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In an extension of its capabilities, ion-neutralization spectroscopy is used to deter-
mine transition density functions corresponding to ion neutralization at different ion po-
sitions. This provides the first direct measurement of the relative variation in the local
density of states outside a solid surface. It is shown that the d orbitals of Hg adsorbed
on Si are a minor component of the total wave function at the ion position and decay more
rapidly with distance outside the solid than does the SiP component.

An important static characterization of a solid
surface is the local density of electronic states
in the surface region. Another is the spatial var-
iation of the local density of states throughout the
surface region. In this paper we present the first
direct experimental determination of the relative
variation of a distinguishable component of the
local density of states outside a solid surface.
This has been achieved by extending the capabil-
ities of ion-neutralization spectroscopy (lNS). '
Indirect evidence concerning the variation of the
local density of states outside a surface was pre-
sented by Appelbaum and Hamann who fitted ion-
neutralization electron energy distributions by
folding together theoretical local densities cal-
culated at different positions in the surface re-
gion,

The transition probability of the ion-neutrali-
zation process depends upon the magnitude of the
wave function at the ion position and thus on the
local density of states there. Although we need

not know the exact functional dependences in-
volved in order to interpret our experimental re-
sults, understanding of the phenomenon is made
easier if we present it in terms of approximate
functions. We know that the transition rate func-
tion R,(s), the rate at which iona are neutralized
if held at the distance s from the surface, will
have a major exponential component since wave
functions fall off exponentially outside the sur-
face. Corresponding to an idealized exponential
rate function, R,(s) =A exp( —as), the probability
that a single ion fired at the surface with velocity
v will be neutralized in ds at s is the sharply
peaked function' P,(s, v) ds = (A/v) exp[ —(A/av)
&&exp( —as) —asj ds. The shape and width of P,(s, v)
are independent of v but its peak at s = s moves
closer to the surface with increasing v according
to the equation' s = (1/a) ln(A/av).

The principal results of neutralization closer
to the surface are two: (1) greater energy broad-
ening of the measured kinetic energy distribution,
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FIG. 1. Kinetic energy distributions, Ni(E), obtained
using 10- and 20-eV He+ ions at a Si (111) surface with
adsorbed Hg.

N, (E, E), of electrons of energy E ejected by ions
of kinetic energy E, ' and (2) relative changes
within N, (E, &) and hence in the unfold function
p(E) derived from it, as a result of changes in
the relative magnitude at different energies of
components of the wave functio'n at the ion posi-
tion. '' Both of these effects are evident in Fig.
1. Since P, (s, v)ds is close to unity, ' we ex-

0
pect the total electron yield to vary little with
ion velocity, v ~4K, as can be seen from the fact
that the N, (E) functions of Fig. 1 and the U(E)
functions of Fig. 2 have nearly the same area. ''

The experimental data we present in this paper
are for Hg adsorbed on Si (111). Here we expect
the d wave functions of the 5d», and 5d,» orbitals
to be mixed with the p orbitals of the degenerate
p band of the silicon substrate. Both INS and ul-
traviolet photoelectron spectroscopy (UPS) (Fig.
2) indicate that the s orbital of the Hg atom is so
delocalized in energy as to be "invisible" by ei-
ther method. This is also true for Hg adsorbed
on Ni (100)."We may get some feeling for how

p and d wave functions fall off outside a solid by
considering the atomic case. At larger distances
from the nucleus an atomic wave function has the
form f(s) exp[ —(2mE, /5')'"s], where E, is the
ionization energy of the state and f(s) is a func-
tion of the principal and angular momentum quan-
tum numbers of the state. ' f(s) is such that it
causes a p wave function to have greater value at
a given point in its exponential tail than does a d
wave function having the same E,

For p and d states having different ionization
energies we expect the ratio of the squares of the
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FIG. 2. Top: unfold functions, U(E), for 10- and 20-
eV He+ ions incident on the Hg-covered Si (ill) surface
and for 10-eV ions incident on the Si (111)7x 7 clean
surface; bottom: UPS spectra, N&(E), for the clean
and Hg-covered Si (111)7x 7 surfaces.

magnitudes of d to p wave functions to be ~
=

I f&(s)/f, (s)]' exp [ —2(2m/h')"'(E;„' —E,q' )s J.
At distances from the atom where the exponential
predominates f,(s)/f~(s) &1. Taking the atomic
case to be an approximation to the conditions pre-
vailing outside a solid surface, we are led for
the case E,, -2E,~ to expect (1) that the d com-
ponent in the local density of states is consider-
ably smaller than the p component at a given dis-
tance from the surface, and (2) that the d compo-
nent will increase exponentially relative to the p
component as distance from the surface is de-
creased. We emphasize that we are presenting
experimental results whose validity is indepen-
dent of the simplified functional forms used in
presenting the phenomena involved.

The experimental demonstration of relative
wave-function variation outside a surface re-
quires an extension of the data handling proce-
dures used in INS. '' These have involved, first,
the determination of a "debroadened" electron
energy distribution, N, '(E), from the experi-
mentally determined distributions, N, (E, K).
This has been followed by division by a probabil-
ity of escape, change of variable from electron
kinetic energy (E —E„„)to band energy (E —E~),
and a sequential deconvolution to produce the un-
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fold function U(E). ' Here E„,is the vacuum lev-
el and E~ the level of the top of the valence band.
Since the present work involves a modification of
the first or debroadening step it is essential to
distinguish between what we shall call the "two-
curve" method we have used and the "one-curve"
method we are now proposing. Both methods
grow out of Van Cittert's extrapolative debroad-
ening procedure. ' There is a considerable liter-
ature in which this procedure is used, for exam-
ple, for the removal of instrumental broadening
of spectral lines or diffraction lines, the effect
of antenna smoothing in radio astronomy, and the
sharpening of observational data on the darkening
of the solar limb. In each of these cases an ex-
perimentally determined function Yy is related to
an unbroadened "parent" function Y, by convolu-
tion with a known broadening function B(e). Thus

Y, (E) = f B(e)Y,(E —e) de = B*Y',. Van Cittert
broadened Y, with B(e) to obtain Y, =B*Y„ took
the incremental function Yy Y2 as a first-order
approximation to the desired incremental function

Y, —Y„and obtained Y, = Y', + (I', —Y',) = 2 Y,
-B*Y,as a first-order approximation to Y,. In
INS we do not know B(e) a priori and therefore
must devise means of getting around it.

The two-curve method of debroadening in INS
uses the equation'

N~ (E) = N~(E, , K,) +R [N~(E, K, ) —1V~(E, , K2)], (1)

where N, (E, K) are experimental distributions of
electrons ejected by ions of kinetic energies K
=K, and K, (&K,). Earlier work' has shown that
broadening varies proportionally to ion velocity
v CC 4, from which a value for the factor R can
be calculated. The two-curve method is appro-
priate when broadening, not the wave-function
change, is the dominant reason for the difference
between N, (E, K,) and N, (E, K,). A test for this
condition that we have consistently applied is to
observe whether Nz(E, K,) has a form consistent
with a simple broadening that leaves the curves
for E, and E, stationary at their points of inflec-
tion.

If the wave-function variation is the dominant
cause of the variation of N'I(E, K) with K, or if
we wish to observe the relative variation of a
small wave-function component relative to the
principal one, the two-curve method is inappro-
priate. Analysis shows that its use actually de-
presses the evidence in the unfold function U(E)
of a small wave-function component that decays
more rapidly with distance from the surface than
does the principal component. Our proposed one-

curve method of debroadening is based on the
equation

NI (E:)= N~(E, K) +R [N~(E, K)

—f B(e)Nz(E —e, K) de], (2)

in which only one measured electron energy dis-
tribution for a single ion kinetic energy K is used.
Here we generate an incremental function X,

B*N—, by broadening Ã,(E, K„) with a broadening
function B(e) whose breadth is small, say 0.5 eV.
We have shown that the form of this incremental
function will be relatively independent of the ex-
act form of B(e) used, be it Gaussian or Lorentz-
ian, for example, provided its breadth is small.
The rn. agnitude of the incremental function needed
to get the first-order debroadened N, '(E) is de-
termined by the factor R whose value is, to be
sure, dependent on the breadth of B(e) that we
use. We use R in the form R, R, (E~ ——E). R, is
determined so that NIO(E) crosses zero at that
energy which puts the origin of the unfold U(E) at
the energy of the top of the valence band E~ as
determined by UPS. R, is determined so that the
one-curve method gives the same result as the
two-curve method for the clean surface. It is re-
quired because the actual broadening decreases
in magnitude deeper in the band.

The debroadening procedure of Eq. (2) has been
applied to each of the N, (E, K) distributions of
Fig. 1 using a Lorentzian B(e) of width 0.5 eV. '
The remainder of the INS data reduction proce-
dure proceeds as before' and yields the U(E)
functions labeled 10 and 20 eV at the top of Fig.
2. Here we see that the Hg 5d peaks in U(E),
which appear at the energies E —E„,- —12.9 and
—14.8 eV where they are observed by UPS, be-
have exactly as expected. First, they are quite
small relative to the p band of Si. Second, their
contribution increases relative to that of the p
band, as suggested by the exponential term in the
wave-function ratio r discussed above. Note that
the p contribution is almost constant in U(E) even
though ion neutralization occurs closer to the
surface where the p wave functions are also
greater in magnitude. This results from the nor-
malization of the U(E) curves to about the same
area by virtue of the normalization of the area
under the P,(s, v) probability distribution to one
excited Auger electron per incident ion as dis-
cussed above. Thus our ability in INS to vary
the position at which ion neutralization occurs by
varying ion velocity has enabled us to observe
the relative change of a distinguishable compo-
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nent in the electronic wave function outside a sol-
id surface. This feature is unique to INS among
the electron spectroscopies used to determine
surface electronic structure.

Because the effective neutralization energy of
the ion is —2 eV less than the free-space value, '
we can estimate the distance s where neutrali-
zation occurs. Equating AE„= 2 eV to the princi-
pal interaction term, namely the image interac-
tion (3.6 eV A)/s, we obtain s„-1.8 A as the
distance of the ion from the image plane. This
simple image interaction has been shown to hold
with good accuracy to 1.5 A." From the equation
s = (1/a) ln(A/av) given earlier we obtain As
= (1/a) 1n(v, /v, ) as the difference in neutralization
distances for ions of velocities v, and v, . The
parameter a that specifies the rate of exponential
falloff of B,(s) is taken as 2x, where exp( —xs) is
the rate of decay outside the surface of a p wave
function at 8 —E„,——7 eV, the principal deter-
minant of where neutralization occurs. From ~
=(2mE;/h')'" with E;=7 eV we obtain a=2.8 A '.
This estimate agrees closely with the variation
of charge density outside the Si surface calculat-
ed by Appelbaum and Hamann. " Adding the 2-eV
image acceleration to the experimental ion ener-
gies we obtain v, /v, = (~2»)"' = 1.35 and s —(1/2. 8)
xln(1. 35) -0.1 A. Hence the relative change in the
Hg d orbital components that we see in the U(E)
functions of Fig. 2 occurs over a distance incre-
ment of -0.1 A at an ion-surface separation of
-2 A.

The observed changes in the Hg d orbital inten-
sity have only relative significance. The absolute
magnitude cannot be determined because we do
not know a priori either the electron escape
probability function or the factor R, used in the

one -curve method.
We conclude that ion-neutralization spectros-

copy using our new one-curve debroadening pro-
cedure yields information about the relative var-
iation of wave-function components outside a sur-
face. We believe this to be a significant addition
to the capabilities of electron spectroscopies be-
caus e we expect it to help us understand the in-
tensity differences of orbital resonances in chem-
isorption systems as observed by INS and UPS.
This, in turn, should yield information about the
wave-function character of particular orbital
resonances.

We acknowledge with thanks helpful discussions
with J. A. Appelbaum and J. E. Rowe, as well as
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The low-temperature anomaly in the lattice dynamics of SrTi03 and KTaO& is described
as resulting from an anharmonic coupling between an optical and an acoustic branch. The
numerical calculations performed for coTO at the center of the Brillouin zone give an ex-
cellent fit to the available data from 4 to 800 K. It is shown that the ferroelectric phase
transition in SrTi03 is prevented by the zero-point fluctuations of the acoustic mode.

Strontium titanate and potassium tantalate are
incipient ferroelectrics. Their static dielectric
constant follows a Curie-Weiss law down to about

50 K. Below this temperature, however, although
continuously increasing to such values as 3x 10~
for SrTiO, and 5x 10' for KTaO„ the dielectric


