Romanian Reportsin Physics, Volume 55, Number 4, P. 247— 258 2003

Inelastic electron tunneling through a vibrational modulated barrier in STM
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Abstract: Using amany body formalism, we have studied the dfed of the moduation o
the tunreling barier by the vbrating moleaule, on the inelastic tunneling current in
STM. In ou model, the dominart inelastic term appears in the first order of the
perturbation theory. We have mnsidered dso the second andthe third order elastic and
inelastic terms, which can contribute to the tunneling current in the STM.

Key words: Scanning Tunneling Microscopy, elastic and inelastic tunneling

Recent experiments proved the possibility to perform inelastic electron tunneling with
STM, through vibrating molecules [1,2]. Previous theories of inelastic electron tunneling,
model this process by dipole coupling [3,4], or tunneling through an adsorbate resonance
[5-7]. Detailed microscopic calculations based on Green Function technique [8] or
Density Functional Theory [9], explain the selection rules observed in experiments, by
destructive interferences of inelastic scattering processes.

In the present paper, we model the inelastic tunneling of electrons using a similar
Hamiltonian as used by Persson and Baratoff [5]. We consider that the vibration of the
molecule modulates the tunneling barrier and that the coupling of the tunneling electrons
to this vibration is the main perturbation.

We model the following physical process: electrons tunnel from an electron resonance
localized on the STM tip to an electronic resonance of a vibrating molecule absorbed on a
metallic surface (Fig.1). The corresponding projected densities of states on the states €g

and €, are denoted pg(€) and  pa(€).
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The process is modeled by the Hamiltonian:

H=¢,C!C, + Z £ a8+ Z (V. ar C, +H [T)+&,CiC, +Z a a +
+ 3 Vo Co+H [C)+hQu'u+T, (Q)CLCs +CiC,) D

* £,,Ez —arethe dedronic levels close to the Fermi levels of the substate and the
tip;

* &, &, - label the energy levels of the one particle egenstates of thetip (L) and
the substrate (R);

* ViV are the matrix elements for the dedron transfer between the tip and
&, level, and between the substrate and ¢, level,

* hQ - isthe vibration energy of the alsorbate;

*Ca.Ca.Cs.Cs 0, .2y & ,8 0", ae the anbhiaion and credion
operatorsfor the €,,&5,€, ,hQ states respedively;

* Q isthe displacement corresponding to the vibration mode of the adsorbate.

We negled the dependenceof €, and £, on Q, but we consider the dependence
of T,, on Q (T,x(Q)). T, isdirectly related to the STM barrier and is modulated by
the vibration of the moleaule.

By expanding T, to first order in Q we have:

0T,e
oQ

Q=TS +Th+v") ®)

0=0

T, (Q)=Tx (0)+

The Hamiltonian (1) can be rewritten using (2):

H=H,+T%(Cic, +Cic, )+ Th(CiCa +Cic, Ju+u™) )
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H, is the quadratic part of the Hamiltonian, and can be diagonalized asin [5].
After the diagonalization we obtain:

H=H,+V

H, = ZeaC(jCa + ZEBC;CB +hQuu

V=V, 4V,
Vv, =TS Z (< b|/31>< al|(;1>C;1CB1 +H [(D) 4

Vv, :TjB(u +u*)Z (<b|,/32 ><az|a>C;2CB2 +H BD)

{|ai >}, {|,/3i >} denote the one particle electronic states of the adsorbate-

substrate system, and of the tip. The projected densities of stateson €, and €, states are
defined:

Z|< >| de-¢,)

(5
- Z|< b|B>"5(e - ¢,
Let us consider the next expansion of the transition operator:
T:V+V;V+V ! Vv ! V + I (6)
E-Hy+1, E-Hy+l, &e-H,-1I,

We evaluate the transition matrix eements in the first, second and third order
between the next initial and final states:

in>=l1, 0, 1, :0,,0,,1, N, >
. (7)
|in>=(0,, 05,1y, 1,04, 1, Nin >

Uo — 0370y

« 1, denotes the occupation of the state a with one electron;

* 0, denotesthe empty o state;
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ay; >, |a2i > areintermediate states up (below) the Fermi level;
* N s Ny INdicate the number of phonons in the initial (final) state.

For dadtic transition n

i.ph =N¢ o =0. For inelastic trangition with emission of

one phonon n, , =0,n; ,, =1, etc..The above |in> and |fin> states correspond to

i,ph
trangtion (elastic or inelastic) for one state electron. It is very easy to extend the notation,
considering two (or more) electrons processes.

In the first order of the development (6) we have elastic processes and inelastic
processes with one electron indicated symbolically in Fig.2. The matrix elements

corresponding to these processes are:

T, =< finV, +V,[in>= TS <HB, ><a la>

Tc =< fin |V, +V,| >= Tk <hlB, ><a,la> ©)

All the matrix elements (elastic or inelastic) in the second order involving one-
electron processes vanish. In fact, this statement is valid for all "™ order matrix elements
with even n (n=2). This is not valid in Persson and Baratoff model in which the first
nonvanishing inelastic processes with one tunneling electron are in the second order. The
explanation of this fact is due to the presence of the coupling between the resonant level
and the vibration mode in Persson and Baratoff model. This coupling term is not included
in our model.

The matrix elements in the second order are:

1 L
=< finV, ———V.|in>, with i, j =12 9
T; fln’vI p—y V,lin>,withi, j =1 9

lo

The nonvanishing matrix elements in the second order involve two electrons. The
elastic and inelastic processes in the second order are presented in Fig.3.

The matrix elements in the third order are:
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T, =<finV, — = v, — X vlin>withi,j.k=12 (10)
E-Hy+i, e-H,+i,

The matrix elements in the third order involve one or three electron processes.
These processes can be elastic processes or inelastic processes with one, two or three
phonons (Fig.4). All the two electron processes in the third order vanish. Other
nonvanishing matrix elements in the third order are inelastic processes with emission of
one, two or three phonons, but the electronic events are the same asin Fig.4, a+d.

Now we evauate the tunneling currents corresponding to the first order terms

indicated in Fig.2. For the elastic tunneling current we have:

19 = ZTd(anc@(EF &, ll—O(eF —eV -¢, )Jé(sao —sﬁo) (11)

where O(EF —sﬁo) is the Fermi Dirac distribution at zero temperature.

The corresponding elastic conductanceis:

AW,

sme < TS [ > [<b/ B Sl<a, /a5 6, -, ple, ~£,,)

(12)
4re’* N\ (=
:%|T£B|2pb(gF )pa(gF)

Where E_F =& —eV

The inglastic conductance in the first order is;

al i(rzwltz,lastic —

ov
= %|T§B|2|< a,/a>’|<b/ B, >|25(5B0 &, -Q)bBle, -ev —eao)@(sF —sﬁo) (13)

T,il‘lB|2pa(§F )pb (EF - Q)@(eV - Q)
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The normalized total conductancein the first order is;

E el( a)stic E |(ne|) astic E el( a)stic —_— ] ’7

- il pufe -2) oev - Q)
|T,SB|2 pb(gF)

We estimate that this formula gives the dominant term in the tunneling current
and predict a ped in the second derivative of the tunneling current. Our result is different
from the result obtained using the Person Baratoff formalism, which predicts a dip in the
seoond derivative of the aurrent.

We have evaluated the tunneling currents and conductance [10], corresponding to
all individual processes indicated in Fig.2 — 4 .The relevant terms in the total conductance
include the interference terms between the first and seaond order inelastic terms, but also
interference between the first and third order elastic terms. In the Person — Baratoff
formalism only the interference terms between the first and third order elastic terms
appea. In our model, the interference terms give a omplicaed formula, but we
appredate that for usua experimental conditions (5 - 10A° separations between the tip
and the alsorbate), (14) gives the dominant term.

For low separation the interadions can modify the relative strength in the

corredion terms in perturbation theory and the @rredion terms can change the sign of 7.

An experimental result in which we observe adip in the inelastic tunneling spedra is
obtained by the Fritz Haber Institut group [11].

Also in the previous estimations, the ontributions to the tunneling current of the
modulation of the barrier by the vibrating moleaules are negleded, we @nsider that in the
case of nonresonat eledronic tunneling, this effed can be dominant and can explain the

experimental results.
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Figure captions:

Fig.1 Eledrons tunnel from the left (L) eledrode (tip) to the right (R) eledrode. The
correspondng projeded densities of states are denoted ps(€) and pa(e).

Fig.2 Diagrammatic representations of the matrix elements contributing to the resonart
tunreling current in the first order. The drcles denates (asin [5]) the Fermi sea of the

tip (B states) andthe Fermi sea of the adsorbate — substrates g/stem (a states).

Fig.3 Diagrammatic representations of the matrix dements contributing to the resonart
tunneling current in the second ader.

Fig.4 Elastic third order proceses with ore or three tunreling eledrons. Circled
numbers indicate the time ordering d the events.
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Fig. 3
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Elastic processes without Elastic processes with
phonons emission and reabsor ption of
one phonon

(d) (h)

Fig. 4



