NANO
LETTERS

On the Line Widths of Vibrational 2004

. . i Vol. 4, No. 9
Features in Inelastic Electron Tunneling 1605-1611

Spectroscopy

Michael Galperin and Mark A. Ratner

Department of Chemistry, Northwestern Weaisity, Evanston, lllinois 60208

Abraham Nitzan*

School of Chemistry, The Sackler Faculty of Science, Tel BWniversity,
Tel Aviv, 69978, Israel

Received May 6, 2004; Revised Manuscript Received July 5, 2004

ABSTRACT

We address the line shape and line widths observed in recent inelastic electron tunneling spectroscopy (IETS) experiments. The nonequilibrium
Green function (NEGF) formalism is used to analyze the effect of the electron—phonon interaction on the tunneling spectra. We find that IETS
line shapes are sensitive to junction parameters, in particular the position of the bridge electronic resonance and the molecule—lead coupling
that may be controlled experimentally. Intrinsic IETS line widths are found to be dominated by the coupling of molecular vibrations to electron—
hole pairs excitations in the lead(s) to which the molecule is bonded chemically. While estimated widths are of similar order of magnitude as
observed in the recent experiment of Wang et al. (Nano Lett. 2004, 4, 643), one cannot rule out inhomogeneous contribution to the line width
in this monolayer experiment.

Inelastic electron tunneling spectroscopy (IETS) has beenunder which such measurements are done as well as with
an important tool for identifying molecular species in tunnel the boundary restrictions imposed by the Pauli principle. Our
junctions for a long timé? With the development and  present discussion is based on the nonequilibrium Green’s
advances in scanning tunneling microscopy (STM) and f,nction (NEGF) formulatio:-2* which provides a sys-

spectroscopy (STS) it has proven invaluable as a tool for jomatic framework for describing transport phenomena in
identifying and characterizing molecular species within the interacting particle systems

conduction regiod: ¢ Indeed, this is the only direct way to

ascertain that a molecular species participates in the conduc- Such an approach was recently taken by Ueba and co-

tion process and at the same time to provide important worker€>2” who have applied the NEGF formalism to the

spectroscopic and structural data on the conducting moleculeresonant level model of phonon assisted tunneling where a

in particular, information on the strength of the vibronic single bridge level represents a junction connecting two free

coupling itself. electron reservoirs while being also coupled to a single
Most past theoretical discussions of IETS are based onharmonic mode. The free particle Hamiltonian is

low order perturbative treatmehi$ 1%2°where the tunneling

current is computed in the lowest order in the electron ) o

phonon coupling. Such an approach is very useful for rough H, = E&je, + e did + QA" 1)

estimates using realistic molecular models, and, when carried keLR

out carefully, can qualitatively explain some subtle issues,

e.g., the sometimes negative responseifdd? (wherel is

the current andp is the imposed potential biak),*°® but it

is not fully consistent with the nonequilibrium conditions

wheret! andé, are creation and annihilation operators for
electrons on the bridging level of energy, {k} = {I},{r}
are sets of electronic states representing the left (L) and the
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and annihilation operators for the phonon mode of frequency coupling of the molecular bridge to its thermal environment.

wo. The interactions are given by Furthermore, previous calculations are generalized by com-
puting the inelastic tunneling flux to all orders in the vibronic
|:|1 _ (Vkla;rel +ho) + M(éT + 3)6161 @) coupling M, using the self-consi'stent Born approximation
kTR (SCBA)3132 We show that while the second-order ap-

proximation captures much of the essential physics of the
Within this model Ueba et al. have reproduced and IET process, infinite order corrections can lead to quantitative

improved results obtained earlier by Persson and Baratétf. differences with qualitative implications, e.g., overtones in
In both treatments inelastic tunneling spectra are analyzedthe IETS spectra that are absent in the low order theory are
in the leading ordeM? of the electron phonon interaction. obtained in the infinite order treatment, and peaks (dips) in
Persson and Baratoff have observed (following D¥ythat d?l/d®2? vs. @ spectrum, predicted by the low order theory,
in this order there is an important correction to the elastic can appear as dips (peaks) in the infinite order calculation.
component of the tunneling current at the ongsb( = AQ, At the same time, experimentally verifiable predictions can
where® is the bias potential) of the inelastic channel. This be made with respect to the dependence of the shapes and
contribution to the tunneling flux stems from what may be widths of the IETS vibrational features on the parameters
seen as interference between the purely elastic currentthat characterize the junction. In particular, using model
amplitude that does not involve electrephonon interaction  parameters inferred from experimental information, we argue
and the elastic amplitude associated with two electron  that the main intrinsic contribution to IETS line widths results
phonon interaction events involving virtual phonon emission fom the coupling of molecular vibrations to electreiole

and absorption. Depending on the energetic parameters Ofycitations in the lead(s) to which the molecule is chemically
the system, the resulting correction to the elastic current may,5nqed.

be negative and, furthermore, may outweigh the positive
contribution of the inelastic current, leading to a negative
peak in the second derivative of the current/voltage relation-
ship. Such negative features have indeed been observed in |2|o = Ele*e + ekalak + Qoa*aJr zwﬁmm (3)
single-molecule vibrational spectroscopy of methyl isocya- KET, m

nide adsorbed on aluminia-supported rhodium parfitksd

of oxygen molecules chemisorbed on Ag(100he recent  \yhere the four terms on the right-hand side represent,
results by Reed and co-workefthat show relatively strong  osnectively, electrons on the molecules, electrons on the
derivative-like features in the low-temperature IETS spectrum (left, L and right, R) leads, a primary molecular harmonic

Z]tf(éftalkane thiols may be another manifestation of the same . e of frequencye, and a secondary subset of harmonic
' . . - . modes of frequenciesn, that represent the thermal environ-
Spectroscopic line widths are often difficult to interpret . .
ment. The first three terms are the same as in eq 1. In the

since their origins may lie in diverse physical factors. In the last t B (b ts th inilati i
recent IETS experiment by Wang et'alit was found ast term, bn(b,) represents the anni iation (creation)
operators of the phonon bath modes. This zero order

possible to eliminate or to estimate some of the important o ) : L
contributions of the thermal Fermi distribution in the description is supplemented by the interaction Hamiltonian

substrate and of the distribution of the local electrostatic field

and to come up with what the authors call an “intrinsic line H, = (Vi dfe + ho) + MAEe + zUmAém (4)

width” of 3.73 + 0.98 mV atT = 4 K in a nanojunction KETR m

containing a layer of alkane C8 molecules between gold

eI?ctr?_des(.j Ast alrealdy mentlﬁned,.ttrtufh rattr(]a of v||brat.|onal whereA = &' + & andBy, = b}, + by, The three terms in eq

relaxation due to nuclear coupling wi € thermal environ- correspond respectively to coupling between the bridge

ment is expected not to exceed a few wavenumbers at near . . .
. .~ “electronic system and the leads, on-bridge coupling of the

zero temperatures and cannot account for this observation. rimary phonon to the electronic system (the polaronic form

On the other hand, inhomogeneous broadening is obviouslyp yp yster P o

used here corresponds to the assumption that the equilibrium

a possible contribution to the observed line width in a . N
measurement such as of ref 13 that involves a sample of gPosition of the molecular vibration depends on whether the

few thousands molecules. For a molecule adsorbed on g€lectron is on the molecule or on the metals), and interaction

metallic substrate, another channel of relaxation involves the ©f the local phonon mode with its thermal environment. The
vibronic coupling to the continuum of electrehole pairs phonon bath and the electronic reservoirs that represent the
in the metal. Indeed, such coupling has been shown to beleft and right electrodes are assumed to be at thermal
an important and sometimes dominating source of broadeningequilibrium with temperaturd’;* however, the electronic
in the infrared spectra of molecules adsorbed on metal electrochemical potentialg. andur of the electrodes are
surfaces?® different such thayy — ur = e® wheree is the electron

In this paper we apply the NEGF appro#tto the analysis ~ charge andD is the imposed bias potential. The wide band
of line shapes and in particular line widths of IETS features. approximation is invoked for bridgdead coupling and for
The model used in refs 2827 is generalized to include the coupling between the bridge phonon and the thermal

Our model is defined by the Hamiltonian
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environment, so that these couplings may be characterizedesser and greater projections
by constant width parameters
G (B) =G (B (BEG(E) (11)
L= 27TZl<eK|V1k|25(Ek —E);K=LR ®) - <
D™ (w) = D'(0)I1"(»)D%(w) 12)
and
(and same with<<>>). X is the electron self-energy that,
Von = gﬂzm|um|25(wm_ Q) (6) for the presen_t modell Hamiltonian, expresses the conse-
guence of the interaction of the electron on the bridge with

” . . the external electronic reservoirs on the electrodes and with
In addition, the coupling between the electronic and nuclear

motions on the bridge is characterized by the paranidter its phonon environmenil is the self-energy of the primary

in eq 4 phonon, expressing the consequence of its interaction with
Orders of magnitudes of these parameters can be inferred® pho_nomc thermal environment as“well as V‘_"th” the

from different experimental data. The width parameférs elect.rom(.: subsystem. In thg so-callgd non-crossing ap-

andTx are related to observed lifetimes of excess electrons Proximations® the corresponding contributions are assumed

on molecules adsorbed on metal surfaces and can bedditive, i.e., using obvious notation

estimated theoretically and from time-resolved 2-photon

photoemission experiments (see, e.g., refs 34, 35) to be in 3(B) = Z.(B) + ZR(E) + Z,(E) (13)
the range 0.11 eV for chemisorbed speciegyn can be
estimated from studies of vibrational relaxation (VR) of (w) = () + g (w) (14)

molecules embedded in cold matrices. VR rates depend
strongly on the oscillator frequency, the bath spectrum, and
the temperature; however, for our purpose it is sufficient to
assert that fo€2 larger than the bath Debye frequency the
corresponding widtlypn at low T is generally less than 16

eV. Finally, the electronphonon couplingM can be

3 andZg, the components of the electronic self-enekyy
associated with the coupling to the left and right leads, are
given in the wide band approximation ¥y

estimated in molecular systems from reorganization energies, S =3 = —(1/2)T (15a)
Ereorg & M?wy, inferred from electron-transfer rate studies
in similar environments. Observed values E,gare 0.1-1 5% =T i (E) (15b)

eV, and takinglo ~ 0.1 eV places the magnitude bf in
the range of a few tenths of eV.

Next we briefly outline our theoretical approach. We use
the NEGF (Keldysh) formalism. The central objects that need
to be evaluated are the electron and phonon Green’s functionsvhereK = L,R denote the left and right lead&(E) are the
(GFs),G andD respectively, whose projections on the real Fermi—Dirac distributions for the left and right electrodes,

Sy = —il[1 — f (B)] (15c¢)

time axis are characterized by the corresponding chemical potengials
f(E) = [exp[(E — uk)/ksT] + 1]7%, andIk is defined by eq
G(tt)=—iot — t')[ﬂé(t),é+(t’)}mGa(t,t’) = 5. In the same wide band approximation, the phonon-bath
ot — HIew) et () 0(7a) contribution to the self-energies of the primary phonon takes
the forms
G (tt) = iR (t)e(MD G (Lt) = —it)e ()T (7b)
D'(tt) = —iO(t — t)JA®R)AT ()]0 DALY) = pn(@) = —(L/2)isgn@)y (16a)
i@t — t)JA®),AT(t)]O(8a) M) = —i7,F(@) (16b)
D (tt') = —iAT(t)A®EI D (tt) = —iADAT ()
(86) M) = ~iypF(-o) (16¢)

At steady-state one can transform to the energy domain and
solve self-consistently the Dyson equations for the retardedWhere
and advanced GFs
_ IN(lwl) >0, _ -1
G® = (GBI - T(E) " @ ‘{1+ o) o <o M ZIRIeD =
D'(w) = (Dy(w)] " — M'(w)) ™ (10)
The phonon contribution to the electronic self-energy and
(and same witlr < a) and the Keldysh equations for the the electronic contribution to the self-energy of the primary
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phonon may be represented, within the self-consistent Bornwritten below at the left contact:

approximation (SCBAJ:28 in terms of the electron and
phonon GFs. The corresponding expressions are

SE)=iMP [ %[D<(w)6r(E— )+ D'()G (E— o)

+ D'(@)G(E ~ )] — iIMD'(w=0) [ d—27'§G<(E) (18a)

S® =iMP [ dEwD<(w)G<(E — )  (18b)

=B =iMP [ %“’D>(w)e>(5 —w) (180

My(0) = ~iIMP [SEIG"(BIGE - )
+ G'(E)G™(E — w)] (19a)

v g2 pOE < s
Mg(w) = —iM” [ 5.C (E)G (E—w) (19D

> _ . 2 dE > <
Ig(w) = —iM? [ 5-G (BG(E-w) (19)

Equations 9-14, 18, 19 may be solved self-consistently. The
procedure starts with the expressions for the Green’s func-
tions of the electronic system and the primary phonons that
are zero order in the electreiphonon interaction and, at

>

| R

(B)G(E) —

el

=2 [y OG5 + 2
5 (BGEE(E) + LEICE)

28 SE1.(E) — T(ENTHT (G (BT H(E)GE)]
(21)
e =22 [ SETHS; (B)G (BIZH(E)G'E) -

2 (B)G(B)Z{BG(E) (22)

inel —

A common approximation to these results is obtained by
considering only terms up to second order in the electron
phonon interactiorM. In this case the GFs in eq 22 are
replaced by their zero-order counterparts, whilgis taken
from the lowest order equivalent of eq 18 in which the GFs
G andD are represented by their zero order counterparts:

@ — 28

@) =28 (BT (E)GHEZ E)GE(E) -

2 (B)GH(E)Zpn JE)GH(E)] (23)

To obtain eq 21 in the same order, the GFs are expressed
by the lowest order Dyson forms

G'(E) = Gy(E) + Gy(E)Z,, {E)Gy(E) (and same for H(Zad)f)

each iteration step until convergence, updates the electronfo get

and phonon self-energies using the GFs obtained in the
previous iteration step. The numerical calculation of these

Green functions and self-energies involves repeated integra-

tions over the electronic ener@yand the frequency variable
. These are done using numerical grids that are chosen large
enough to span the essential energy and frequency regions
of the corresponding spectra, and dense enough relative to
the spectral widths to yield reliable quadratut&Bor more
discussion of the theory and for details of the numerical
procedure, see ref 30.

After convergence is achieved, the resulting Green func-

O -+19 =221 (1 (E) ~ 1) TN ECKETH(E)
GO+ 52 [ SE,(B) ~ T ENTHI (BIGHE), 4B)

Gy(E)TR(E)GH(E) + he] (25)

Equations 23 and 25 were recently used by Mii et®ab
rederive the results of Persson and Baratdfffor the IETS
spectra for a model of a single electronic level connecting
between the leads (in this case all GFs and self-energies are

tions and self-energies can be used to calculate manyscalars and the trace operation in eqs 23 and 25 is unneeded).

important characteristics of the junction. In particular, the
total current through the junction is given by

= 2 [T (E)G(E) - S(EG E)] (20)

Here I ) is the current at the left (right) molecule-lead
contact. It can be shown that = —Igr in accordance with
Kirchoff's law. Using eq 11 and the assumed additive form
(eq 13) of the electronic self-energy, the total current eq 20

In the examples displayed below, we compare the results of
this lowest order perturbation theory (LOPT) approximation
to the full SCBA calculation.

Next we use the theoretical tools presented above to
estimate the effect of vibronic coupling on the line width of
vibrational features in IETS. Since a truly intrinsic line width
can be observed only in a single molecule measurement, the
relevant energy parameters are those suitable to an STM
experiment, i.e.]'L < I'r and E; essentially pinned to the
Fermi energy of the right electrode. However, in what follows
we consider the general case represented by kedping

can be recast as a sum of elastic and inelastic contributionspinned to the unbiased Fermi energy and moving the

1608
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0.11 0.14 0.15

Figure 1. The IETS threshold feature irfldd®? for the model
defined by eqgs 3 and 4 usifig = I'r = 0.5 eV, yp, = 0.0001 eV,
M = 0.3 eV andT = 10 K. Full line (red)E; = 0.70 eV, dashed
line (green)— E; = 0.60 eV, dotted line (blue) E; = 0.55 eV.

chemical potentials of the left and right electrodes with a
“voltage division factor*®4! 5 according to

u, = Eq + 7e|®

Ur=Ec— (1 —n)el® (26)
The STM limit, with the left electrode representing the tip,
is given byn — 1. In the calculations displayed below we
have takerkEr as the energy origin, i.eEr = 0, and have
used the modey = T'r/T" that implies stronger pinning of
the molecular level to the electrode that provides larger
electronic coupling.

IETS spectra are usually displayed as the second derivative
of the current with respect to the bias voltage plotted against

this voltage. Within the present formalism the low-temper-

00035
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(L0025

0.002

Vel (EV)

00015

0.001

0.0005

0.3 0.4

B(V)

0.0 0.1 0.2 0.5

Figure 2. The electronic contributiope(®) to the imaginary part

of the vibrational self-energy plotted against the bias potedtial
Full line: SCBA results. Dashed line: Lowest (second) order
perturbation theory. See text for parameters.

0.3

0.25

02F

015

Vel {eV)

ol F

0.05 -

0.0

Figure 3. The electronic contributiofe(® = we/€) to the width
of the IETS signal plotted against the positi&n of the bridge

ature structure of this spectrum may be investigated by level relative to the Fermi enerdst of the unbiased junction. Full

starting froml = l¢ + lines @nd using thd = 0 limits of eqs
21 and 22. It can be show®#t°that, provided thaFio; > 1ot
whereTio = T + Tr — 2ImZ(E) and yi(w) = ypn +
yell®) With ye(w) = —2ImIT,(w), d*l/d®? is characterized
by fundamental and overtones of a thresho&idé = A Q)
feature whose width is of the ordesy(|e|/®) and whose

line: SCBA results (multiplied by a factor 10). Dashed line: Lowest
(second) order perturbation theory. See text for parameters.

I'r/T". The temperature is takdn= 10 K; however, we find
that the result forye is practically independent of up to
room temperaturé?

shape (peak, dip, peak-derivative-like) depends on the Figures 2-5 show the results obtained for the dependence
junction parameters. A demonstration of the latter statementof y on the parameters that characterize the junction. (The
is shown in Figure 1 (see also Figure 1 of ref 25) in which total IETS width is given byyit = ypn + Vel to Which ypn

this fundamental feature is displayed for different choices makes a small fixed contribution.) Figure 2 shows the voltage

of the resonance enerds. We note that, in principlek;
can be controlled by a gate electrode.

In what follows, consider the low-temperature width of
this vibrational feature. Focusing on the electronic contribu-
tion ye(w = |€|P), we use the formalism described above

dependence. Physically meaningful valuey gtorrespond

to the threshold voltagég|® = Ao, at which the vibrational
feature is observed. At this range and for our choice of
molecular parameterge is not strongly sensitive to the
applied voltage. This suggests that the shape of the corre-

to compute the electronic self-energy of the bridge phonon sponding IETS feature is not strongly affected by this

that yields this contribution via its imaginary part. Unless

dependence. The other figures display the dependence of the

otherwise stated, we use as a representative set of bridgeslectronic contribution to the total line width evaluated

parameters the valud§ = 0.05 eV,I'r = 0.5 eV, ypn =
0.0001 eVM =0.3eV,E;=1eV, andQ,=0.13 eV. The
voltage distribution is taken according to eq 26 with=

Nano Lett., Vol. 4, No. 9, 2004

at |e|® = hQ,, on the parameters that characterize the
molecular junction: the position of the resonance en&gy
(Figure 3), the coupling to the tip (left) electrode (Figure 4),
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Figure 4. Same as Figure 3, wheyg, evaluated atb = wo/e is
plotted against the widti of the bridge level that results its
coupling to the tip (left electrode).
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0.015
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Figure 5. ve((® = wd/€e) plotted against the electreiphonon
coupling strengthM using parameters given in the text. Full and
dotted lines are SCBA results obtained fgr= 0.05 eV and 0.5
eV, respectively. Dashed and dasiotted lines are 2nd order
perturbation theory results fofi, = 0.05 eV and 0.5 eV,
respectively.

and the strength of the electrophonon coupling (or the
corresponding reorganization enel§yoq= M%Qo, Figure
5).

The following points are noteworthy. (%), decreases with
increasing spacinde; between the Fermi energy of the

increases beyond0.4 eV, the order of magnitude dbf We
should, however, keep in mind that for large electron
phonon coupling the validity of even the SCBA level of
computation is uncertain. (4) For our choice of electron
phonon couplingM = 0.3 eV, substantial differences are
observed between the SCBA results and those obtained in
second-order perturbation theory, which is used in standard
treatments of IETS. The observations made above are based
on the SCBA results. (5) As was already mentioneds

only very weakly sensitive to the temperature. Obviously,
however, at higher temperatures, other contribution to the
overall width will dominate the IETS line width.

In conclusion, based on the simple model described above
and using a reasonable choice of parameters, we have found
that the coupling of molecular vibrational modes to the
electronic continua of the leads (via the molecular vibronic
coupling) makes a substantial contribution of the order of
~1 meV to the width of IETS spectra. This is expected to
be the largest source of broadening in low temperatures single
molecule IETS spectra; however, in experiments such as that
of ref 13 that involve a few thousand molecules, one cannot
rule out inhomogeneous contributions as the dominating
source of broadening. We have also shown that IETS line
shapes and line widths depend on junction parameters, in
particular the position of the bridge electronic resonance that
can be affected by a gate voltage and the molecule lead
coupling that can be controlled by the tip-molecule distance
in a scanning tunneling spectroscopy setup.

Another observation, of technical nature, concerns the use
of second-order perturbation theory in these applications.
Comparing calculations done on this level of approximation
to results obtained from the SCBA theory, we may conclude
that second order perturbation theory can account only
qualitatively for the effects discussed above. With typical
molecular coupling parameters, the SCBA calculation seems
to yield reliable results as long as the electr@nimary
phonon interaction is not too large.
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