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1ULU PlCSPEZCM COPY AS A PROBE Or ADSORBATE-SURPACE INERACTIONS

PAUL K. KANMM

Department of Physics, University of California, Santa Barbara, CA 93106 USA

AMS!EACF

Tuneling spectroscopy is a sensitive probe of two classes of adsorbate-
surface interactions: interactions of the adsorbate with the substrate on which
it is adsorbed and adsorbate interactions with the top metal electrode that is
evaporated on top of it. The talk by Professor Hippo focuses on the first of
these classes. This talk focuses on the second. In general, the interaction
of the adsorbed molecules with the top metal electrode produces a down-shift in
the vibrational mode position ranging in size from < 0.1% to < 10% depending
on the dipole derivative of the mode and the type of top metal electrode.

INTRODUCTION

Tunneling spectroscopy measures the vibrational spectra of molecules ad-
sorbed in a tunnel junction. It can be understood with a sile analogy. Fig.
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* 1 shows a container of water with two holes. As the pressure in increased, the

* height of water in the container increases and the flow increases. As shown in

the plot of the flow, F, versus the pressure P, when the pressure reaches 0gh,

the water reaches the upper opening, and the flow has a kink upwards. This kink

become a step in the first derivative and a peak in the second derivative.

Thus, even if the coliin were covered with a black cloth, the height of the hole

could be determined at a position of the peak-in the lowest graph: specifically,

the height of the hole would be equal to the pressure at which the step occurred

divided by pg.
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Fig. 2. 7he molecular vibration enarqv
kv is revealed as a peak in the

tunneling spectrum at hV/s.

Fig. 2 contains a schematic view of a tunnel junction. In this case, the

current through the tunnel Junction is measured as a function of the voltage

across it. As the voltage is increased, the current show a kink at Wve. At

this voltage, the most energetic tunneling electrons, with energy eV, have just

* enough energy to excite the molecules. Below this voltage the molecules will

contribute to the tunneling barrier and perhaps decrease the elastic conduc-

tance by two orders of magnitude. Above thin voltage, a very smiall percentage

of the lost conductance is regained by the opening of an inelastic tunneling



channel in which the electron excites the molecule and then continues to tunnel

across. Unfortunately, the conductance increase due to the opening of the

inelastic channel is typically only a tenth of a percent so that the 2nd deriva-

tive spectrum shown in the lower trace must be obtained to see the structure.

Fig. 3 shows a real tunneling spectrum from som recent work by Atiye

Sayman, et al. (ref.1). Note that there are many peaks. many elastic tunnel-

ing channels open up because there are many vibrational modes of this relatively

complex molecule. In general, we find that Raman active and infrared active

modes are present with comparable intensities in tunneling spectra (refs. 2,3,

4) and that there is a small orientational preference toward modes vibrating

perpendicular to the oxide surface (ref. 5)..
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Fig. 3. A typical tunneling spectrum has many

corresponding to many vibrations.

Tunneling spectroscopy is 4 powerful probe of chemisorption. For example,

in this case, from the near absence of a C-D stretching peak near 280 meV and

the correspondence with a bensoate ion spectrum, we conclude that this molecule



predominantly dissociates: the benzyl-d 7 part leaves the surface and the rm-

maining part ponds as benzoate ions. Professor Hiipps, in his talk, will give

other examples of the interesting adsorbate-surface interactions that can be

observed between adsorbed molecules and the substrate on which they are being

adsorbed. Tis talk will focus on the admorbate-surface interactions that can

be observed between the adsorbed molecules and the top metal electrode that is

evaporated onto then.

EMINUITAL TE3HIfQUBS

Fig. 4 is a schematic view of tunnel junction fabrication. An aluminum

strip is evaporated onto a substrate through a mask, it is oxidized in air or
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fig. 4. tImNel juncticn fabrication.
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oxygen glow discharge, it is doped with a monolayer of molecules from the gas

N . phase or from a liquid solution and the Junction is completed with a cross strip

of evaporated metal, usually lead. It is the interaction of the dopant mole-

cules with this top metal electrode that is the focus of this paper.

BXPDWVAL RZMSUS

Fig. 5 shows a differential tunneling spectrum (ref. 6) of benxoate ions

adsorbed on alumina. (A differential tunneling spectrum is simply a different

spectrum between a doped and an adjacent undoped junction on the sam substrate.

This eliminates m of the background and impurity peaks.) John Kirtley

studied this ion in order to see the vibrational mode shifts due to the evapor-

ated top metal electrode (ref. 7). As an example of his work, let us focus our

*DIFFERENTIAL TUNNELING
SPECTRUM OF:

crr

•C -

Fig. S. The sharp peak near 1600 ci
" 1 was among those studied

for peak shifts due to the top metal electrode by

Kirtley, et al. (ref. 7).

"- attention on the large, sharp peak near 1600 cm . How much has this peak

shifted from the position that would be found with optical spectroscopy of

bensoate ions and no top metal electrode? Fig. 6 shows Dr. Firtley's results

(ref. 7) for that peak. The curve vith circles shows the position of the peak

In a tunneling spectrum with a silver top electrode; the curve with triangles

% A 4 ~ *~* . . . . .. . - * . . . . . . . . .
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ig. 6. Expanded view of the sharp

peak near L400 om" 1 
from

Fig. 5 for different top

meta.l electrodes.

shows the position of the peak in a tunneling spectrum with a lead top elec-

trode. The lines show the n. and Raman positions of the peak for aluminum

bensoate. It should be pointed out that the ra and Raman are measuring the

same peak. The fact that their positions differ indicates the uncertainty in

these measurements. If we assume that the actual position for aluminum ben-

soate is the average of the XR and Ramon values, then we obtain a shift due

to the top metal electrode in tunneling of about two wavenumbers out of 1600
-1

cot or about 0.13%. The down-shift in going to a silver electrode is another

three wavenumbers or about 0.2%. rig. 7 summarizes peak shifts for a number

of vibrational modes (refs. 7,8,9). Note that the shifts are large for C-0

and 0-H vibrational modes.

rig. S shows Dr. KIrtley'a results for 0-9 and 0-0 vibeational modes with

lead and gold top electrodes (ref. 6). ere we see those much larger peak

4: Shifts. We can also note that peaks are broadened with the gold top electrode.
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for 0-H and 0-0 groups can be

easily seen (ref. 8).



Fig. 9 show the C-O vibrational modes for which the largest peak shifts

yet measured have been found (ref. 9). The figure compares an inelastic elec-

tron spectrum with a lead top electrode to infrared results (ref. 11) and elec-

tron enerqy loss results (ref. 10). The peak shifts here are roughly 4% for the

hiqher energy C-O stretching mode and 8% for the lower energy C-0 stretching

made.
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tvibrational spectroscopy
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• "."This type of :junctionc proves ditfficlt to make with different top electes

-" but som results obtained by Dr. Dayman (ref. 12) are shown in Fig. 10. Zn this
came, a thallium top electro~de gav peak positions similar to that for lead,

whAle ti and indi-um to electrodes seem to have elimartned the species with the
lower enegy C-O tetch ling vibration and correspondingly modified the low

energy part of he vibra~ional spectrum r work contais more extensive re-

huls for CO on jiron/almina where agif n relatimely sall peak ehiflts are seen
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in the C-0 stretching region and profound modification of the structure in the

low energy region is found,
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Fig. 10. More dramatic top electrode ef-

fects age found for CO on sup-

ported netal particles (ref. 12).

D)ISCUSSION

These experimental results can be understood within the framework of a

theory developed by Dr. Morawitz (ref. 13) and later generalized by )oraitz

and Philpott (ref. 14) and others. In these theories, the primary interaction

is between the oscillating dipole mode and the image in the metal surface.

The end result is that the shift AWL , for a dipole oscillating perpendicular

to the surface, is:

-ql ,3 a - 2 1
a mwon2 d3  2 q1 (-l d 1

rzr oscillations 2arallel to the surface

Au -qi/16mbnid~ (2)
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Here, is the dipole derivative, m is the oscillating mass, w0 is its unper-

turbed frequency, n1 is the real index of refraction of the oxide, d is the

effective distance to the metal surface, B is the exponential fall-off constant

of the Morse potential, 0 - ( 0 2m/2ED), Q0 is the static dipole moment and

a is the bond length (Equation from ref. 7).

It is the dependence on Q, and d that can be used to understand the data

presented in this paper semiquantitatively: only semiquantiatively because we

cannot measure d directly. We can, however, use d as a fittina parameter and

ask if the values are reasonable. For example, if we assume that the O-H

stretching mode without the top electrode should occur near 455 mev as observed

with infrared spectroscopy, we find that the shift down to 446 may observed

with the top lead electrode implies d - 0.8 A. (Here we have taken Q0 . 0.71 e,

O.0.32 , m - m, n1
2 . 3, 1.6 x 108 cm-1  as in ref. 7.) This is cer-

tainly in the ball park for the parameter. Further, the observation that a

gold top electrode gives a larger downshift can be understood. Gold has a

smaller radius than lead and so presumably it would corn closer to the oscil-

lating dipole.

The much smaller shifts for hydrocarbon vibrations can also he understood.
The major differences are that the hydrocarbon dipole derivatives are much

smaller, typically Q1 
< 0.1 a (refs. 5,7) and the effective distance to the vi-

brational modes, at least for a large molecule, is larger. Similarly, the

larger shifts for C-0 vibrations can be understood, since Q, is extremely large

for these vibrations. Though the value differs with the type of adsorbed CO
and from metal to metal (ref. 9), a value of order Q, a 2 a is typical and fits

the data with the same d as for O-H vibrational shifts.

It should be emphasized, however, that these fits are only semiquanti-

tative. True quantitative comparison will depend on independent methods for

measuring d.

The final figure presents an interesting confirmation of the rough ideas

presented in this paper. It shows a single junction spectrum of hexanoic acid

on alumina, a spectrum from an undoped control junction, and their dif-

ferential spectrum. Note that the position of the O-H vibration is higher on

the doped junction than on the control. In fact, the position on the doped

junction, 453 meV, is very close to the position for O-H groups on alumina with

no top metal electrode, 455 * 3 meV (ref. 8). Perhaps this can be understood

with the following simple model. The hexanoic acid monolayer separates the

top metal electrode from the O-H groups by distances of several A. Since the

distance dependence of the theory of Morawitz, at al. is more rapid than d2 .

this spacer layer will very much reduce the peak shifts of the O-H group due to

the top metal electrode. Thus, we would expect the O-H peak at higher energy
in doped compared to undoped junctions.

..............................................................
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ChINCSIONS

1. Vibrational mode shifts due to the top metal electrode in tunneling

spectroscopy can be observed by comparison of tunneling spectra with infrared,

Raman and electron energy results without the top electrode and by intercompari-

son of tunneling spectra with different top electrodes.

2. The magnitude of the peak shifts ranges from an order of a tenth of a

percent for hydrocarbon vibrations to as large as many percent for 0-H and C-0

vibrations.
3. The shifts can be seiquantitatively understood within the framework

of an image dipole theory developed by Norawitz, et al.

4. Quantitative confirmation will depend upon the accurate, independent

determination of the effective distance to the top metal electrode.
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