage dependence in a junction characterized by a

relaxation rate of the phon —=1x10"3eV. Under bias single bridge level and by the “standard” set of parametsee text with
P OMon ' =T'gr=0.5eV. Full line—result obtained fdvl =0 (no electron-phonon

® we kept the energ¥, of a single-site bridge fixed and ¢ ,pjing. Dashed and dotted lines show the effect of electron-phonon cou-

P/I(I-®)

0.0 0.5 1.5 2.0

10
V)

took pling, where the dotted line represents the result obtained under the assump-
tion that the molecular vibration is at thermal equilibrium unaffected by its
uL=Eg+ 77| e|cI), coupling to the nonequilibrium electronic system while the dashed line cor-
(35 responds to the case where relaxation rate of the molecular vibration due to
Mr=Eg—(1— 77)|e|(I), its coupling to its thermal environmefgecondary phononss finite. Inte-

. . . . grations over the electronic energy axis were done using an energy grid of
wheree is the electron charge arEt: is the unbiased Fermi 3501 points spanning the region betwee.5 and 3 eV with step size
energy that is set to zeray.is the “voltage division factor®’  0.001 eV and those over the phonon frequency were carried using a grid of
chosen as)=T"g/T with I'=T"| +T'. This reflects a choice 601 %Oé”éi SQZBWE the ffeqlllenicg far?gg IF’Ethgﬂfﬁ a]nsiOf EV with step

: ; ; : : ize 0.001 e e power los§dashed line, left axisand the nonequi-
of model I_n which the mOIeCUI_ar state Is essentla”y plnped tc]Si'brium oscillator “temperature’[full line, right axis| for the case repre-
the Fermi level of the chemically bonded electrode in thesented by dashed line i@) plotted against the voltage bias. The dotted line
STM configuration wherd'| <I'r. When a model of two depicts the power loss for the case represented by the dotted I{ak i)

bridge electronic states was used, the corresponding atomi@me as the.dashed line(in), where the power loss is displayed relative to

; — ; : the total available powelrd.
energiesk;=t;; were taken to interpolate linearly between
m and ug, and their interstate coupling was chosert gs
=0.3eV. Note that the choic®l=0.3eV for the electron-
phonon coupling corresponds to a reorganization energy of Results for the current-voltage behavior of junctions
M?2/Q,~0.7 eV. These parameters were selectively varied ircharacterized by these parameters at temperatar800 K
different calculations in order to elucidate their effect on theare shown in Figs. (@) and 3a). Figure 2 depicts results
inelastic signal. Finally, the convergence tolerance for selfobtained for the single level bridge while Fig. 3 shows simi-
consistent procedurdEq. (26)] was set to 10%. lar results obtained for the two-level bridge. These results
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0.0 0.1 02 0.3 0.4 0.5
(V)

FIG. 4. The inelastic tunneling spectrutidl/d®? plotted against the bias
potential®, for the model with a single bridge state®t 10 K. The stan-

dard parameters are used with=0.05eV,I'r=0.5eV. The calculation is
done using the SCB#&ull line), the BA(dashed ling and the LOPTdotted

line) schemes. These calculations were done using a grid in electron energy
of 1501 points spanning range from1.0 eV to 2.75 eV with step size
0.0025 eV and a grid in the phonon frequency of 201 points spanning range
from —0.5 eV to 0.5 eV with step 0.0025 eV.

ures 2b,0) and 3b,0) show the absolute and the relative
(with respect to the overall biapower loss, Eq(34), and

the oscillator “temperature{defined by equating its average
steady-state occupation to the corresponding Bose—Einstein
expressiopobtained for the chosen parameters from the full
self-consistent calculation as functions of the applied volt-
age. The relatively high steady-state temperature obtained
(T=4000K corresponds to an average phonon occupation

....
bl -

2 n~2) reflects the relatively large coupling used and the fact
that the full extent of the electron-phonon couplitas ex-
00 05 10 15 25 30 35 40 pressed by the choice of reorganization engrggs imple-

2.0
(V) mented into a single oscillator. A systematic investigation of
FIG. 3. Same as Fig. 2, for a two electronic state briggge text for the th.e apphcat.lon of this model to the issue of junction heating
standard parametgrscomparing the ballistic case and the case with will be published separately.
electron-phonon coupling and finite thermal relaxation rate. Figure 4 repeats the calculation of Fig. 2 at temperature
T=10K, now focusing on the inelastic signal. Here we
show the calculated inelastic tunneling spectraifl,/dd?,
compare the completely elastic cageithout coupling to  plotted against the bias potenti®l and compare the results
phonon$ with the results obtained in the presence ofobtained from the three computational schemes discussed in
electron-phonon coupling calculated both in the limit whereSec. Il. It is seen that the signal obtained from the LOPT
thermal relaxation of the primary phonon is fsb that it approach as well as from the BA calculation is underesti-
may be taken to be in thermal equilibrium and the thermamated at low voltage and overestimated at the larger voltage
(secondary phonon bath may be disregardednd in the regime relative to the full SCBA calculation. Furthermore,
more realistic case when this phonon reaches a steady statile the three calculations describe rather well the first pho-
balanced between pumping by the electronic system and reon peak, higher harmonics are seen most strongly in the full
laxing into its thermal environment. We note in passing thatSCBA treatment and faintly in the BA calculation.
the appearance of negative differential resistance in the bal- As discussed in Sec. |, a different kind of inelastic signal
listic transport shown in Fig. () results from our model is obtained as phonon sidebands to the resonant tunneling
assumption of a linear potential drop on the bridge that, fopeaks in the conductance/voltage plot. For bridge assisted
large bias, has the effect of shifting the two bridge levels outunneling such peaks are expected at the bias potential for
of resonance with each other. We see that electron-phonomhich the molecular highest occupied molecular orbital
coupling has only a modest effect on the current-voltage betHOMO) or LUMO level just enters the potential window
havior even for the present choice of relatively strong coubetweenu, and wg (and similarly at Coulomb blockade
pling. However, the main interest in these plots lies in thethresholds. Phonon sidebands should appear as additional
power loss that results in heating of the phonon system. Figeeaks, that may be resolved if the resonance width, of order
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FIG. 5. The transmission coefficiefit plotted as a function of electron FIG. 6. d2I/d®? plotted againstb for the single resonant level model with
energyE for the junction of Fig. 2 where the electron escape r&tesnd parameters described in the text. Full line—SCBA. Dashed line—BA. Dot-
I'r are taken each to be 0.013 eV. Integration grids are the same as in Figted line—LOPT. The inset shows an expanded view of the LOPT result. The
2 and 3. integration grids are the same as in Fig. 4.

=T, +Tg, is small relative to the phonon frequenty,. positive and negative corrections, leading to peaks or dips in
Figure 5 shows this effect, where the same set of standar@e second derivative spectrum. Thus, a quantitative error in
parameters was used as in Fig. 2 except that we ke the low order calculation may translate into a qualitative dif-
—T'»=0.013eV. For this choice of parameters, however, thderence, predicting a peak rather than a @ipvice versgin

BA calculation failed while the SCBA procedure did not the tunneling spectrum. The different behavior predicted by
converge'® The results shown in Fig. 5 are obtained usingthe BA and the SCBA for the higher harmonic features stems
the scattering theory approach of Wingreziral,> where a  from a similar reason.

small polaron transformation is applied to affect a high order ~ The sensitivity of the observed IETS features to param-
treatment of the electron-phonon coupling. This calculatioreters of the molecular electronic structure and of the
yields the transmission coefficief(E) as a function of the ~€lectron-phonon coupling was already emphasized by Mii
electron energy. At low temperature and for an STM configu£t al™* An example based on the full SCBA calculation is
ration with the tip acting as the left electrode and the bridgeshown in Fig. 7. Here we use the standard parameters with
levels pinned to the substrat@ight electrodg T(Eg, 11=I'r=0.5eV andT=10K, and compare results for dif-
+ed) is directly related to the differential conduction ferent choices ok, the position of the resonant level rela-
d1/d®. Itis seen that the resonance peak associated with tH&/€ to the unbiased Fermi energies. It is seen that the char-
bridge electronic level is accompanied by higher phonon har@cter of the IETS feature can change from dip to peak as
monics in the transmission probability, in correspondence
with experimental observatioris.

Next we consider situations where dips in the inelastic (x10”)
tunneling spectrum may be observed. This issue was dis g
cussed extensively by Persson and co-workersand by
Ueba and co-worker$;*2 however, some new observations
can be made. Figure 6 compares, for the single resonant leve _ 4|
model, results obtained using the LOPT, BA, and SCBA caI—NS
culation schemes. Here we u$k)=0.13eV,E;=0.6eV, = o
and M=0.3eV for the parameters that characterize the ¥
bridge, T=10K, andI', =0.05eV,I'r=0.5€eV for the pa-
rameters associated with the bridge-lead coupling, and as -4
sume that the molecular vibration maintains its thermal equi-
librium in the biased, current carrying junction. We indeed o
see a dip in both the SCBA and BA results for the inelastic  ~
tunneling spectrum aed®|=%Q,; however, the LOPT used o1l o o oia .15
in the earlier works to analyze this phenomenon yields a (V)
peak rather than a dip in this spectrum. This observation is
hard]y Surprising_ The phonon_induced correction to the tunF|G. 7. T_he IETS threshold feature ifl/dd? fqr the one resonant level
neling current includes elastic and inelastic contributions,TZdl%' }2.5'28'Itrl'iiesf‘é'fjg7%2‘;",’??;‘;?}2;‘1?};”&;%gorg\j Oéij\g;?gd
where the former may be negative. The total effect on thge £ —0.55 ev. The grids used in the numerical calculation are the same
tunneling spectrum depends on the balance between thesein Fig. 4.

d1/dd*
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sible to eliminate or to estimate some of the important con-

(x107)
tributions of the thermal Fermi distribution in the substrate
10 and of the distribution of the local electrostatic field, and to
come up with what the authors call an intrinsic linewidth of

3.73+0.98 meV aff =4 K in a junction containing a layer of
alkanethiol molecules. The rate of vibrational relaxation due
to nuclear coupling with the thermal environment is expected
not to exceed a few wavenumbers, say up to 1 meV. Inho-
mogeneous broadening is always a possible contribution to
the observed linewidth. However, for a molecule adsorbed
on a metallic substrate another channel of relaxation involves
the vibronic coupling to the continuum of electron hole pairs
(a) in the metal. Indeed, such coupling has been shown to be
important and sometimes dominating source of broadening
. in the infrared spectra of molecules adsorbed on metal
hE T surfaces” In this section we use the theoretical tools pre-
TEmeee- sented in Sec. Il to estimate the effect of vibronic coupling
on the linewidth of vibrational features in IETS. Since a truly
intrinsic linewidth can be observed only in a single molecule
measurement, the relevant energy scales are those suitable to
an STM experiment, i.el;| <I'g andE; pinned to the Fermi
energy of the right electrode. However, in what follows we
consider the general case represented by kedpjnginned
to the unbiased Fermi energy and moving the chemical po-
tentials of the left and right electrodes according to B§).

&Udd* (A/VY)
[

...,
-
~

61 (D) As in Sec. Ill the modely=Tg/T’" was applied. The STM
. , limit, with the left electrode representing the tip, is given by
006 008 01 012 014 016 018 02 7—1.

®(V) We start with theT=0 limit of Eq. (33). It contains an
explicit dependence on the imposed potential that leatls to
FIG. 8. The IETS threshold feature ifl/d®d? for the one resonant level

model atT= 10 K using the standard parametésee texk, except thak; is d(sl) 2e2 FLFR

taken as 0.6 eM'r=0.5eV andl'| is 0.05 eV in(a) and 0.5 eV in(b). In _— = UPeI(ML)th(ML)

(b) the full line corresponds to the case where the Fermi energies are shifted dod fi I?

under the bias according to, =|e|®(T'g/T), ug=—|€|® (T /T), while _

the dashed line was produced for the modek=|e|®, ug=0. Numerical [:U«L_ El(ML)]Z_ (I‘/Z)Z

grids are as in Fig. 6. X = P 2
[pur—Ea(pn)]7+(T'12)

I . - +(1-
is increased at constait, as already discussed within the (1= mpel ) Tpn(1r)

LOPT calculation by Persson and co-workers. [MR_Ele)]z_(F/Z)Z}
The same observation may be carried further, into an X = > 5[
experimentally verifiable prediction. In Fig. 8 we consider [ur=Ea(ur) 1+ (172)
the same one-level molecular model in an STM configurayt js seen that in Eq(36) the dependence on the potential
tion, so thafl’ , taken to be the width parameter associatetenters in several places, however, the potential dependence
with the molecule-tip coupling, can be varied by changingyf the termsI [ E= s (®)] andT [ E= up(®)], associ-
the tip-molecule distance. Figure 8 shows the dependence gted with the contribution of the electron-phonon interaction
the calculated spectrum di and on the potential distribu- 1 the electronic self-energy, is of special importance because
tion in the junction. A substantial effect on the shape of theys jts singular character. It may be sho#starting from Eq.
IETS feature is seen, changing here from an essentially symg2) and using Eqs(17b) and (170, that these factors are
metric dip in one case to a peak-derivative-like feature in thjiven py?! (see also Appendix B
other. Indeed, both symmettfcand asymmetri€ IETS dips
were observed in molecular junctions, and it would be of 5 (el
interest to systematically examine the lineshape evolution as Fon(m)=2mM jo
a function of tip-substrate distance. (37)

le|®
Fpnlar) =272 |

(36)

@ R
dopph(@) 7 pel(pr—w),

'y
dwpph(w)?pel(:“R—" o),
IV. THE IETS LINEWIDTH

Spectroscopic linewidths are often difficult to interpret wherep,(E) and pyn(w) are the electron and phonon den-
since their origin may lie in diverse physical factors. In asity of states, which, for the one resonant-level model, are
recent IETS experiment by Wargg al!® it was found pos-  given explicitly by[cf. Egs.(B3) and (B4)]
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FIG. 9. The width of a vibrational IETS feature obtained from E4pR)
(with the additional additive terry,,=0.0001 eV) plotted against the im-
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posed potential bias. See text for parameters. Full line—SCBA calculationor for =1 and/orFL<FR

Dotted line—lowest order perturbation theory.

1
pei(E)=—~—ImG'(E)

1 )

27 [E-Ey(E) PH[T o E)/2)2
I'o(E)
2

w

G'(E)G*(E),

Sgiw) Im D' ()

pph(w) =-

1 Yol @)

27 (0— Qo)+ [ Yol 0)12]?

whereE, (E)=E, + ReX,(E), while
Na(BE)=r'-2 ImELh(E)=F+th(E)

and

Yol @) = Yph™ 21m H(rel(w) =YphTt Yel(®)

(38)

(39

(403

(40b)
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d?sl  4mwe® ' I'
I'r
X\ 1 peil ) pei( €| ®)
(L Ea(u) P (172)?
[ —Eq(p) 12+ (T12)2
Iy
+(1=7) T pe(ur)
[ur—Ex(ur) 1= (T12)?
X pei(purte|P) = 5 5
[ur—E1(ugr)]°+(I'/2)
+background terms, (419
d?ol 4me’I' g,
[Er+|e|®—Ey(Er+]e|®)]2—(I'/2)? (6l)
= e
[Er+ [e]®— Eq(Ep +|el @)1+ (127"
+background terms, (41b)

where the dependence dnhas now been written explicitly.
As could be expected, we find that the lineshape of the IETS
feature is determined by the functign,(P) which peaks
about|e®| =%/ with an intrinsic width given by Eq40b).
When (), exceeds the Debye frequency of the thermal envi-
ronment, the vibrational contributiory,, to this width is
strongly temperature dependent and its low temperature
magnitude is expected to be far below 1 i\ he electronic
contribution y = — 2 Im Il (w) can be estimated from the
second-order expression for the electronic contribution to the
phonon self-energy, Eq223a), using Eq.(23). The result is

v dE fL(E)T + fr(E)T
Yel(w)ZZsz dELE) L2 i )2R
—» 27 (E—€,)2+(T'/2)
| I'-2iw
XM o —E +iT/2)(E—w—E,—1T/2)"
(42)

Figure 9 shows the results obtained using both this lowest
order estimate ofl and the value obtained from the con-
verged SCBA calculation, plotted against the applied voltage
bias. The parameters used in this calculatidor; 10K, E;

are the total electron and phonon widths. In typical situa-=1eV, I' | =T'R=0.5eV, (,=0.13eV, M=0.4eV, and
tions, where the molecule is strongly interacting with at leasty,,=0.0001 eV represent reasonable orders of magnitudes,
one electrodeT >yt SO ppn(w) represents a relatively given available experimental data. pg/®=7,=0.13eV
sharp feature. Consider now the second derivadfiédd?.

The principal contribution to structure in this function &f
comes from the derivative df,, in Eq. (36), while the other

terms in Eq(36) as well as the phonon independent teffi

only contribute some backgroun@nd also determine the

sign of the computed featureThus, using Eq9.36) and(37)

we find, approximately,

we find this contribution to be a few mV, of the order ob-
served by Wanget al'® While the result depends on the
choice of parameters, this dependence is relatively mild so
the result can be viewed as a reasonable order of magnitude
estimate. We may conclude that broadening of the vibrational
features due to coupling between molecular vibrations and
substrate conduction electrons constitutes a substantial con-
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tribution to the intrinsic width observed in the experiment of features, we have concluded that coupling of molecular vi-
Wang et al,*® with inhomogeneous broadening possibly brational motion to the conduction electrons of the lead to

making a contribution of similar order of magnitude. which the molecule binds strongly contributes a substantial
part of the experimentally observed “intrinsic” linewidth of
V. CONCLUSIONS a few meV, although additional contribution from inhomoge-

We have considered a scheme for phonon-assisted eleB€OUS broadening cannot be ruled out.

tron tunneling, where the mutual influence of electron and
local phonon modes is taken into account and where thappENDIX A
local phonon mode is coupled to a harmonic thermal bath. ] . o ]
The NEGF methodology can be readily used to extend pre- I—!e;re we give a ;catterlng-theory-llke illustration that
vious studies to situations involving relatively strong identifies the contribution§28) and (29) to the total current
electron-phonon coupling. A simple resonant-level modefS the corresponding elastic and inelastic channels. In a scat-
was studied numerically, and the influence of different inter-tfing process only one sta@ (the incoming stateof en-
actions on the junction properties was considered. We have"dY €0, Say in the left continuum, is assumed occupied, so
compared results obtained using three levels of approximdhe initial energy is specified. All other statfl)} and{|r)}
tion: The full self-consistent calculation, the Born approxi- N the left and right continua are taken to be unoccupied, so
mation that amounts to the first step of the full proceduretney do not contribute to the flux. Also, since we are inter-
and the widely used perturbation theory scheme. In view ofsted in transmission rather than reflection, outscattering to
this comparison we may conclude that results based on pefP€ left continuumf|1)} is disregarded. Under these condi-
turbation theory have only qualitative value, and in fact theirlions the transport process essentially represents a decay of
quantitative failure may translate into a qualitative one wherfh€ statel0) to the (unoccupiegi continuum{]r)}. This im-
interference phenomena such as those giving rise to dips iies that
the tunneling spectrum play an important role in the process. 3 =(E)=2mi IV1d28(E—€p), =4(E)=0;

We have also noted that while the peaks and dips men-
tioned above are observed in second derivative of the current 3. (E)=0, X[ (E)=0; (A1)
vs voltage, another type of peaks—satellites of the elastic < S 2
resonant peak due to phonon-assisted transport—can be ob- 20(B)=0, X/ (B)=—i2m|Vy|*6(E-e).
served in the first derivativeconductanceplot. The contribution, Eq(28), to the scattering flux from state

The model considered in this work assumes that undej0) to state|r) is then
steady state conditions the electronic manifolds that describe 26 [ dE
the metal (.ale.ctrodes'ar.e in thermal gquiliprium. This assumg—gerfj 2—2§(E)Gr(E)2r>(E)Ga(E)
tion is valid in the limit where the junction affects a rela- ™
tively small coupling between the leads, i.e., when the con- 26
duction is much smaller than the quantum wfit=%. This = 7277|V10|2|V1r|26r(60)6a( €)d(eg—€),  (A2)
is indeed the case for most molecular junctions. In the oppo-
site limit encountered in metallic point contacts and also apand is seen indeed to be an elastic current. Note that the GFs
parently in the molecular Hjunction studied in Ref. 19, the in Eq.(A2) are renormalized by the electron-phonon interac-
transmission coefficient is close to unity, implying that thetion. For the other contribution, Eg29), we get
leads are not in equilibrium, e.g., backscattered electrons are 2e [ dE
chally absent in the source Iegd. The implication of this. |ionj'r:7f Z—EE(E)Gr(E)Eﬁh(E)Ga(E)
situation on the observed inelastic spectrum and a compari- 77
son between these two extreme cases will be considered else-

where =—§|v |2M2G' (€0) G¥( o)
. _ 7 1V10 0 0
The same framework that incorporates electron-phonon
interactions in the calculation of electron tunneling phenom- tedo -
ena may be used to assess power loss and heat production X f_x ﬁD (0)G™ (o~ w), (A3)

during channel conductance. We have described one example

of such calculation, however we defer a full discussion ofwhere we have used E¢L7b). From Egs.(23)—(25) D~ is

this important issue to a later study. strongly peaked aboub=*(),, so the integral is propor-
This model and theoretical framework were also used tdional toG~ (e, Q) which is peaked abou = €5+ (g [t0

discuss the shape and width of vibrational features in inelagowest — order Gg (E)=—i2m|Vy|*S(E— &) [(E—Ey)?

tic tunneling spectroscopy. The observed lineshapes reflect [I'(E)/2]°]™']. We see that this is indeed an inelastic con-

contributions of phonon-induced elastic and inelastic tunneltribution.

ing fluxes, and are affected by interference with the phonon-

less elastic component. This results in strong sensmvny 9 pPENDIX B

the energy of the resonant level, and perhaps more interest-

ingly, to the strength of molecule-lead electronic interaction ~ Here we derive analytical approximations for the inelas-

that can be controlled by the tip-molecule distance in artic electron tunneling features that are used in the discussions

STM-type experiment. With respect to the widths of IETS of Secs. Il and IV. The expressions derived here are similar
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to those of Ref. 31; however, they are not restricted to second o
order in electron-phonon interaction, and include also pho- th(E)=27T|V|2JO doppn(@){[1+N(w)]pe(E— o)
non coupling to a thermal bath of secondary phonons.
We start from the expressions for the elastic and inelastic X[1-n(E—w)]
currents, Eqs(28) and(29). Consider first the inelastic com-

ponent. For the case whekg (E)/T" g(E) = const(which al- +N(w)pel(E+ )
ways holds in the wide band approximatipthe inelastic X[1-n(E+w)]
current can be expressed in a “Landauer-like” form by
taking® linei=XIHo— (1=x)1},, and choosingx=Tx/T, +N(w)pe(E-w)n(E-w)
WhereF:FL+FR. Th|S |eadS to +[1+ N(w)]pe|(E+w)n(E+w)} (B?)
N — +°°§ In cases where the molecule-lead interaction stems from
e h ) w 2w chemisorption it is reasonable to expect thatT',,, sol'
I (EV[o(E may be replaced by in the right hand side of EqB3).
[%G’(E)th(E)Ga(E) tUsing this in expressiofB1) for the inelastic current leads
0
X[fL(E)~fRr(E)] (B1) ve I\ L
with liner= ?JA_ dE—— 2 peI(E)th( )fL(E)—Tr(E)].
(B8)

Ton(E)=—2Im3L(E)=i[3;(E)—3(E)]. (B2
) Next, consider the elastic current. It is convenient to re-
Henceforth, we focus on the case of a one electronic levelggne again the zero-order Green’s function so that “zero
bridge. In this case electron and phonon densities of states je~ jnciudes the coupling to the contacts as well the level

take the form shift (real part of the self energyarising from the electron-
1 phonon interaction. With this definition we have
pel(E)=— il G'(E)

r _ 1 i ~ o r
1 I'iol E) ColB)= E—-E(E)+il/2’ El(E)_E1+ReEph((IEB)59)
27 [E-Ey(B) P+ T o E)2P
and
tot( )G (E) a(E), (BS) Gr(E):GrO(E)+G6(E)[i ImE[)h(E)]G'(E). (B].O)
sgn ) r From Eq.(B10) it follows that
Pph(w):_T“’nD (w) G'(E)G(E)
1 Yiol @) 2mpg) (E)

I'pn(E) I'on(E)
=— : (B4) T[l—%pemE) = (1— o) |-
27 (0= Q0)*+ [ yio @)/2]?
- r r (B1D)
where E,(E)=E;+ReX[((E), T\(E)=T'-2ImX(E)=T
+TpH(E), and yi(w)=y—2ImIIy(w)=y+ye(w) are total Using this in Eq.(28) and taking agaid’,,/I'<1 leads to

electron_ _an_d phonon widths, respectively. Nex; we define th? _ 104 8 (8123
nonequilibrium electron and phonon occupatiar{€) and el™ el el
N(w) according to 26
0_Z= (0) _
. B5
G (E)=—2mi[1-n(E)]pe(E); =9 rL .
Ole= 77'_ Pel Pel [fL(E)_ fr(E)].
and 2 (B120
C
—27i[1+N(|w])]ppn(@), ©<O0 : : : .
D<(w)= ] : EquationgB8) and(B12¢) finally give the total correction to
—2mN(w)ppp(®),  ©>0 the tunneling current
—2miN(|w])ppr(@), <0 e fin
>N € I''I'r
D (w) [_27Ti[1+N((1))]pph((1)), (1)>0 (86) 5I:5Ie|+line|:?J'de?pm(E)th(E)

This leads to an expression fol,,(E), the phonon contri- 2_(T/2)2
bution to the electronic linewidth, which was first derived in JEENE)P-(I72)
Ref. 32, E-Ey(B) P+ (I12)?

[(fLBE)-fr(B)], (B13
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which is Eq.(33). Equation(B13) is of the same form as Eq. 4281 4weT T T's

(17) of Ref. 31; however, the densities of electronic statgs 2= 5 M2p,n(le|®) nTpm(,u,L)
and the phonon contribution to the resonance widgh ap- dd r

pear here in their exact forifi.e., including corrections due [ _E ()2 (T/2)?
to the electron-phonon couplingather than in the zero- X peil L —€|®) oW\t

order (in M) forms as in Ref. 31, and the shifted resonance [ —Ei(p)]?+(T12)?
energyE, replaces the bare ener@y. This makes it pos- r

sible to use Eq(B13) in conjunction with the SCBA scheme +(1—7n) ?Lpe|(,uR)pe|(,u,R+ le|®)

to evaluate SCBA-corrected lineshapes and linewidths of
IETS features. = 2 2

For low temperature, the Fermi functions in E&13) x['uR gl('uR)] (12 ]
can be replaced by the corresponding step functions, e.g., [ur—E1(up)1?+(I/2)
fL(E)=6(n_ —E). Introducing the voltage division factoy
that determines the position of the resonance |&etela-
tive to . and ug according to

+background terms. (B17)
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