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The line shape of inelastic transitions seen in inelastic electron tunneling spectroscopy (IETS) performed on
metal-insulator-adsorbate metal junctions is well understood. Recently, there have been reports of quasi-
elastic processes leading to strong wide bands in what heretofore had been called IETS. It is demonstrated
that these quasi-elastic ionizations, known as orbital mediated tunneling (OMT) bands, are actually differential
in nature. However, because of the steeply rising elastic background in IETS, and because of the asymmetric
shape of these bands, they often give the appearance of simple peaks. It is experimentally shown that the
position and width of these false peaks can be used to reasonably estimate the actual maximum in the density
of states associated with the orbital mediated transition.

Introduction the vibrational frequency and electronic-vibrational coupling
Inelastic electron tunneling spectroscopy is an all electron parameter both be small compared to the width of the resonant

spectroscopy that has been extensively revielwé&y measur- electronic transition. As the number of active modes increases,

ing currents and voltages across a metasulator-adsorbate the distortion per mode usually grows smaller, thereby reducing

metal (M—1—A—M'’) device, one is able to extract vibrational the coupling parameter for each mode. Thus, in the case of a
and electronic spectroscopic information about the metals, the complex molecular electronic transition, one might not observe

insulator, and the adsorbate. multiphonon transitions.
In its simplest form, an IET spectrum is a plot ofl/diV2 While resonance-like effects were first attributed to features
versusV. It turns out that usingd?l/dvZ/(di/dV)| [or |(do/dV)/ in the IETS in 19927 the first clear-cut evidence of elastic

o|] as they axis provides spectra having flatter baselines and is tunneling via adsorbate molecular orbitals in—\-A—M’
most appropriate for high bias wofkl! These are called diodes was provided in 19941° Later, Mazur and Hipps
normalized tunneling intensities (NTI) or constant modulation proposed a simple model based on electrochemical redox
spectroscopy intensities. Simple tunneling spectra are measuregbotentials for predicting the position of these bands that they
by applying a variable biasy, and a small modulation called orbital mediated tunneling (OMT) bantsSince then,
component\s, at frequencyf. A lock-in amplifier is used to there has been progress in identifying features in the tunneling

detect the P signal that is proportional to 2ddV2. The spectrum that are associated with quasi-resonant tunneling
instrumentation required for obtaining normalized intensities, through adsorbate orbitals, both occupied and unoccup#d.
NTI, is a bit more comple®1° In general, the bias voltage In the STM realm, elastic tunneling via surface states has

may be converted to the more conventional wavenumbers been well-known and discusséd?® In this case peaks are
through the factor of 8066 cr¥/V. The amplitude of the observed in HdV (or o) versus bias voltage curves. In the case
modulation determines the observed signal strength and resolu-of semiconductors and metals, these surface state variations are
tion, with the signal increasing a%?2 while the line width is in the electrodes, but cases of adsorbate orbital mediated tun-
proportional toV;.112 neling in STM are known both in UH%25and in solutior?5-28

Until relatively recently, it was assumed that all the bands In UHV the orbital mediation may take the role of a direct
seen by this method were due to inelastic interactions betweenresonance interaction (virtual state) or may be through a phonon-
the tunneling electron and the barrier regidd.Kirtley and mediated resonance interaction or through simple hopping. In
Soven first considered the possibility of resonant scattéfing. solution STM work, redox enhanced tunneling was predicted
They argued that resonant scattering should be signaled byon theoretical grounds by Schmicki&rfor true resonance
multiple overtones in the coupling vibrations. Since even single processes, and by Kuznet$bvn the case where there is
overtone bands are almost never seen in |IEff&y concluded relaxation of the intermediate ion before the electron is
that the role of resonant scattering was generally negligible. In transferred to the opposite electrode. Experimentally, both
the tunnel junction spectroscopy community, this idea was so mechanisms lead to Gaussian-like bandslid\d?” This issue
strongly imbedded that the name, inelastic electron tunneling of resonant tunneling versus electron hopping with the molecular
spectroscopy (IETS), became synonymous with #ild¥? vs ion being an intermediate state is still not resolved. It is
V spectra. Although it did not receive much attention, a presumed that all of these processes would fall under the general
theoretical analysis presented by Persson and co-workerstopic of orbital mediated tunneling spectroscopy (OMTS).
showed that under certain conditions resonance tunneling viaBecause of the confusion associated with which mechanism
adsorbate electronic states might not produce multiple phononapplies to a given process, we in general identify all OMT
bands'*1® These conditions, for a single active mode, are that transitions as associated with quasi-resonance processes.
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Figure 1. Elastic and inelastic tunneling processes and of the resultivy di/dV—V, and NTHV curves in positive bias (right-hand metal biased
positively as shown in figure). Dotted curves-] are for junctions having no OMT or IETS bands, solid curves are for junctions having an OMT
band, and broken curves {-) represent data from junctions having a strong inelastic transition.

The purpose of this paper is to address the issue of line shapecan be used to explain features observedlfid\é-V and in
and peak position of OMT bands in NTI versuslots, loosely NTI—V curves. Since more of the tunneling current comes from
(and incorrectly) identified as IETS. We will demonstrate that electrons near the Fermi surface, only those are considered in
past assignments of the position of OMT transitions have a smallthis cartoon of the process. When the bias is low and there is
systematic error and put forth a simple procedure for correcting no structured material in the barrier region, electrons can tunnel
these values. elastically across the barrier. This elastic current is nearly linear
at low bias and becomes very nonlinear at high bias. From past
. . experience with IETS, it is known that both intense inelastic

Al—Al20s—CoPc-Pb tunnel diodes were fabricated by the bands and OMTS bands generally are not directly discernible
same methods as were employed for ot_her OMTS stdlieise in thel—V curve. If the tunneling electrons interact inelastically
cobalt.phthalocyamne (COP.C) was sublimed before use and Walyith CoPc, they lose the amount of energy necessary to excite
deposited 1o an average thickness Of. 0.4 nm as determined b he adsorbate (a vibrational mode in Figure 1) and proceed to
a quartz c_rystal mlcro_balance. '_I'_unnellng spectra were C.OHeCtedtunnel out of the barrier. If the initial energy of the electron is
as normalized tunneling intensities (NT), which are equivalent insufficient to both excite the inelastic process and retain energy

d\/) 8,10 _ - i i i _
to K%(j/b /0||' " ThehAI A(\iIZO; en;;l;Pb !unc':'r?nl :\;,vas pre greater than the right-hand metal Fermi energy, the process is
pared Dy solution phase doping -aminoetnyl--amino- - ¢, higqen by the Pauli principal. Thus, there is an onset bias

propyitrimethoxysilane (ensil), 0.12% in benzene solutifhe for the inelastic channel to contribute to the tunneling current.
NTI spectra of bOt.h co.mpc.)un.ds were measgr'eq i ‘f.’md at For a very intense inelastic electronic excitation, this produces
7K t_)y immersion n liquid helium or liquid nitrogen, a rounded step in thd ivV—V curve (the broken line in Figure
respectively. A modulation voltage of 8 mV rms was used and 1). For quasi-resonant tunneling, where the tunneling electron
all spectra are the sum of more than 30 scans. . is absorbed and re-emitted by the CoPc layer, we would expect
Conductance curves of AlAl,0s—CoPe-Pb tunnel diodes 4,07 /4y curve to reflect the density of states for the CoPc

were measured uszing a cor;figuratiop si_milar to that_ prgviously (empty states in the case of this example). Thus, a discernible
described for &/dI? spectra?? but monitoring the lock-in signal _peak in the #dV—V curve should be seen for quasi-resonant
at the fundamental frequency rather than the second harmomc.processes involving ther* orbital with a local maximum

;I;]heseh&t/(]dl v?ll;es \r/]v'ere_tgler&v}:j?ns'z\ormet(:] to condfulslt%nce occurring near the bias voltage that aligns the Fermi energy of
rougn the relationshipy = ( )- As in the case 0 the left electrode and the CoR¢ orbital (solid line in Figure
spectra, a modulation voltage of 8 mV rms was used and the 1). The dotted line in Figure 1 is thel/dV—V curve for a

diode was held at 77 K. Not presented but recorded wefdld
curves at various modulation voltages from 0.5 to 50 mV. No
significant changes in the results were observed.

Experimental Section

junction lacking either intense IETS or OMT bands.

In the NTI, also shown in Figure 1, the effects of the inelastic
excitation (broken line) and the quasi-resonant OMT band (solid
Results and Discussion line) are easily observed relative to the elastic continuum (dotted

An energy level diagram for the [AlIAI,Os—CoPc-Pb] line) and also relative to each other. Given a knowledge of the
tunnel junction is shown schematically in Figure 1. This figure elastic background curve, as we have in this synthetic spectrum,
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Figure 2. IETS of an A-AI,Os—ensil-Pb junction takenta4 K and Figure 4. NTI difference spectra from the same junction but with

8 mV modulation. Curve A is the raw data, curve B is a simple baseline choices made as in Figure 3 and experimelithl difference
polynomial fit to the background, and curve C is the difference between for the same type of junction. The solid curve is the difference obtained
A and B, the background corrected data. using the dotted baseline in Figure 3. The daghbt curve is the NTI
difference based on the broken curve baseline of Figure 3. The broken
curve is the resonant part of th&dV curve.
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Figure 3. NTI of an [Al—Al,O;—CoPc-Pb] tunnel diode taken at 4 0‘0% 015 1'0 15
K and 8 mV modulation. The solid curve is the raw data. The broken ’ BIAS (Volté)

curve is the baseline fit obtained using data in the intervals and

d—1.5. The dotted curve is the baseline fit to the data on the intervals Figure 5. Experimental t/dV versusV. The dotted curve is the

a—b and e-1.5. polynomial fit of the elastic continuum background. The lower curve
is the difference between the data and the background multiplied by

it is very easy to see that the OMT band is differential in shape 10.

while the IETS is a clear peak. Unfortunately, the real world is identical. Thus, while theoretical considerations dictate that the
a bit more complex and finding the correct elastic baseline is differential shape is the correct one, the band maximum is
often difficult. insensitive to the baseline choice.

Consider the case of a junction having an IETS spectrum  Of course, in the case of OMTS bands, the real quantity of
composed solely of inelastic vibrational excitations and the interest is the maximum of thé/dV curve. To better understand
elastic continuum. Figure 2A presents the NTI spectrum of such how these NTI difference curves relate to the actual band in
a junction. Note that the elastic background makes it difficult di/dV, an experimentally determined/dV curve is presented
to compare vibrational band intensities and distracts the eyein Figure 5. Also shown in Figure 5 is the density of states for
from the vibrational bands. It is now common practice to fit a the orbital mediated transition as derived from removing the
polynomial to NTI data (excluding intense bands) and to then background generated by the elastic continuum (dotted curve).
subtract that background from the data. Both a typical polyno- Note that this band is not symmetrical and tails to high energy,
mial fit and the resulting difference curve are shown in Figure as expected for a system with nonzero vibrational-electronic
2. Because the vibrational bands are sharp, a relatively wide coupling. That same difference band is also displayed in Figure
range of background curves produce essentially the same4. As expected, the maximum ir/dV lies above the maxima
spectral widths and peak positions. seen in the NTI; however, the shift is small compared to the

In the case of OMT bands, however, the choice of data rangewidth of the bands.
for background fitting makes a significant change in the band  In Figure 4, the band maxima of the NTI difference and the
shape. Consider, for example, Figure 3, where two (of many) di/dV band are at 0.573 and 0.686 V, respectively, for a shift
possible choices for regions to be fit are displayed. If one follows of 0.113 V—this is the error introduced by using that apparent
the usual IETS procedure and simply omits strong bands from maximum in the NTI independent of the background function
the baseline data for fitting, the dotted curve in Figure 3 is the chosen. The half-width at é/height (right side) of the NTI
resulting baseline. If, instead, one anticipates the fact that this difference band (solid curve in Figure 4) is 0.156 V, and the
band should be differential in nature and uses only high bias half-width at half-height is 0.132 V. If, instead, one measures
data very far from the OMT structure, the broken baseline the half-width at half-height for the differential NTI curve
results. Difference spectra based on these baselines are show(dash-dotted in Figure 4), one finds a value of 0.102Thus,
in Figure 4. In the case of the conventional IETS baseline, a the error in choosing the maximum in the NTI as the maximum
single broad band results. Choosing a much wider range of in the density of states associated with the OMT process is
excluded data produces a difference band that is clearly approximately the half-width at half-height of the NTI band
differential in form. Interestinglythe band maxima arevirtually independent of the baseline chos&n.see that this should be
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T T T T 1 di/dV signal. Thus, one runs the risk of significantly changing

10 the OMTS shape with the fitting process required to expose it.
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