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Inelastic Electron Tunneling from a Metal Tip: The Contribution from Resonant Processes
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We present a simple model calculation for electron tunneling between a metal probe tip and a metal
surface with a chemisorbed molecule. It is shown that under suitable conditions, resonant tunneling via
interaction with a molecule vibration can give a decrease of 10% or more in the total tunneling conduc-
tance. Adsorbate systems are suggested where our predictions may be tested.

PACS numbers: 73.40.Gk, 68.45.Kg

The scanning tunneling microscope (STM) has proven
to be very useful for the study of surface structure.!
Another unique capability of the STM would be to per-
form inelastic-electron-tunneling (IET) spectroscopy on
molecules adsorbed on readily accessible and controllable
surfaces, as done until now with molecules incorporated
in oxide junctions.? The spatial resolution of the STM
should allow one to probe individual adsorbates, their
bonding environments, and, with IET, their vibrational
properties. Such /ocal elastic and inelastic tunneling
measurements could provide a unique insight into sur-
face properties not possible with other techniques such as
high-resolution electron-energy-loss (EEL) or infrared-
reflectance spectroscopy. The ability to study adsorbates
locally is especially attractive since it is widely believed
that many catalytic reactions involve only a few active
surface sites, such as steps or foreign atoms (e.g., pro-
moters or inhibitors).

Earlier, Persson and Demuth calculated the contribu-
tion from dipole coupling to the inelastic tunneling
current.® In the favorable case of CO on Cu(100), the
increase in tunneling conductance at the excitation
threshold for stretch vibrations was found to be only 1%
of the elastic background contribution. Such changes
are difficult to detect even with cryogenic rigid STM’s
currently available.! In the present work we show that
resonant tunneling can give a relative change n in tun-
neling conductance which is 10% or more. This is partic-
ularly important because it appears easier to identify ab-
sorbed molecules via their internal vibration frequencies
rather than via their electronic levels which are sig-
nificantly broadened and shifted.

The model we study is the simplest one which contains
what we believe is the essential physics. It provides use-
ful estimates of the resonant contribution and predicts a
fingerprintlike decrease in conductance (n<0) in the
optimum situation of an electronic resonance overlapping
the Fermi level € of the substrate. In that case n can be
related to quantities derivable from independent mea-

surements.

We consider tunneling from a single atom (from now
on called the tip atom), located at the apex of a metal
tip, to a molecule adsorbed on a metal surface [see Fig.
1(a)]l. The molecule is assumed to have an electronic
resonance as shown schematically in Fig. 1(b). This reso-
nance is derived from an orbital |a) of the molecule.
Extensive spectroscopic investigations and electronic
structure calculations, e.g., Lang and Williams,* have
shown that such adsorbate-induced resonances frequent-
ly occur in the vicinity of &. Tunneling between the
metal tip and |a) occurs most effectively when |a) has s
or p, symmetry (more generally, Y;o symmetry). Wave
functions with m=0 (e.g., p,) have a nodal plane or axis
perpendicular to the substrate; as a consequence their
overlap with the probe tip and their contributions to the
tunneling current are much smaller than those for
m=0.>> For simplicity, we assume that tunneling
occurs via a single resonance derived from an m =0 or-
bital |b) associated with the tip atom. Figure 1(b)
shows the densities of states projected onto orbitals |a)

EF
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FIG. 1. (a) Electron tunneling from a metal-tip atom with
an orbital |b) to an adsorbed molecule with an orbital | ).
(b) Densities of states p,(¢) and p,(e) projected onto the or-
bitals |a) and | b).
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and | b):
pa() =Y lala)|?8(e—¢,),
pple)=3, [<6|B)| 26(e— ep).

Here, and in what follows, |a), |a’,..., and

|8, 1B, ..., denote one-particle electronic eigenstates @ (b)

of the molecule-metal system and of the tip which decay

away from the respective electrodes. FIG. 2. Two processes which contribute to inelastic electron
The basic physical process we want to model is as fol- tunneling. The shaded circles represent Fermi spheres associ-

ated with the metal tip (left) and the molecule-metal system
(right). (a) An electron in a level 8 on the metal-tip tunnels to
a level a' of the molecule-metal system. This electron next
makes a transition to level a while emitting a phonon (a molec-
ular vibration quantum). (b) An electron-hole pair is first (vir-

lows: When a potential V is applied, a net electron tun-
nel current flows between the two electrodes. If the tip is
centered above the molecule, then an effective tunnel
channel will be via the resonance p,. When an electron

has tunneled into the orbital |a), it is on the average tually) created (hole in a' and electron in a) in the molecule-
trapped in this orbital for a time 1=~A/I", where I' is the metal system simultaneously with a phonon. Next, the electron
width of the resonance p,(e). This leads to a change of in level B on the metal tip tunnels to the molecule-metal system
the internuclear potential which induces a relaxation of and recombines with the a’ hole.

the molecule. For example, when an electron is trapped
temporarily in the antibonding 27* level of CO, the C—
-O bond distance tends to increase. Thus, when the electron hops from |a) to the conduction band of the substrate via
the hybridization interaction Uy, the molecule can be left in a vibrational excited state. This kind of process is well do-
cumented in inelastic electron scattering from gas-phase molecules.®

The following Hamiltonian contains the process described above:

H=6 Qg+ exfix + X, Uaclex+Hee) + ey + 3, €450+ 34 Uy (cfe +Hee))
+9vfoti,(ctes+efe). (1)

Here, Q is the displacement associated with a vibrational

mode of the adsorbed molecule, ¢€,(Q) is the resonance ! Since Hy is quadratic in creation and annihilation opera-
level of the molecule calculated for fixed Q, vV and v are tors, it can be diagonalized,
the creation and annihilation operators for the molecular _ + +
vibration, and Q/A its frequency. Furthermore, k& and Ho=3,€acicat Lpepcfest av'e, (3)
k' label the one-particle eigenstates of the substrate and to include resonances in nonperturbative fashion from
of the metal tip, respectively. The last term in H allows the outset. Next we use perturbation theory with respect
an electron to tunnel between the tip atom and the ad- to U=U,+U,, where
sorbed molecule. We expand ¢,(Q) to first order in Q:
€a(Q) = €, (0) +€,(0)Q = ¢, + 5w +0u 1), Uy=6e+uNE, (o' |a)aldejica, )
where Ur=ta Y, (b | pXaladcics+H.c), (5)
Se=e,(0)00=€,(0)h/2m* Q)72 (2)

to calculate the rates of elastic (w,;) and inelastic (wjpe))
electron tunneling. Since the final states in those pro-
cesses are orthogonal they do not interfere. Assuming
kT < Q—~eV, we get the resonant inelastic tunneling
| rate associated with single-phonon emission:

wine = Qr/h) Y, pf(ep) [l = flea+eV)16(eat Q@ —€p) [(a,n=1|U(Ho—€e5—i0) "'U|B,n=0)]2, (6)

and m* is the reduced mass of the vibrational mode un-
der consideration. We can now write Eq. (1) as

H=Ho+8e(w+vefca+tamcler+cfes)=Ho+U.

where /0 denotes an infinitesimal positive imaginary part and f(e) =6 (eg — €) is the Fermi-Dirac distribution function.
The factor f(eg)[1 — f(e,+eV)] guarantees that an electron tunnels from an occupied state of the metal tip to an emp-
ty state of the molecule-metal system. This formula accounts for the two processes shown in Fig. 2. With use of Egs.
(3)-(5), assuming that the tip density of states projected on the orbital |5) is broad so that p, () = py (g — Q) to a
good approximation, and neglecting the distortion of the barrier by the applied voltage, we obtain after some
simplifications the corresponding tunneling conductance

2

de'L oV —q). )

€' —ér—eV—i0

alinel — 471'6’2

Y% , 8€| tap | 2pp (ep)pa(Ep+ Q —eV)
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The elastic channel also contains contributions of order 8¢2 due to phonon emission and reabsorption. Most of these
vary smoothly with eV but, because of restrictions on the occupancy of available states, one term exhibits (at 7=0) a
logarithmic singularity and another one a step-function decrease at eV’ = Q.7 Near threshold the contribution to the to-

tal tunneling conductance normalized to its zero-order elastic background is found to be?®

pale)

€ —é&—a—i0

pa(f_F)
Pa(f_}?+ .Q)

fa'e'

— 2pa(EF)

AP/ _ s
a1 /8y

where A is a cutoff energy much smaller than I'. The
logarithmic term will influence the line shape but not the
net change n in the normalized conductance, defined as
its difference between eV =Q+§ and eV =Q —§, be-
cause it is symmetric about e/’ =Q. In an actual mea-
surement, & should be chosen larger than the combined
thermal and vibrational lifetime broadening, but small
enough for background variations to be negligible

If we ignore the logarithmic term and approximate
pa(€) by a Lorentzian of width ' (FWHM) centered at
e=¢,, Eq. (8) gives

. Se? (Gr+Q—¢€,)?—(1/2)?
e e — e )2+ (IT/2)? (Gt 0 — )2+ (1/2) 2
©)

Equations (8) and (9) are the main results of this work.
If Q<T and (8¢/T)?< 1, then multiphonon contribu-
tions, which can be important for free molecules,® are
negligible. Both conditions are satisfied for chemisorbed
molecules (see below) to which we restrict our attention
from now on. Although resonantly enhanced, ]n,csl
remains smaller than unity in that case.

When V is reversed, electrons tunnel from the
molecule-metal system to the tip; nqs is still given by Eq.
(8) but with the opposite sign in front of @ and the loga-
rithm. Together with the asymmetry in the barrier
transmissivity, this produces a stronger asymmetry in
81/dV than dipole coupling.?

The dipole contribution to the inelastic tunneling con-
ductance is given approximately by naip = (u/eag)?,
where u is the dynamic dipole moment of the vibrational
mode, and aq is the Bohr radius.? The corresponding in-
elastic 8¢? contribution is negligible compared with the
elastic one.”® Assume that the main contribution to u
also comes from the charge oscillations occurring be-
tween the molecular and the metal substrate as the reso-
nance oscillates about & while the molecule vibrates.
We can then write y=ed én = ed 5ep, (&), where d is
the distance between the positive and negative centroids
of the oscillating distributions (for large molecule-metal
separation this would be the distance between the cen-
troid of |a) and the static image-plane position), and ob-
tain

Naip == (d/ ao) *[8ep, (€¢)]? (10)

n2p.(Ge+0)O(eV — Q) +1n

2
eV —0)

leV—.Ql
A

. Pal€)
Pfdf E—,‘_—

—€g— N

}, (8)

or, using Egs. (8)-(9),
ndip/ﬂres = (d/ lmo) 2/C,

where C=—1+(é—¢,)%/(I'/2)%. For most chemi-
sorbed atoms* or small molecules, d Sag so that, unless
lea—&| =T/2, |nap/Mees| S1/n%. Thus, when the
conditions stated above prevail, resonant tunneling is still
expected to dominate over the dipole contribution by
roughly a factor of 10.

As discussed elsewhere,® damping of the vibrational
mode via electron-hole pair excitation accompanies the
charge fluctuation &n discussed above. A model calcula-
tion, essentially based on the same model Hamiltonian as
used above, predicts a damping rate®

T =2706n)2=2n0lep,(&:)]2% (11)
Therefore, we can rewrite Eq. (9) as
nreszﬂ'c/zﬂt (12)

Equation (12), apart from being of interest in its own
right, should be useful for estimating 1. when Q and 7
are known from, e.g., infrared reflectance or EEL mea-
surements.

Let us estimate 7.5 for some small molecules, for ex-
ample, O,, N,, NO, and CO. From calculations on the
free molecules and their negative ions one can deduce
€5+ =10 eV/A,; since, furthermore, Qo= 0.03-0.04 A,
5e=0.3-0.4 eV.® Upon chemisorption, the 27* level of
these molecules forms a resonance located in the vicinity
of & (usually above).'® If this resonance has a realistic
FWHM I'S2 eV, and if it is centered at ér, we get from
Eq. (8) |nues| = (26¢/T)220.1. Typically, |nes| is
smaller than estimated above because the 27* resonance
is centered somewhat away from é. However, it can be
forced closer to €g via coadsorption with an electron pro-
moter or inhibitor. Thus, when optimum conditions pre-
vail, the contribution from resonant tunneling can be
unusually large.

An additional contribution arises from modulation of
the tunneling distance by vibrational motion, and can be
accounted for by expanding 1,5(Q) == 145(0) +1,,(0)Q.
This gives 1= aQq| 2= 10 73 because

a=tlp/ta = Qmo/h?) 2 =1A"!
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(¢ is the metal work function) in typical cases. !

For |e,—é&| <TI/2, Eq. (9) predicts a decrease in
91/3V at eV =Q. A decrease was in fact observed at the
C— N stretch vibration threshold in the IET spectrum of
CNCH; (an electronic analog of CO) chemisorbed on
small rhodium particles incorporated into an oxide junc-
tion.'! Including thermal broadening and the logarith-
mic term in Eq. (8), we can quantitatively fit the ob-
served line shape.® Most IET measurements on oxide
junctions have been performed on molecules which in-
teract weakly with the electrodes. In such cases one ex-
pects a resonance to occur near ég only by coincidence.
Thus 91/3V usually exhibits increases at vibrational ex-
citation thresholds, and the corresponding intensities
often correlate well with those of peaks in infrared spec-
tra, thus indicating predominant dipole coupling.?

We close by discussing an especially interesting system
where resonant tunneling could be important, namely,
O, chemisorbed on Pt(111).'2 The O—O stretch fre-
quency, 1556 cm ! in the gas phase drops to 875 cm ~!
upon chemisorption (at 77<90 K). This reduction has
been attributed to a significant weakening of the O-O
force constant by a large electron transfer from the met-
al to the antibonding 27* orbitals of O,, and back dona-
tion from the corresponding bonding 1z orbitals. The O-
O stretch vibration is infrared inactive in the gas phase
because of symmetry, but upon chemisorption this mode
acquires a large perpendicular dipole moment u
=0.leag, as can be deduced from EEL measurements.
This indicates that, although the molecule lies parallel to
the surface,'? large charge rearrangements occur during
vibrational motion. Associated with this should be a
strong electron-hole pair damping. Indeed, from EEL
measurements one can deduce that 1/r=20 cm ~! and
also that the line profile is asymmetric as expected for
this damping process.'> Hence, if tunneling occurs via
the O, 17 or 27™* resonances and | C| = 1, then Eq. (12)
suggests that | 7| == 0.04 which should be possible to

342

detect experimentally. Although the 27z* resonance per-
pendicular to the surface has overall m = = 1 symmetry,
tunneling should be effective if the tip is centered above
one of the O atoms rather than at their midpoint. Final-
ly, we note that in this case ngqip == 0.01.

The authors thank S. Lehwald and H. Ibach for sup-
plying their original EEL data on O,/Pt(111) and R. O.
Jones for useful suggestions.
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