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Damping in the vibrational spectroscopy of adsorbates with STM

M. A. Gata* and P. R. Antoniewicz
Department of Physics, The University of Texas at Austin, Austin, Texas 78712

~Received 27 April 1999!

The damping of vibrationally excited adsorbates on metal surfaces may be an important issue in the observ-
ability of their vibrational spectra with a scanning tunneling microscope. In the present paper, we discuss these
effects in the framework of two-particle Green’s functions, following a method originally employed to describe
inelastic scattering in heterostructures@N. S. Wingreen, K. W. Jacobson, and J. W. Wilkins, Phys. Rev. B40,
11 834~1989!#. By dressing the phonon lines, one can take into account the finite lifetime of the oscillations
and obtain an expression for the total transition probability, through all the possible phonon channels. We also
show, in the no-damping limit, and for a single vibrating coordinate, the analytical correspondence between the
present method and the one presented in a previous related work@M. A. Gata and P. R. Antoniewicz, Phys.
Rev. B47, 13 797~1993!#. @S0163-1829~99!02036-6#
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I. INTRODUCTION

Vibrational spectroscopy of chemisorbed species usin
low-temperature scanning tunneling microscope should p
vide a particularly convenient technique of identifying atom
and molecules on surfaces and in the study of their ads
tion properties and mutual interactions. Experimental e
dence of this kind of spectroscopy has been, however, sca
More than a decade ago, Smithet al.1 obtained]I /]V spec-
tra that could possibly be interpreted along the lines of
model in Ref. 2. But the instability of the tip-sample di
tance, as well as other factors have a large impact on
fluctuations of the total tunneling current~see, for example
Ref. 3!, precluding an unambiguous observation of the
elastic effects we are seeking. Extrinsic factors, such
noise, mechanical instabilities and others, have been prog
sively reduced in recent experiments. However, one sho
also take into consideration some of the inescapable, in
sic, sources of signal degradation.

Two different inelastic tunneling coupling mechanism
have been suggested by workers in this field: the elect
dipole coupling, and the tunneling through an adsorbate re
nance. Both may be, in principle, susceptible to be used
vibrational spetroscopy. However, for electron-dipole co
pling, a change of conductance of at most 1% is expect4

whereas the tunneling through an adsorbate could provid
principle, relative changes of about 10 % in the conductan
especially when the resonance density of states is center
the Fermi level of the metal substrate.5,6,2 Note, however,
that Persson and Baratoff5 predict a decrease in conductanc
whereas we expected an increase,2 due to the opening o
more tunneling channels.

Most recently, Stipe, Rezaei, and Wo7–10 observed inelas-
tic electron tunneling spectra, with a relative increase in
junction conductance, at the excitation energies of the vib
tional modes, of up to 12% for the case of C2H2 on
Cu(100),8 but not so large for the same molecule
Ni~100!.10 These landmark results were achieved with
ultra-stable homemade scanning tunneling microsc
~STM!7 at a temperature of 8 K, by placing the tip above
single, isolated acetylene molecule adsorbed on metal
PRB 600163-1829/99/60~12!/8999~11!/$15.00
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faces~Cu and Ni!, in conditions that favor a resonant tunne
ing transition such as the one we are concerned with, b
presently and in the previous work.2

What interests us here are the obstacles to experime
observation, which are intrinsic to chemisorption itself. Als
among other possibilities, we choose the damping of the
sorbate oscillations due to the excitation of electron-h
pairs in the adsorbate-metal substrate system, as the
channel for the dissipation of the oscillator energy. The i
portance of this particular process has been emphasized
number of workers, in particular Gadzuk,11 Ueba,12 Persson
and Persson,13 Persson and Hellsing,14 Persson and Ryberg,15

among others. One of the main results of these works is
predicted dependence of the lifetime of the vibrational ex
tation on the inverse square of the adsorbate projected
sity of states at the Fermi energy,ra(eF), as well as on the
inverse square of the electron-oscillator~‘‘local phonon’’!
coupling constant, denoted here byxA

0 . Other predicted char-
acteristics of the electron-hole pair excitation mechanism
a lorentzian lineshape~but see Ref. 16!, weak temperature
dependence and a strong isotopic effect.17

Unfortunately, these results indicate that the condition
the largest change in the resonant tunneling conductance
incides with the condition for the strongest damping of t
oscillation, with the possible result that the anticipated vib
tional sidebands in the first derivative]I /]V will be greatly
reduced. Furthermore, since the total tunneling curren
given by the convolution of the transition rate with the de
sities of electronic states~DOS! of the tip18 and of the sub-
strate, it may very well happen that their structure will dom
nate the observed conductance as a function of bias vol
precluding, for reasons intrinsic to the chemisorption ph
nomenon, the attainment of this kind of vibrational spectr
copy. It should be mentioned, however, that Stipeet al.8

were able to minimize this problem by subtracting off the t
DOS-dependent spectra obtained at a clean surface
away from any adsorbed molecule.

Our aim in the present paper is to develop a model
scribing these effects and making a direct comparison wi
previous description2 based on the resolvent formulation o
the chemisorption problem. As an outcome of this conn
8999 ©1999 The American Physical Society
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tion we show, in the Appendix, that there is an analyti
correspondence, at least in the case of a single vibrati
coordinate, between scattering in the gas phase,19 chemisorp-
tion in the Newns-Anderson approach as presented in rev
papers, e.g., by Grimley20 or Muscat and Newns21 and reso-
nant tunneling in heterostructures as, e.g., in Ref. 22. T
was shown explicitly some time ago,23 for the zero and one
phonon channels. Gadzuk24 has pointed out the general co
respondence between the descriptions of Domcke
Cederbaum19 and Wingreenet al.,22 using numerical simula-
tions but without establishing explicitly, however, that an
lytical connection.

This paper is organized as follows. In Sec. II we start w
the same Hamiltonian as before2 and follow Wingreen
et al.,22 expressing the total current, elastic and inelastic
terms of a Fourier transform of a two-particle Green’s fun
tion. This Green’s function is solved for, leading to a curre
as a sum over all possible phonon channels. Next, in Sec
we review the results of Ueba,12 of interest to the presen
problem, concerning the electron-hole damping of the ad
bate motion. In particular we extract the expression for
dressed phonon propagator and, by inserting this modi
propagator in the perturbation expansion for the aforem
tioned two-particle Green’s function, we rederive, in Sec.
the total current. This current reduces to the previous exp
sion in the no-damping limit. We then compute the rela
resonant transition rate as a function of the incoming~tip!
electron energy relative to the shifted adsorbate orbital
ergy. This shows the main point of our present argument,
possible disappearance of the conductance vibrational s
bands, which, as we argued previously, should provide in
mation on the adsorbate vibration quantum. In Sec. V,
draw some conclusions pertinent to the observation of th
spectra and, in the Appendix, we prove the consistency
our two approaches by showing that, at least for a sin
vibration mode and in the absence of damping, the pre
many-body method and the simpler one we used previo
give the same analytical result for the transition rate.

II. TUNNELING CURRENT

We aim at describing the resonant tunneling transition
a scattering event in the more general formalism of ma
body Green’s functions, with the restriction of a single v
bration coordinate~‘‘local phonon’’!. In this section we ob-
tain, without damping, an expression for the total curr
~elastic plus inelastic!. We only highlight the main points in
this section because we follow Ref. 22 quite closely a
because the final result is, in fact, the same as in Ref. 2, u
a resolvent technique.

Our starting Hamiltonian is the same as in Ref. 2,H
5H01H1, where

H05eA
0cA

†cA1(
l

e lcl
†cl1(

k
ekck

†ck1V~B†B11/2!

~2.1!
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H15xA
0~cA

†cA2^nA&!~B1B†!1(
l

~VAlcA
†cl1VlAcl

†cA!

1(
k

~VAkcA
†ck1VkAck

†cA!. ~2.2!

In H0 the first term describes the atom~or molecule! to be
adsorbed, the second and third terms describe the subs
and tip states, respectively, and the last term represents
unperturbed adsorbate-oscillator.H1, on the other hand, de
scribes the various interactions—the first term couples
state of occupation of the adsorbate orbital with its posit
coordinate, the second and third terms couple the adsor
orbital with the substrate and tip states, respectively. T
constant factor̂ nA& represents the self-consistent equili
rium occupancy of the adsorbate orbital, i.e., without tunn
ing current. As before, tunneling between tip and adsorb
will be assumed to be represented by the matrix elem
VAk5^AuHuk&5^AuHut&^tuk&, whereut& is the orbital of the
last tip atom from/to which electrons tunnel and^AuHut& is
Bardeen’s tunneling matrix element.25,26

Introducing a coordinate displacement through the n
phonon operatorsb such thatB(†)5b(†)1xA

0^nA&/V, we re-
write the Hamiltonian thus:H5H01H1, with

H05eA
0cA

†cA1(
l

e lcl
†cl1(

k
ekck

†ck1V~b†b11/2!1a

~2.3!

and

H15xA
0~cA

†cA2^nA&!~b1b†!1(
l

~VAlcA
†cl1VlAcl

†cA!

1(
k

~VAkcA
†ck1VkAck

†cA!, ~2.4!

where we have defined a renormalized adsorbate en
given by eA5eA

012(xA
0)2^nA&/V ~and which may include

image effects! and the constant factora[2(xA
0^nA&)2/V.

From S-matrix theory, the electronic transmission pro
ability between an initial stateuki& in the tip and a final state
u l f& in the substrate, here through the intermediate resona
uA&, is given by the thermal average22,27

T2~ l f ,ki !5(
nf

(
ni

e2bEni

Zphonon
z^ l f ;nf uSuki ;ni& z2, ~2.5!

whereb5(kBT)21, Eni
5V(ni11/2) is the energy of the

oscillator in stateuni& andZphonon is the localized oscillator
partition function.

The S matrix operator above is expressed by27

S512 i E
2`

1`dt1
\

eiH 0t1 /\H1e2 iH 0t1 /\

2 i E
2`

1`E
2`

1`dt1dt2

\2
eiH 0t2 /\H1Gret.~ t22t1!H1e2 iH 0t1 /\

~2.6!

where
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Gret.~ t22t1!52 iQ~ t22t1!e2 iH (t22t1) ~2.7!

is the retarded Green’s function operator, in the present c
to be applied to the intermediate resonant orbitaluA&. H is
the total Hamiltonian operator,H5H01H1, and the initial
and final electron-phonon states are defined by their oc
pancies

uki ;ni&5u0A ;~1ki
!;ni& u l f ;nf&5u0A ;11l f

;nf&. ~2.8!

The initial electron-phonon state describes an empty ad
bate orbital,ni adsorbate-oscillator phonons and the grou
states of both the tip, from which the tunneling electronuki&
is highlighted, and the substrate. The final electron-pho
state describes an empty adsorbate orbital,nf adsorbate-
oscillator phonons and the ground state of the tip minus
electron and of the substrate plus one electron,u l f&. The tran-
sition we are considering carries one electron from an oc
pied tip state~below the tip Fermi level! to the empty adsor-
bate resonance, to an empty state above the substrate F
level. In fact, the intermediate resonant state has a fracti
occupancy, but that occupancy is taken into account by
fecting the total current by the correspondent vacancy fa
so that we will be able, from now on, to perform the calc
lation of the transition rates as if the intermediate state w
vacant.

The transition probability for a tip electron of energyeki

to be transmitted to the substrate with energye l f
is given by

the Fourier transform

T2~ l f ,ki !5uVAki
u2uVl fA

u2E E E E dt1dt2ds1ds2

\4

3Q~ t22t1!Q~s22s1!

3ei e l f
(t22s2)/\e2 i eki

(t12s1)/\

3^cA~s1!cA
†~s2!cA~ t2!cA

†~ t1!&, ~2.9!

and the transmission probability per unit time,W( l f ,ki), for
all the possible final phonon excitations of the resonant
bital oscillator, is given by~see, e.g., Ref. 27!

W~ l f ,ki !@sec21#5
T2~ l f ,ki !

E
2`

1`

dt1

5
1

\
uVAki

u2uVl fA
u2

3E E E dtdsdt

\3

3ei [( eki
2e l f

)t1e l f
t2eki

s]/\GA~t,s,t !

~2.10!

where

GA~t,s,t !5Q~ t !Q~s!^cA~t2s!cA
†~t!cA~ t !cA

†~0!&
~2.11!

is the two-particle, four-time thermodynamic Green’s fun
tion containing all information on electron-phonon as well
on adsorbate-electrodes interactions. The expansion of
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Green’s function according to the usual rules of many-bo
perturbation theory22,28 leads to a transmission rate, at 0 K
given by

W~ l f ,ki !5 (
m50

`

Wm~eki
!d~eki

2e l f
2mV!, ~2.12!

where

Wm~eki
!52p/\uVAki

u2uVl fA
u2e22g

gm

m!
uBm@z~eki

!#u2,

~2.13!

Bm@z~eki
!#5(

j 50

m

~21! j S m

j D(
l 50

`
gl

l !
@z~eki

!2~ j 1 l !V#21

~2.14!

and also g5(xA
0/V)2, z(eki

)5eki
2(eA82gV)1 iG/2.

HereeA85eA1SR1a, SR being the chemical shift of the
adsorbate level upon hybridization, given by the Hilbe
transform of the level~full ! width G which, in turn, is given
by G(e)52p(kuVAku2d(e2ek)12p( l uVAlu2d(e2e l). One
expects the interaction with the tip to have a negligible co
tribution both to the chemical shift and to the level widt
due to its much weaker coupling to the adsorbate. In w
follows we shall takeG to be a constant independent of th
energy, implying thatSR is null.

The total resonant tunneling current, for any number
vibration excitations~‘‘phonons’’! excited in the process
can be written

Jtotal5e(
k

(
l

W~ l ,k!@12 f subs.~e l !#~12^nA&! f tip~ek!,

~2.15!

where f tip(e) and f subs.(e) are the Fermi-Dirac occupanc
factors, which are simple step functions forT50K, and (1
2^nA&) is the equilibrium vacancy factor associated with t
adsorbate orbital. Since, in the absence of damping, we
separate this transition rate according to the number
phonons produced and introduce the densities of electr
states for the tip and for the substrate, we can also write
total current as a function of the applied bias voltageV ~tip
negative, in the process we have been considering! thus

Jtotal~V!5~12^nA&!eV t ipVsubs. (
m50

`

Q~eV2mV!

3E
mV

1eV

Wm~e!r t ip~e2eV!rsubs.

3~e2mV!de ~2.16!

in which the electronic energies are being measured w
respect to the substrate Fermi level,V t ip andVsubs. are the
tip and substrate volumes, respectively, and eachm compo-
nent defines the number of phonons excited in the transi
(m50 corresponds to the elastic current,m51 to the one-
phonon inelastic current, etc!. This expression for the tota
resonant current reduces to expressions~55! and ~56! in our
previous model, Ref. 2, form50 and form51.
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As a consequence of the equality of the two results for
no-damping total current, elastic and~any-phonon! inelastic,
which is proven in the Appendix below, our previous co
clusions concerning the possible ratio between inelastic
elastic resonant currents remain the same—although var
widely with the adsorption conditions, that ratio could,
principle, become of the order of 10%.2,5,29,8

III. DAMPED OSCILLATOR PROPAGATOR

Ueba12 considered the phenomenon of adsorbate vib
tional damping on metal surfaces, due to the excitation
electron-hole pairs in the overall electronic system. In p
ticular, he used a finite temperature propagator approach
is especially suitable for our present purposes. In fact, he
able to arrive at final results for the self-energyP ret(v), to
be associated with the ‘‘local phonon.’’ The real and ima
nary components of this self energy represent the shif
frequency and the width~finite lifetime! of the vibration.
Specifically, the approximate expression for the redshift d
to adsorption is given by

Re@P ret~v!#.22ulu2rA~eF!, ~3.1!

whereas the widthD is given by

D.22 Im@P ret~v5V/\!#52pulu2VrA
2~eF! ~3.2!

and gives the vibrational lifetime,\/D. In the above expres
sions,l is the electron-phonon coupling constant~presently
denoted byxA

0), V the unshifted vibration quantum an
rA(eF) the value of the adsorbate density of states at
Fermi level of the substrate. We assume a Lorentzian den
of states, so damping will be strongest if the Lorentzian
centered at the Fermi level.

From the above results, we can determine the pertur
phonon correlation function^A(t2)A(t1)&5 iD .(t22t1),
whereA(t)5b(t)1b†(t). It is this perturbed propagator tha
we shall need to determine first and then to insert in
perturbative expansion of the new Green’s functi
GA(t,s,t), which will then include the effect of the oscillato
damping.

In order to pursue this objective, we start from Dyson
equation

Dret~v!5$@Dret
0 ~v!#212P ret~v!%21, ~3.3!

where the unperturbed phonon propagator is

Dret
0 ~v!5

2V

~\v!22V21 id
~3.4!

and, by way of the spectral density functionB(v)5
22 Im@Dret(v)#, take advantage of the relationD.(v)5
2 i @nB(v)11#B(v), which gives, at 0 K

D.~v!52 iB~v!. ~3.5!

Fourier transformingD.(v) to the time domain, we ob
tain the final result under the restrictions of zero tempera
and weak damping~i.e., damping time\/D much longer
than vibration period, orD!V,V8),
e
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D.~ t12t2!52 i S V

V8
D e2Dut12t2u/\e2 iV8(t12t2)/\ ~3.6!

where the shifted adsorbate-oscillator vibration quantumV8
is given by the relation

~V8!25V212V Re@P ret#2D2. ~3.7!

The above expression forD.(t12t2) reduces to the previ-
ously used result,D.(t12t2)52 i exp@2iV(t12t2)/\#, in
the limit of no damping (D→0,V8→V).

IV. CHANGED TRANSITION RATE AND CONDUCTANCE

It was shown, in Eq.~2.10! above, that the transmissio
rate is given by a triple Fourier transform of the two-partic
propagatorGA(t,s,t), associated with the adsorbate orbit
The perturbative expansion of this propagator, according
the usual diagrammatic methods, introduces electron
phonon lines representing the respective correlation fu
tions. Our approach consists in dressing the phonon line
the second-order diagrams~the zeroth order diagrams do no
contain phonon lines and the first-order diagrams are n!
and to determine the newGA(t,s,t) to all orders, once again
by a exponential resummation.28,22 As before, the ‘‘bare’’
electron lines already include, in fact, hybridization of t
adsorbate orbital, so that the corresponding propagators
decay in time. These are given by

GA,ret
(0) ~ t !52 iQ~ t !e2( i eA81G/2)t/\ ~4.1!

where eA8 and G are defined as above, andQ is the step
function.

According to this method, the perturbed propaga
GA(t,s,t) is given by

GA~t,s,t !5GA
(0)~t,s,t !

3expFGA,1
(2)~t,s,t !1GA,2

(2)~t,s,t !1GA,3
(2)~t,s,t !

GA
(0)~t,s,t !

G .

~4.2!

GA
(0)(t,s,t) is represented by a diagram with two electr

lines, GA,1
(2)(t,s,t) is represented by two electron lines co

nected by a dressed phonon line,GA,2
(2)(t,s,t) andGA,3

(2)(t,s,t)
are represented by two electron lines in which one or
other is straddled by a dressed phonon line, as in Ref.
The new results for these zeroth and second-order prop
tors are

GA
(0)~t,s,t !5@GA,ret

(0) ~s!#* GA,ret
(0) ~ t !, ~4.3!

GA,1
(2)~t,s,t !5GA

(0)~t,s,t !~xA
0 !2

V

V8
H 2D

~D!21~V8!2

3Q~ t2t1s!@tQ~t!2~t2t !Q~t2t !

2~t2s!Q~t2s!#/\1e2Dutu/\e2 iV8t/\

3@V2 iW sgn~t!#2e2Dut2tu/\e2 iV8(t2t)/\

3@V2 iW sgn~t2t !#



’s
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2e2Dut2su/\e2 iV8(t2s)/\@V2 iW sgn~t2s!#

1e2Dut2s2tu/\e2 iV8(t2s2t)/\

3@V2 iW sgn~t2s2t !#J , ~4.4!

GA,2
(2)~t,s,t !5GA

(0)~t,s,t !
~xA

0 !2V/V8

D1 iV8

3H 2t/\1
1

D1 iV8
@12e2(D1 iV8)t/\#J ,

~4.5!

GA,3
(2)~t,s,t !5GA

(0)~t,s,t !
~xA

0 !2V/V8

D2 iV8

3H 2s/\1
1

D2 iV8
@12e2(D2 iV8)s/\#J .

~4.6!
.

te
im
u

In GA,1
(2)(t,s,t) we defined the factors

V5
D22~V8!2

@D21~V8!2#2
, ~4.7!

W5
2DV8

@D21~V8!2#2
. ~4.8!

In the above we also have the step functionQ and the func-
tion

sgn~x!5H 21 if x,0

0 if x50

11 if x.0.

The final result for the perturbed two-particle Green
function GA(t,s,t) is somewhat involved:
GA~t,s,t !5GA,ret
(0) ~ t !@GA,ret

(0) ~s!#* expS ~xA
0 !2

V

V8
D2H 2FR2

FI

D
Q~ t2t1s!@tQ~t!2~t2t !Q~t2t !2~t2s!Q~t2s!#/\

1~1/2!
FI

D
~ t1s!/\

1 i
1

D
~ t2s!/\2Fe2Dt/\e2 iV8t/\2F* e2Ds/\eiV8s/\1F~t!e2Dutu/\e2 iV8t2F~t2t !e2Dut2tu/\e2 iV8(t2t)/\

2F~t2s!e2Dut2su/\e2 iV8(t2s)/\1F~t2s2t !e2Dut2s2tu/\e2 iV8(t2s2t)/\J D , ~4.9!
t
ce
that
e to
the
ith
ate.
odel
the
nec-

eral

-
en-
rgy,
where we have defined the factors

D5
V8

D21~V8!2
, ~4.10!

F~x!5FR1 iF I sgn~x!, ~4.11!

FR5
~D!22~V8!2

~V8!2
, ~4.12!

FI52
2D

V8
. ~4.13!

All these results are consistent with the ones in Sec
~and with Ref. 2! in the limit with no damping (D→0 and
V8→V) and considering only a single vibration coordina
We also note that the decay law for an electron put at t
t50 in the adsorbate orbital is still the same as witho
II

.
e
t

damping, viz., P(t)5GA(t,t,t)5uGA,ret
(0) (t)u2

} exp@2(G/2)t/\#. We can explain this result by noting tha
nothing in the present formalism allows for an interferen
between the two distinct lifetime associated processes
take place, namely the decay of the localized phonon, du
energy dissipation to the electron-hole continuum, and
width of the electronic resonance, due to its interaction w
the electronic degrees of freedom of the underlying substr
These processes occur independently in the present m
because of the assumption that the Green’s function of
electronic resonance takes an exponential form, a step
essary in order to keep the problem soluble.

Having obtained the result forGA(t,s,t), the modified
transition rate and resonant current are of the same gen
form as given by Eqs.~2.10! and ~2.15!, respectively, even
thoughW( l f ,ki) is now different from Eq.~2.12!.

In expression~2.15! above we first transform the summa
tions over electronic states to integrals in the electronic
ergies, through the use of the density of states in ene
r(e), along with the volumesV of tip and sample, for each
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side of the tunneling junction. Taking Fermi-distributio
functions at zero K as step functionsQ, the result is, for any
number of excited phonons,

Jtotal5~12^nA&!eE
2`

1`

dekV t ipr t ip~ek!Q~eFtip
2ek!

3E
2`

1`

de lVsubs.rsubs.~e l !Q~eFsubs.
2e l !W~e l ,ek!,

~4.14!

where

W~e l ,ek!@sec21#5
1

\
uVA,ku2uVl ,Au2

3E E E dtdsdt

\3
ei [( ek2e l )t1e l t2eks]/\

3GA~t,s,t !, ~4.15!

as in Eq.~2.10! ~writing eki
asek ande l f

ase l), but with a

different GA(t,s,t). The applied bias voltage displaces t
scale of values taken byek andeFtip

. Instead of attempting to
perform a triple Fourier transform and a double energy in
gration in order to compute the total current, we turn to
calculation of the integrated transition rateW(ek), defined by

W~ek!5E
2`

1`

de lW~e l ,ek! ~4.16!

and representing the transition probability per unit time
an electron to transfer from a tip state of energyek , through
the resonance, to any substrate state, but without taking
account either the electronic statistical distributions or
densities of states in the electrodes. In fact, the integra
transition rate should suffice for our present purpose, of
sessing the effect damping may have on the vibrational s
tra.

We use the approximation of taking the electron
transition-matrix elements to be constant, independent of
energies in the physically important ranges and, after cha
ing the order of the integrations and using the res
*2`

1`de le
i e l (t2t)/\52p\d(t2t), we simplify W(ek) to

W~ek!5
2p

\
uVA,ku2uVl ,Au2

3E
2`

1`E
2`

1`dsdt

\2
ei ek(t2s)/\GA~ t,s,t !.

~4.17!

However,GA(t,s,t) itself can now be considerably simpl
fied, resulting in

W~ek!5
4p

\
uVA,ku2uVl ,Au2

e[(xA
0)2(

V

V8
)D2FR]

G8
ReE

0

1`ds

\

3exp$2@A2 iB~ek!#s/\%exp@2Ce2(D1 iV8)s/\#,

~4.18!
-
e

r

to
e
d

s-
c-

e
g-
lt

in which s is a new dummy integration variable and R
extracts the real part of the integral. On the other hand,
sides the already defined parametersD and FR, we have
introduced a larger electronic resonance width, denotedG8,
and, for compactness, the three new factorsA, B(ek), both
real, andC, complex, defined thus

G85G12~xA
0 !2S V

V8
D D

D21~V8!2
, ~4.19!

A5G/212~xA
0 !2S V

V8
D D

D21~V8!2
, ~4.20!

B~ek!5~ek2eA8 !1~xA
0 !2

V

D21~V8!2
, ~4.21!

C5~xA
0 !2S V

V8
D @V2 iW#, ~4.22!

V andW having been defined in Eqs.~4.7! and ~4.8! above.
Now it turns out that the remaining integral above can
conveniently expressed by an incomplete gamma func
g(a,b), with complex arguments, and we obtain the fin
expression for the integrated transition rate:

W~ek!5
4p

\
uVA,ku2uVl ,Au2

e[(xA
0)2(

V

V8
)D2FR]

G8

3ReH C(2)
A2 iB(ek)

D1 iV8

D1 iV8
gFA2 iB~ek!

D1 iV8
,CG J .

~4.23!

From this result, we may be able to estimate the effect t
the existence of damping, here caused by the excitation
electron-hole pairs, has on the tunneling transition rate.
two main effects due to an increase inD are the washing ou
of the first derivative vibrational sidebands and the gene
lowering of the transition rate. As before,2 these peaks are
expected to become visible for a sufficiently large resona
lifetime and their separation in energy is equal to the value
the oscillation quantum.

In order to make the effect clearly visible, we chose
suitable range of adsorption parameters, keeping in mind
condition of small damping,D!V,V8. Even though we do
not attempt to apply the present results to a specific
adsorbate-substrate system, our range of adsorption pa
eters should be representative of real experimental situati
Since our main concern at present is the influence of da
ing on the conductance curves (]I /]V), and since this ob-
servable is a convolution of the transition rateW(e l ,ek) with
the densities of states and electronic distributions~4.14!, the
graphs below have the axes:~1! the incoming electron en
ergy, in eV, with a range of21 to 11 volt around an origin
coincident with the adsorbate shifted resonance center (eA8 ),
~2! the the damping energy parameterD, also in eV, ranging
from zero ~the no-damping situation! up to a maximum of
0.02 eV~except in one graph!, corresponding to a minimum
time damping constant of around 3.3310214 s, and~3! the
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FIG. 1. Tunneling transition rates fo
G50.15 eV, xA

0 5 0.30 eV,V850.30 eV,V8
50.25 eV,D values from 0.00 to 0.02 eV.
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integrated transition rate,W(e), normalized to its maximum
value in each run. Furthermore, taking a typical value of
observed~redshifted! oscillation quanta ofV8;250 meV,
which gives an~unobservable! unshifted quantumV of
around 300 meV,12 the ratioD/V8 varies between zero and
maximum of the order of 0.08, i.e., a minimum ratio betwe
the oscillator damping time constant and its ‘‘period’’
around 12.5~or a minimum quality factor ofQ56.25).

The remaining adsorption parameters are the electr
resonance width,G, in eV, and the electron-oscillator cou
pling constant,xA

0 , also in eV. Their chosen values a
meant mainly to illustrate our results in the (e,D,W) graphs,
but should be typical of real chemisorption situations. On
other hand, we have not included, in the computations,
prefactor (4p/\)uVA,ku2uVl ,Au2 in expression~4.23! above,
under the simplifying assumption that the hopping and t
neling matrix elements are constant.

V. DISCUSSION

Even though one can see that the existence of dam
will increase the difficulty in detecting the presence of t
inelastic channel due to the lowering of the total transit
rate and the smoothing of the~possible! first derivative
peaks, an immediate conclusion is the importance of the
terplay betweenD, xA

0 , and G. That is, a relatively large
value of the damping constantD by itself is not sufficient to
prevent the appearance of structure in the spectra. As t
expected, it has to be combined with a relatively lar
electron-oscillator coupling constant. In other words, ev
short oscillation decay times will not affect the junction co
e

n

ic

e
e

-

ng

n-

be
e
n

ductance, unless the electron-oscillator coupling constantxA
0

is sufficiently strong. And, of course, the reverse is also tr
even for large values ofxA

0 , D has to attain a sufficiently
large value for any damping effects to become visible, as
the graphs show.

However, a combination of strong electron-oscillator co
pling ~largexA

0), i.e., strong variations of the resonance p
sition with the vibration coordinate, together with a stro
oscillation damping~large D), here due to the creation o
electron-hole pairs, can effectively lead to a rapid smooth
of the spectra, especially for long-lived, narrow electron
resonances~small G). These circunstances seem to indica
the advantage of using weakly chemisorbed species in
tempting to observe vibration spectra of adsorbates with
STM. Another possibility would consist in tunneling~from
the tip! through a mostly unoccupied antibonding orbital o
strongly chemisorbed system, in the so-called ‘‘surface m
ecule limit.’’30,31,21,32

In the figures, we try to convey what we believe are t
essential components of the present results. In Fig. 1,
show the decrease of the vibrational structure as we decr
the oscillation decay time, from infinity to the 3.
310214 s minimum value. As in Ref. 2, in the absence
damping, the vibrational sidebands, a quantumV8 apart, are
clearly visible due to the relative high value of the coupli
constantxA

0 . This high value also clearly redshifts the pos
tion of the first phonon emission peak~no absorption peaks
are present since we are at 0 K!.

In Fig. 2, with a slightly larger electronic widthG but a
particularly small coupling constantxA

0 , we extend theD
FIG. 2. Tunneling transition rates forG
50.20 eV,xA

0 5 0.01 eV,V8 5 0.30 eV,V8
50.25 eV,D values from 0.00 to 0.10 eV.
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FIG. 3. Tunneling transition rates forG
50.75 eV,xA

050.35 eV,V8 50.30 eV, V8
50.25 eV,D values from 0.00 to 0.02 eV.

FIG. 4. Tunneling transition rates forG
50.05 eV, xA

050.35 eV, V850.3 eV, V8
50.25 eV,D values from 0.00 to 0.02 eV.

FIG. 5. Tunneling transition
rates for G50.05 eV, xA

0

50.15 eV, V850.3 eV, V8
50.25 eV, D values from 0.00
to 0.02 eV.
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FIG. 6. Tunneling transition rates forG
50.20 eV, xA

050.15 eV, V850.3 eV, V8
50.25 eV,D values from 0.00 to 0.02 eV.
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values up to 0.10 eV, reaching an unphysical damping r
D/V8 of 0.40, with the intention of showing that even exa
gerated damping constants do not lead, by themselves
visible effects on the junction conductance. Also, no vib
tional sidebands are present.

In Fig. 3, the spectrum just reproduces the electronic re
nance profile with almost no lowering of the transition ra
even though the coupling constant is relatively strong. B
the width of the electronic level, upon chemisorption, im
poses a fairly stable and wide, shapeless bump across
voltage axis, with no vibrational sidebands present.

In contrast, Fig. 4 shows a rather structured spectr
with the same value for the coupling constant as in Fig
but with a much narrower electronic width. This is the co
bination of adsorption parameters, considered above,
leads to the fastest disappearance of variations in the con
tance spectra.

In Fig. 5 we keep the electronic width from the previo
figure but decrease the coupling constant, reducing both
redshift of the spectrum and the number of visible vibratio
sidebands. The reduction in the transition rate is also m
less pronounced.

Finally, in Fig. 6, we again use moderate values for b
G and xA

0 and the result is similar to Fig. 1 but with a re
duced damping effect, due to the smaller value of the c
pling constant.

Another consequence of damping is the fact that, hav
acquired an imaginary component, the possible freque
values of the adsorbate/oscillator are no longer eigenva
of the Hamiltonian and, therefore, the opening of the inel
tic channel is not a step-function as before, but instead b
function that increases smoothly from zero to one. This
duces the inelastic channel peak that one usually looks
As the inelastic signal becomes weaker, the particular st
ture of the density of states, of both substrate and tip,
comes more important and may, by itself, cause variation
conductance that will be hard to distinguish from the on
due to the electron-phonon coupling.

Further work on this problem will necessarily deal with
better description of the physical situation specific to surf
phenomena in scanning tunneling microscopy, for exam
by going beyond the tunneling Hamiltonian. One will al
need to adopt a more sophisticated approach to the des
tion of the nonequilibrium occupancy of the intermedia
resonant state. A more realistic description of the phys
situation should be able to account for the observed dep
io
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dence of the height of the conductance peaks on the sh
ness of the microscope tip.8
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APPENDIX: RELATIONSHIP BETWEEN THE TWO
METHODS

In this appendix, we show the analytical consistency
tween the present approach, in the no-damping version
Sec. II, and the one we followed previously, in Ref. 2. Th
comparison also concerns the relationship between the
phase inelastic scattering model of Domcke a
Cederbaum19 and inelastic resonant tunneling in heterostru
tures in the model of Wingreen, Jakobsen and Wilkins.22 The
existence of such a connection has been pointed out
Gadzuk.24 and ourselves23,2,29 The previous results for the
elastic and one-phonon inelastic components of the tunne
current @expressions~55! and ~56!, respectively, in Ref. 2,
but neglecting the imaginary component of the electro
phonon coupling constant# are particular cases of the genera
any-phonon, result. In that resolvent formalism, this gene
result could be written

Jtotal~V!5~12^nA&!eV t ipVsubs. (
m50

`

Q~eV2mV!

3E
mV

1eV

Wm~e!r t ip~e2eV!rsubs.~e2mV!de

~A1!

as well, but the included transition rateWm(e)(m being the
number of excited phonons! would be given by

Wm~e!52p/\uVAku2uVAlu2e22g
gm

m!
uAm@z~e!#u2, ~A2!

where
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Am@z~e!#5 (
n50

`

(
j 5max$0,m2n%

m

~21! j S m

j D gj 2m1n

~ j 2m1n!!

3$z~e!2nV%21 ~A3!

and z(e) and g are defined as above. Th
e2ggm/2/(m)1/2Am@z(e)# factor is basically the same as
the original model of Domcke and Cederbaum,19,23,24for the
gas-phase inelastic resonant scattering, but considerin
single vibration coordinate and an electronic resonance w
independent of the vibration coordinate. It also results fr
the calculation of the product of the Frank-Condon overla
between the oscillator initial, ground state and all possib
intermediate, displaced oscillator vibration states, here re
sented by the indexn, with the overlaps between these inte
mediate states and the final vibrational state, here represe
by the indexm.33

Since, in the present paper, the corresponding express
we got for Jtotal(V) and for Wm(e), Eqs.~2.16! and ~2.13!
respectively, are formally identical to the ones above, E
~A1! and ~A2!, what remains to be proven is, in fact, th
equality

uBm@z~e!#u25uAm@z~e!#u2, ~A4!

with

Bm@z~e!#5(
j 50

m

~21! j S m

j D(
l 50

`
gl

l !
$z~e!2~ j 1 l !V%21.

~A5!

This Bm@z(e)# factor is basically the same as in the origin
model of Wingreenet al.,22 for the inelastic resonant tunne
ing in quantum well structures, but again with a sing
vibration coordinate.

It will be convenient to start by separating outAm(z) as

Am~z!5S (
n50

m21

(
j 5m2n

m

1 (
n5m

`

(
j 50

m D ~21! j S m

j D gj 2m1n

~ j 2m1n!!

3$z2nV%21,

the first double summation including the terms for whichn
,m and the second double summation the ones for wh
n>m. Leaving Am as it stands, we will get an equivalen
result starting from the above expression forBm(z). Decom-
posing it according to the values ofj 50,1,2, . . . ,m22,m
21,m, we can write

Bm~z!5~21!0S m

0 D(
l 50

`
gl

l !
$z2 lV%211~21!1S m

1 D(
l 50

`
gl

l !

3$z2~11 l !V%211~21!2S m

2 D(
l 50

`
gl

l !

3$z2~21 l !V%211•••

1~21!m22S m

m22D(
l 50

`
gl

l !
$z2~m221 l !V%21
a
th

s
,
e-

ted

ns

s.

l

-

h

1~21!m21S m

m21D(
l 50

`
gl

l !
$z2~m211 l !V%21

1~21!mS m

mD(
l 50

`
gl

l !
$z2~m1 l !V%21.

We pick up the last term, forj 5m, and rewrite the sum-
mation index asl 85 l 1m,

~21!mS m

mD(
l 50

`
gl

l !
$z2~m1 l !V%21

5~21!mS m

mD (
l 85m

`
gl

l !
$z2 l 8V%21.

For the j 5m21 term, we first separate out thel 50 part
and then takel 85 l 1m21 in the remaining part, obtaining

~21!m21S m

m21D S g0

0!
$z2~m21!V%21

1 (
l 85m

`
gl 82m11

~ l 82m11!!
$z2 l 8V%21D .

For the j 5m22 term, we group thel 50 and l 51 parts,
introducel 85 l 1m22 in the remaining and obtain

~21!m22S m

m22D S (
l 85m22

l 85m21
gl 82m12

~ l 82m12!!
$z2 l 8V%21

1 (
l 85m

`
gl 82m12

~ l 82m12!!
$z2 l 8V%21D .

Of course,l 8 is a dummy index and, introducing firstl 85 l
1m2p and using the fact that (m2p

m )5(p
m), we can write

down the generalj 5m2p term as~grouping equal factors
under the two summation signs!

~21!m2pS m

p D S (
l 5m2p

m21

1 (
l 5m

` D gl 2m1p

~ l 2m1p!!
$z2 lV%21,

where, in the first summation,l ,m and 1<p<m and, in the
second,m< l , 0<p<m.

We now sum over all possiblep values, ranging from 1 to
m in the first summation and from 0 tom in the second
summation and rewriteBm as a sum overp, instead ofj:

Bm~z!5~21!mS (
p51

m

(
l 5m2p

m21

1 (
p50

m

(
l 5m

` D
3~21!pS m

p D gl 2m1p

~ l 2m1p!!
$z2 lV%21,

the first term forl ,m and the second term forl>m. In order
to prove our point, we still have to show that the first term
Bm above corresponds to the first term inAm , that is to say,
that
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(
p51

m

(
l 5m2p

m21

Fm~p,l !5 (
l 50

m21

(
p5m2 l

m

Fm~p,l !,

where the matrix elementFm(p,l ) is being defined in an
obvious way. But, in fact, these two double-summations s
the same set of elements of this matrix, the ones below
main diagonal, including this diagonal. On the lhs of t
above equality, for each linep, we sum all the column ele
ments leftwards, until we reach the first column. On the r
we cover exactly the same elements, this time summing
each columnl, all the line elements downwards, until w
reach the last line. Recognizing this fact, we may write
.

an
its
e

s,
for

Bm~z!5~21!mS (
l 50

m21

(
p5m2 l

m

1 (
p50

m

(
l 5m

` D
3~21!pS m

p D gl 2m1p

~ l 2m1p!!
$z2 lV%21,

and comparing this result with the last expression above
Am(z), we conclude thatBm(z)5(21)mAm(z) or that
uBm(z)u25uAm(z)u2, as required for the equality of the tota
tunneling currents, according to the two methods.
y

c
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gada, Portugal.
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