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A dipole-potential, transfer Hamiltonian theory of intensities is applied to the tunneling spectrum of
CH,SO; ~ chemisorbed on alumina. In a previous study of the vibrational energies of this molecule, Hall and
Hansma proposed that it absorbed on alumina with the C-S bond oriented normal to the surface.
Comparison of the predictions of the present theory with experiment supports this orientation. Dipole
derivatives generated from tunneling intensities compare well with those obtained from infrared

measurements for similar species.

INTRODUCTION

An understanding of intensities in inelastic-elec-
tron tunneling spectroscopy (IETS)!'? may enable
one to infer the orientation and possibly other
properties of molecules adsorbed on surfaces. To
date, no theoretical model for intensities in IETS
has been compared with experiment for complex
molecules. We develop here a dipole-potential
transfer Hamiltonian theory of intensities in IETS
to the point where it is possible to carry out such
a detailed comparison.

We apply this theory to the spectrum of meth-
anesulfonate (CH;S0;”) on alumina. Kirtley, Scal-
apino, and Hansma? have shown using this theory
that vibrations with net dipole moments normal to
the surface have larger intensities than vibrations
with net dipole moments parallel to the surface
when image charge effects are taken into account.
We will show that this orientation “selection rule”
depends sensitively on the distance of the image
plane to the origin of the dipole potential. Reason-
able choices for the molecule-image plane distance
and for dipole derivatives from infrared measure-
ments lead to theoretical intensities that agree
reasonably well with experiment if the C—S bond
is assumed to be normal to the surface. Our in-
tensity theory, therefore, supports the orientation
proposed for CH;SO;” by Hall and Hansma® from a
consideration of vibrational mode frequencies.

In IETS the vibrational spectrum of a molecular
monolayer or submonolayer in a metal-metal
oxide-molecular layer-metal tunneling junction
appears as small peaks in the second derivative of
the current-voltage characteristic of the junction.
These peaks are the result of small increases in
the tunneling conduction across the junction due to
inelastic tunneling processes: Tunneling electrons
lose energy 7w to the excitation of a molecular

vibration in the barrier region. The voltages of
the peaks are given at low temperatures (spectra
are run at or below 4.2 K) by the quantum relation
eV =nw, where V is the bias voltage across the
tunneling barrier. Our object is to calculate the
magnitudes of the conduction increases due to in-
elastic tunneling processes.

Since the basic framework of the theory to be
developed has been presented previously,® we will
merely outline it here. We will assume that the
oxide and molecular monolayer make up a simple
square potential barrier of height ¢ (measured
relative to the bottom of the conduction bond of
metal 1) and width I. In some cases (especially
for low effective molecular barrier heightss) it can
be important to take into account the difference
between the barrier heights of the oxide layer and
the molecular monolayer. The difference in bar-
rier heights is not expected to be important for
CH;3S0O;™ on alumina.

Following Bardeen’s transfer Hamiltonian ap-
proach, the initial and final WKB approximation of
free-electron-like wave functions localized on op-
posite sides of the barrier are given within the
barrier by
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with similar relations for the final state (primed)
parameters, E is the electron energy relative to
the bottom of the conduction band, and L is an
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arbitrary normalization length which will cancel
out.

Electrons are transferred inelastically between
the initial and final states by an interaction poten-
tial which we assume to be of the form

V,(r R) Z,

where T is the position of the tunneling electron,
Z.e is a partial charge localized at an atomic po-
sition R,=a,z +b,% +c¢,y, and the sum # is over
all atoms in the molecule. In principle, this sum
could be made over all spatial positions with a
small mesh to take into account the detailed mo-
lecular-bond charge distributions. In practice,
experimental evidence® points toward a relatively
long-range potential, so that (1) an atom-by-atom
sum is sufficient, and (2) our neglect of exchange
is justifiable.

The component of the total potential (5) which
transfers electrons inelastically is that which os-J
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cillates at the vibrational mode frequency. If we
take the picture of static charges attached to the
vibrating atoms, the interaction potential becomes
in the harmonic approximation,

- = -y = 1 ©
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where R? and SR are, respectively, the equilib-
rium position and vibrational amplitude for the
nth atom due to the kth normal mode of the mole-
cule. This potential has the form of a sum of di-
pole potentials, each dipole located on an atom in
the molecule
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If we include the images of the oscillating charges

in the two metal surfaces and dielectric screening
in the oxide, the potential becomes

(9)
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where € is the dielectric constant of the oxide
(taken to be 3 for Al,0;).

Fermi’s Golden Rule for the transition rate be-
tween initial and final states on opposite sides of
the tunneling barrier becomes

why =2 /1) | M |20(e; — e —Fiwy)

where ¢;, ¢; are the initial- and final-state elec-

(10)
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0
with g;, ¥, given by Egs. (1) and (2), and VAT, R)
given by Eq. (9). By Fourier transforming the po-
tential and performing the required integrations,
we can evaluate the matrix element

tron energies, and & is the Dirac delta function. ioybp,iayc 12
M= e oot aynghl (12)
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]
o : -K,s_oi}_[e @0y 4 om0y, (e (egmaps 1 glagray)s 1)
=5 a, L e¥u-1 o, -a, a,ta,
1 ( - - ~a,0
+ ag-0))s atj_a,,:t ajany o a,,ie o a, + eﬂf.“n_e 1% ] (13)
e —a.le (€%t £ ™) (e N =g e )|
T
where (. } is the Ith Cartesian component of the ay, I=1 (%)
expectation value of the dipole moment operator a,=0a, 1=2 (§) 15
between the ground and first excited vibrational ! ¥ Y (15)

states of the kth normal mode due to the nth os-
cillating charge,
ay= kx - k:I: )

ay,=k,—k;, (14)
t,=(kEL/K K2,
(0[ +a )1/2

a, 1=3 (3)

the upper sign is taken for I =3 (Z) and the lower
sign is taken for 1=1,2 (%,9).

The second derivative of the current due to the
kth vibrational mode of the molecule is given by®
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where j is the current per unit area through the
junction, = is the surface density per unit area of
dopant molecules, ez(e;) is the Fermi energy in
the initial (final) electrode, and the matrix element
is evaluated on the Fermi surfaces (assumed
spherical) of the two metal electrodes. [Note: Eq.
(16) corrects a minor error in Eq. (14) of Ref. 3.]
By making the transformation

¢1=¢ ’
¢2:¢—¢’5

one integration over azimuthal angles can be done
immediately:
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where b, =b,=bm, Chm=Cn=Cum, pnmz(b?:m
+¢%,)1/%, and Jy(x) is the Bessel function of the
first kind for v=0. In the special case p,,=0,
Egs. (19) reduce to

<a11)nm=<a22>nm=ﬂ P
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The change in conductance due to the kth vibra-
tional mode becomes
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The final three integrations over incoming and

outgoing angles were done numerically to obtain
the coefficients A:, m 1,1+ for a given molecular
geometry, barrier parameters, and vibrational
energy. For this work we set! =15 .z\, ¢=12 eV,
er=€r=10"eV, parameters typically used to model
the current voltage characteristics of these junc-
tions.’ Our results do not depend strongly on these
parameters. An appropriate dimensionless quan-
tity that will be compared with experiment is

A /(e V) /(djo/d(@V)rer)

the ratio of the change in conductance due to the
opening of the kth inelastic channel, divided by the
total conductance at a reference voltage where

dj eK) k0
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and
K =[@m/n*) (o —ep)]!/?

are given by the same model barrier as used for
the inelastic conductance calculations.

Kirtley, Scalapino, and Hansma?® have shown
previously that the model outlined above, when
applied to diatomic molecules (OH™ and CO), gives
approximately the absolute magnitudes for IETS
intensities and the ratio of intensities for opposite
bias voltage polarities. In addition, the theory
predicts that Raman-active as well as infrared-
active modes should be observable, even neglect-
ing molecular polarizability. Finally, molecular
vibrations with net dipole moments normal to the
surface have larger inelastic cross sections than
vibrations with net dipole moments parallel to the
surface for dipoles close to one electrode. Physi-
cally the reason for the last is that near a metal
surface, the image dipole adds to the potential of
a dipole normal to the interface, but tends to can-
cel out the potential of a dipole parallel to the in-
terface. For very long wavelength excitations (and
only one metal surface) one would expect to see
only vibrations with dipole moments normal to the
interface. This is not the case, however, for di-
poles deep within the tunneling barrier. First, as
pointed out in Ref. 3, energy loss and off-axis
scattering [ resulting in nonzero a, and «, in Eq.
(13)] tend to allow constructive and destructive in-
terference between the individual scattering di-
poles. Second, near the center of a parallel plate
capacitor, the dipole potential, which is odd in the
coordinate parallel to the dipole, tends to integrate
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FIG. 1. Plots of the angle averaged inelastic tunneling
matrix element squared A%, for a single dipole oriented
normal (solid line) or parallel (dashed line) to the sur-
face as a function of the position of the dipole relative to
the metal electrodes at z=0 & and z=15 A, for three
different vibrational energy losses. Dipoles oriented
normal to the interface have larger inelastic cross sec-
tions than dipoles oriented parallel to the interface close
to the metal electrodes, but dipoles parallel to the sur-
face are favored deep within the barrier.

to zero for dipoles normal to the interface, This
can be seen clearly in Fig. 1, where the incoming
and outgoing electron scattering angle averaged
coefficient A% | | (dashed line) and A% , 5,5 (solid
line) [see Eqgs. (21) and (22)] are plotted against
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the position of a point dipole relative to the two
metal electrodes (at 0 and 15 f&), for three differ-
ent vibrational energy losses. This figure shows
that for molecules located close to the interfaces,
dipoles oriented normal to the surface (A};;) have
a higher probability of excitation, but that deep
within the oxide, dipoles oriented parallel (A% ;)
are favored, although at a lower scattering amp-
litude. Therefore, we expect that the orientation
selection rule will depend sensitively on the place-
ment of the dopant molecule with respect to the
counter electrode. [Note that in our convention
electrons tunnel inelastically from right to left,
and the favored bias direction (Al negative) cor-
responds to a placement of the molecule near z
=0

Since molecules of experimental interest have
spatial extents of several angstroms, a test of
orientation selection rules must be made with de-
tailed calculations of a particular molecule of
known orientation. Such a molecule is CH;SO;” on
alumina.

EXPERIMENTAL DATA

Experimental details of the inelastic tunneling
spectra for CHgSO; have been published else-
where.! The spectrum was taken with an Al-AL,O,-
CH;SO; -Pb tunneling junction at 4.2 K, the Pb
electrode superconducting, and with approximate-
ly 1 mV rms modulation voltage. The resultant
vibrational mode energies, normal mode assign-
ments, and measured peak intensities are tabu-
lated in Table I. Analysis of the vibrational mode
energies indicates that the SO3H group bonds to
the surface as a sulfonate ion (losing a proton),
that the oxygen atoms are bound to the surface in
nearly equivalent chemical positions, and there-

TABLE I. CH3SO3" IETS spectrum.

Normal mode number Symmetry Description Intensity (%)? Energy (meV)P
1 Ay vg(C-S) 0.079(6) 97.7
2 Al VS(C—H3) 0.110(6) 362.2
3 Ay VS(S—Osn) 0.053(6) 128.8
4 A1 GS(C-Hs) 0.032(6) 164.5
5 A, 84(S-05") 0.049(14) 67.9
6 A, Torsion
Ta, o E Pa(C-H3) 0.021(14) 119.6
g, E Pa(S-04°) 0.042(14) 42.5
9a, 9 E Va(C~-Hjy) 0.082(7) 371.7
10a, 10b E Vg (S-O3_) 0.062(7) 144.4, 149.4
1la, 11 E da(C—H3) 0.039(6) 174.8
122, 12b E 64(S-03") 0.014(14) 65.1

2Values normalized to percentage of reference conductance at 50 meV, numbers in paren~
theses are the experimental uncertainty in the preceding digits.

b} meV =8.06548 cm™.
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fore that the molecule is oriented with the C-S
bond normal to the surface.

The spectrum was taken using standard tech-
niques with a constant current modulation.? Under
these conditions the ratio of the change in conduct-
ance due to the kth vibrational mode divided by the
junction conductance at some reference voltage
(in our case 50 meV) is given by

A( d{’ejv)>7 (/A€ V) seq

_4Vret
=4yt fk AV Voo Vit fk dVVa,, (24)

where V, is the amplitude of the first harmonic
modulation voltage across the junction, V,, is the
amplitude of the second harmonic signal, and the
integral is taken over the band with the broadly
varying background subtracted out. (The integral
was taken by cutting out the peaks plotted on-chart
paper and weighing them.) There was considerable
uncertainty in the choice of assumed background.
The superconductivity of the Pb electrode helped

to resolve the peaks, but also generated uncertain-
ty in peak shapes.”® The error brackets in Table
I reflect this uncertainty, which is especially large
for small peaks that overlay the background oxide
phonons.

MOLECULAR THEORY

The CH;3S0; species has C;, symmetry (see Fig.
2), with 18 normal vibrational modes which are
classified according to the following symmetry
types:

H,(1.028, 0, 2.213)
H3(-0.514,-0.890, 2.213) Hp(-0.514,0.890, 2.213)

Ol AT
@< ¢(0,0,1.850)

CH3(0,0,1.850)

€5(0,0,0926) —=©

$03(0,0,-0.080)
/ N

{
03(-0.693,-1.200, -0.490) 0,(0693, 1.200,-0.490)
0,(-1.386, 0, -0.490)

X y

FIG. 2. Geometry, internal coordinates, and the
methyl, sulfate, and C—S group positions for the sym-
metry coordinate sum described in the text, for the
CH;3S80;3" species.

Typ=5A, +A,+6E .

The Ay modes (1-5 in Table I) correspond to
totally symmetric vibrations with net dipole mo-
ments parallel to the C-S axis. The E modes
(7-12) correspond to doubly degenerate antisym-
metric vibrations with net dipole moments perpen-
dicular to the C-S axis (see Fig. 1, Ref. 4). Both
the A; and E modes are infrared and Raman active.
The A, mode corresponds to a torsional vibration
about the C-S bond which is forbidden to both in-
frared and Raman spectroscopies, and has not
been observed in IETS.

To compare theory with experiment it is neces-
sary to assign values to <u'f,’,> , the expectation val-
ue of the dipole moment operator. (u*) is related
to the derivative of the dipole moment with respect

to the normal coordinate by
1

<'u’:;>=<Qk>m%gf, (25)

where (@) is the expectation value of the kth
normal coordinate between the ground and first
excited states (our measurements were made at a
temperature such that %w,> kT) and p’, is the Ith
Cartesian component of the dipole moment due to
the mth bond. The connection between normal co-
ordinates @ and symmetry coordinates S, for
which dipole derivatives are traditionally tabu-
lated, is made through a normal coordinate anal-
ysis and the L matrix®

Wy N, uh
o -—Lj\:Lw s | (26)
Then
k1 aIJI
(Womy= ZAkj as_rfl , (27)
J J
where
Ari=(QryotLy; - (28)

We obtained the amplitudes A,; of the jth sym-
metry coordinate for the kth normal mode using
the following information: The symmetry coordi-
nates in terms of the internal coordinates shown
in Fig. 2 are given in Table II. Blirger, Burcsyk,
and Blaschette!” performed a normal mode coordi-
nate analysis using these symmetry coordinates.
Assuming a staggered molecular geometry, they
calculated the force-constant matrix F by using
the G matrix of Clark and Weber!! and solving the
secular equation

|GF -Ew}| =0, (29)

where E is the unit matrix.
The secular equation defines a set of simulta-
neous equations by matrix multiplication
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TABLE II. Symmetry coordinates of CH3S0;".

Approximate mode descriptiona

b
S, =R

Sy=(dy +d,+ds)/33
Sg= (D + D, +Dy)/3%

A, species

Sy=(@ayy+ay3+agy=byy—by3—by3)/63
Sg= Ay + A3+ Ay =By =By —B,;)/63

E species
(doubly degenerate)

Sqq= (2by =by—b3)/63
Sga= (2B =By —B3)63

Sgo = (2d; —d, —d,)/6%
Si0a = (2Dy =Dy —D3)/63
Sy1q= (293 =y —ay,)/ 63
Sipa= (2493 =Ay —Ay,)/63

1 V,(C=S)

2 Vs(C=Xs)

3 VS(S—'O3')

4 63(C—X3)

5 64(5=03~)
Sqp= by =b3)/23 7 Pa(C—X3;)
Sgp= (B, —B3)/23 8 Pa(S—037)
Sgp= (dz-da)/Z% 9 V,,(C""Xg)
Si06= (D, ~D3)/ 2% 10 Va(S=03")
Siyp= @y —ay3)/23 11 0,(C—X3)
S196= (A3 —Ag)/2% 12 84(8-03")

2 There is considerable coupling among A;, species for modes 1-5, and among E species for modes 7-12 (see

Table III).

b The variables here refer to changes in internal coordinates in Fig. 3.

(GF ~Ew?)A,;=0. (30)
We found the-absolute values of A,; by first solving
Eq. (30) for the relative values of A,; and then
equating the potential energy of the amplitudes to
that of the expectation value of the normal coordi-
nate (@,)); between the ground and first excited
state of a linear harmonic oscillator®:

3 izj:FijAkiAkj =30XQ0E , (31)
where
@u= [VrQundQu= /20" (32)

Table III shows the computed values of A,; for
CH3SO;". For this application we cast the atom-
by-atom sum for the tunneling electron-molecule

interaction [Eq. (6)] into a symmetry coordinate
sum
V,=—eZE?'%(,TL—-r)e’“kt, (33)
i I -R;l
where j is the symmetry coordinate number and
ﬁ? is the center position assigned to the jth sym-
metry coordinate. This makes direct comparison
with infrared symmetry coordinate dipole moment
derivatives quite straightforward. We found that
the qualitative results we obtained from the theory
were the same (for a given net dipole derivative
with respect to symmetry coordinate) whether we
cast our potential in an atom-by-atom, bond-by-
bond, or symmetry coordinate sum. This is a re-
sult both of the long-range nature of the interaction
and the relatively small size of the molecule. We
assumed ﬁ'} to be at the center of the methyl group

TABLE III. CH3SO3- symmetry coordinate amplitudes A,,j. % and j refer, respectively,
to normal mode number and symmetry coordinate number.

k/j 1 2 3 4 5

1 0.04177  0.00034 0.00858 0.01519 0.02755

2 ~0.00377  0.07658 0.00001  —0.00920 0.000 00

3 —-0.01470  0.000 08 0.03330 0.01725  —0.02047

4 0.01382  0.00182  —0.003 60 0.17287  —0.000 86

5 ~0.02004 —0.00037 0.002 62 0.01200 0.069 81
k/j Ta, 8a, & 9a, 9b 10a, 10b 1la, 116 12a, 12b
Ta, B 0.12202  0.01352  —0.00340 0.00692  —0.04660  —0.000 32
8a, 85  =—0.02502  0.07878 0.000 24 0.00175 0.01000 0.014 27
%, 9b —0.00619 —0.004 24 0.07848  —0.00008 0.00710 0.000 00
10a, 106  —0.02256 —0.01560 0.000 90 0.03789 0.009 96 0.019 22
lla, 115 0.04816 —0.00356 0.00286  —0.000 90 0.17394  —=0.000 70
0.01358 —0.00736  —0.00052  —0.00950  —0.004 82 0.07193

12a, 12b
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TABLE IV. Comparison of methyl group dipole derivatives 8u/ 8S; expressed in electron units. e=4.803 D/ A; the
absolute values are important, sign differences often result from different choices-of o/ 9Q; phase and coordinate sys-

tems.

CH;4S05” CH4S0,"
j mode CHyF?® CH,Cl® CH;Br® CH,I* CH;CCHP CH,CH,® CH,CH,CH,¢ Cc-s, ¢ C-5,
2 v 0.118  0.123 0.118  0.099 —0.125 0.162 —0.156(—0.019) —0.187(6) —0.382(10)
4 B 0.030  0.050 —0.068 0.101 —0.019 0.030 0.036(0.035) —0.034(4)  —0.075(9)
T P 0.001 —0.029 —~0.050 —0.063 —0.050 —0.035  —0.040(0.022) —0.080(20) —0.046(13)
9, 0.156  0.048 0.033  0.020 —0.077 —=0.180  —0.183(—0.004) 0.231(7) 0.139(5)
1la g8,  -0.057 —-0.059 —0.05¢ —0.048  0.080 0.046 0.038(-0.013)  —0.050(1)  —0.029(1)
9 B, 0.001 —0.029 —0.050 =—0.063 —0.050 —-0.035 —0.014 —-0.080(20) —0.046(13)
% v, 0.156.  0.048 0.033  0.020 —0.077 —0.180 —0.168 0.231(7) 0.139(5)
116 B, =0.057 —0.059 —0.054 -0.048  0.080 0.046 0.041 0.050(1)  —0.029(1)

3Values from Ref. 12 with signs (+--, +--) for du/ oQ; from Ref. 13; these values are reportedly improvements

over previous values in Ref. 14.
bvalues from Ref. 15.

€Values from Ref. 16; values are reportedly improvements over previous values in Refs. 17 and 18.
dvValues from Ref. 17; values in parentheses are components perpendicular to CX axis and result from collapse

of axial symmetry in molecule.

eap/BS,- for j=1, 3, 5, 8, 10, and 12 are, respectively, —0.102, —0.589, —0.193, —0.104, 0.204, and —0.035.

(see Fig. 2) for symmetry coordinates 2, 4, 7, 9,
and 11, vibrations of the C~H bonds, R! at the
center of the SO;” group for coordinates 3, 5, 8,
10, and 12, vibrations of the S—O bonds, and R}
at the center of the C-S bond for symmetry coor-
dinate 1, the C-S stretching mode. We inserted a
set of known or to-be-fit dipole derivatives du/dS;
into Eq. (27), then calculated intensities using Eq.
(21).

RESULTS AND DISCUSSION

Unfortunately no complete analysis for the de-
rivatives du/3S; exists for the CH,S0;" species.
However, dipole derivatives have been obtained
(from infrared spectra and the theory of infrared
intensities) for the CH; groups of a number of sim-
ilar species. Table IV shows the total dipole mo-
ment derivatives with respect to symmetry coordi-
nates of the CH; groups in CH;X (X =F, Cl, Br, I,
CCH, CHj, and C;H;). One might expect the dipole
derivatives for halogen substituted methanes CH;X
to be significantly different than those for CH;SO;",
not only because of the nontetrahedral structure
of the substituted group (X), but also because of
the highly polarized character of the C-X bond.

Using the same arguments, one might expect the
methyl ligand dipole derivatives to be most similar
to CH3S0;™ for ethane (CH3CH;) and propane
(CH3CH,CH;), both of which have a tetrahedral X-
bonding structure and nonpolar C-C bond. In fact,
we will compare IETS results mostly with the eth-
aneé (CH;CH;) dipole derivatives in what is to fol-
low.

If the CH;3S0; ions have the orientation proposed
by Hall and Hansma, e.g., with the C—S bond nor-

mal to the oxide, our theory would predict that the
intensities of the antisymmetric modes (with net
dipole moments parallel to the oxide) should be re-
duced relative to the intensities of the symmetric
modes. The quantitative reduction depends, how-
ever, rather sensitively on the effective charge-
to-image plane distance, as pointed out above (Fig.
1). We compare in Fig. 3 experimental and theo-
retical intensities for the methyl group vibrations
(modes 2, 4, 7, 9, and 11) assuming infrared-
derived ethane dipole derivatives and the C-S bond
normal to the interface, for three different hydro-
gen atom-image plane distances d. Note that as d
increases the symmetric modes numbers 2 and 4
become weaker while the antisymmetric modes 7,
9, and 11 become stronger. The best fit between
theory and experiment occurs at d =1.5 A, although
theory predicts in all cases a symmetric C-H
bond mode no. 4 too large and its corresponding
antisymmetric mode no. 11 too small.

If, on the other hand, we assume a molecular
orientation with the C—S bond parallel to the oxide,
the agreement between theory and experiment is
poor for all assumed d’s. Figure 4 compares pre-
dictions for normal orientation versus parallel
orientation for d =1.5 A with experiment., The bet-
ter fit of theory to experiment for normal orienta-
tion supports the proposed orientation of Hall and
Hansma.

These conclusions are not qualitatively changed
if we use the infrared-derived dipole derivatives
of the CH; groups in propane CH;CH,CH;. In order
to give some idea of the range of predicted IETS
intensities, we show in Fig. 5 experiment and the-
ory for infrared-derived dipole derivatives of
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FIG. 3. Experimental versus theoretical predictions
for the methyl group intensities assuming infrared-de-
rived ethane dipole derivatives, the C—S bond oriented
normal to the interface for three different spacings d
between the hydrogen atoms and the Pb effective image
plane. As the molecule is moved away from the inter-
face, the modes with net dipole moments normal to the
interface (nos. 2 and 4) become weaker and the modes
parallel to the interface (nos. 4, 7, and 11) become
stronger.
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FIG. 4. Comparison of experiment with theoretical
predictions for the methyl group intensities, assuming
infrared-derived ethane dipole derivatives, an effective
nearest-hydrogen to Pb image-plane distance of 1.5 &,
for the C—-S8 bond normal versus parallel to the interface.
The better agreement for C—S normal supports the pro-
posed orientation of Hall and Hansma.
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FIG. 5. Comparison of experiment with theoretical
predictions for the methyl group intensities assuming
the C—S bond normal to the interface, a hydrogen to Pb
image-plane distance of 1.5 A for infrared derived di-
pole derivatives from CH3 X, where X=CCH, CHj, and
CHZCH3. i

CH;CCH, CH;CH;, and CH;CH,CHj; for the C-S
bond normal to the surface and hydrogen-Pb image
plane distance of 1.5 A. Note that if one uses the
dipole derivatives of methyl acetylene (CH;CCH)
the relative intensities of modesnos.4 and 11 are
reversed to more nearly agree with the tunneling
results, indicating that relative intensities of
these mode intensities are sensitive to the type of
chemical bonding to the methyl group carbon.

We can also work backwards from IETS intensi-
ties to molecular dipole derivatives. Table IV in-
cludes the vibrational mode dipole derivatives ob-
tained using a nonlinear least-squares fit of the 11
dipole derivatives 9u./3S; to the 11 measured IETS
intensities, assuming d =1.5 A and the C=S bond
normal to the oxide. We estimated the error in the
IETS dipole derivatives by making the least-
squares fit for the minimum and maximum (one

~ standard deviation) intensities for all of the mea-

sured peaks. These estimated errors appear in
parentheses in Table IV. The agreement in Table
IV between the IETS dipole derivatives for CH;SO;"
and the infrared dipole derivatives for CH;CH,4

and CH;CH,CHj is good.

Also included in Table IV are the best-fit values
for an assumed orientation with the C~S bond par-
allel to the interface. In this case the qualitative
agreement to the other species is poor. In partic-
ular, 9u./3S, is very large, well outside the range
of the error bars. The much better agreement be-
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tween the IETS and ir results for the C-S bond
normal rather than parallel to the interface, sup-
ports the orientation proposed by Hall and Hansma
for CH3S0; .

This is the first attempt to unravel the informa-
tion contained in all the intensities of the IETS of
a simple molecule. We have attempted to compare
the dipole derivatives of ethane and propane to
CH,S0,". It is remarkable that there is such good
agreement, especially when one considers the
following problems:

(1) We are comparing different molecules in dif-
ferent environments. For a truly quantitative test
we would need to know the ir dipole derivatives of
CH;3S0; " chemisorbed on alumina, for there may
be significant surface effects.!®

(2) Our theory ignores any polarizability inter-
actions. We might expect our best-fit dipole de-
rivatives to be higher than the ir values in order
to compensate.

(3) Finally, in our simple model we assumed the
positions of the dipoles in the molecule. Although
our interaction potential is long range, it is sensi-
tive to the position of the dipole relative to the

nearby electrode. The real positions may well be
different than we assumed.

CONCLUSIONS

A detailed application of an effective dipole
transfer Hamiltonian theory to vibrational mode
intensities in IETS supports the proposed orienta-
tion for CH;SO;” on alumina and gives reasonably
good agreement between dipole derivatives fit to
IETS data and values obtained from infrared ex-
periments. One can infer molecular orientations
from such an analysis of IETS intensities.
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