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We explain the observations that field-adsorbed rare-gas atoms increase the ionization rate near the tip in

the field-ion microscope. This increase results from exchange effects associated with antisymmetrization of
the electronic states appearing in the time-dependent perturbation theory for the ionization process. Other
effects, such as resonance associated with the adsorbate potential well, are unimportant. We obtain
order-of-magnitude agreement with experiment, although the predicted field dependence of the enhancement

does not agree with Rendulic's observations.

INTRODUCTION

In 1969, MGller' observed that in the presence
of intense electric fields, rare-gas atoms are ad-
sorbed above metallic atoms of field-ion-micro-
scope (FIM) tips. Tsong and Mff lier~ identified the
adsorption mechanism as the attractive interaction
between the effective dipole moment induced in
protruding surface atoms in the presence of the
applied electric field, and the dipole moment in-
duced in the adsorbate. One may view this as a
bonding of the adsorbate due to the increase in
(negative) polarization energy associated with the
increased electric field strength in the region lying
just above protruding surface atoms.

Following this, Schmidt, Reisner, and Krautz
demonstrated photographically that an important
effect of the adsorption was a brightening of the
images for the surface atoms on which a Ne atom
was adsorbed. Rendulic' has recorded the image
intensity for individual surface atoms in time as
adsorption and desorption take place, has ob-
served the enhancement in ionization rate on vari-
ous crystal planes, and has established' the rela-
tive enhancement in ionization rate for Ne as op-
posed to He as the adsorbed species. Recently,
Janssen and Jones have also observed the intensi-
ty variation in time as adsorption and desorption
take place.

In the present paper we shall be concerned pri-
marily with the enhancement process, so that de-
tails of the surface structure are reduced in im-
portance. Accordingly, we shall deal with an ide-
alized metal consisting of a noninteracting electron
gas in a uniform positive background. Our prima-
ry aim is to demonstrate the importance of ex-
change effects in giving rise to the observed en-
hancement. For this purpose, we employ Hartree-
Fock wave functions for the atoms, undistorted
by the electric field or by atomic interactions.
While work on the effects of field distortions in
the atomic orbitals is in progress, the results of
the present analysis lead us to believe that the
basic cause for the enhancement can be understood

in terms of simple exchange effects. As will be
seen the over-all magnitudes of the adsorbed Ne
and He enhancement factors and the dependence of
the ionization rates as a function of He-atom dis-
tance above the surface are in reasonable agree-
ment with experiment; however, the ratio of cal-
culated Ne to He enhancement factors shows a
field dependence which exhibits a marked differ-
ence from that observed by Rendulic, ' the discrep-
ancy being most severe for low field strengths.

A previous theoretical investigation of changes
in ionization rates owing to the presence of adsor-
bates was carried out by Alferieff and Duke. v In
a one-dimensional approximation, they calculated
the change in ionization rate associated with the
introduction of a square potential well, representing
the adsorbate, between the surface and the ionizable
atom. While their calculations led to altered ion-
ization rates when the ionizable atom was held
far from the surface, there was no over-a11 in-
crease in ionization rate owing to the added poten-
tial. The changes which did occur resulted from
transmission resonances within the adsorbate po-
tential. In the present calculation, we treat the
adsorbate and the atom to be ionized in a more
realistic fashion-we assume these atoms to have
standard atomic structure in a three-dimensional
calculation. Accordingly, the effects of the adsor-
bate potential well are implicitly taken into ac-
count, as well as effects associated with its elec-
tronic structure. The principal results of this
research are the following.

(i) There are no bound states for He or Ne neg-
ative ions; also, resonances in the electron scat-
tering cross sections are nonexistent for the en-
ergies involved in the present problem. (The low-
est important resonance in electron-Ne scattering
lies at approximately 50-eV kinetic energy —an en-
ergy much higher than those available in the pres-
ent problem. ) Accordingly, resonance effects
cannot play a role in the enhancement of field ion-
ization. To include alterations in tunneling rates
owing to the presence of the (negative) adsorbate
potential, in the absence of resonance, one would
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have to admix excited He configurations with the
ground state, while maintaining orthogonality with

the adsorbate orbitals. We assume this admixture
to be very small in He-noble-gas interactions,
owing to the large excitation energies of the con-
tributing excited states.

(ii} Virtual intermediate states, such as one in
which the adsorbate is ionized and the He atom is
neutral, are unimportant by virtue of the large en-
ergy separation between the initial and intermedi-
ate configurations, and small matrix elements be-
tween these configurations, particularly at low
field values.

(iii) Exchange effects owing to the overlap with
the adsorbate orbitals constitute the major effect
in the enhancement. Because of these effects, in
the present calculation, Ne acts as a good conduct-
ing path for ionization whereas adsorbed He in-
creases the ionization rate to a lesser degree.

Accordingly, the statement by M611ere that tun-
neling by close-range orbital overlap is important
in producing the image is substantiated by the
present results. However, MGller's statement
that tunneling is enhanced requires theoretical speci-
fication, and the proposed increase in the tunneling
rate owing to the reduction of the potential bar-
rier by the adsorbate' is not important according
to conclusion (i) above.

states so far as those which are degenerate with

g& are concerned. In terms of these states, the
conventional expression for ionization rate zo is

w = (2v/k)p(E;} ~(i ~3C'
~
k)

~

(2)

zo = (2v/K) p(E,}
~

( q; ~

3C'
~

g-„)

Here K is defined through the relation

3C 3CQ +3C (4)

where K is the total Hamiltonian for the system,
and 3CO is a Hamiltonian which is diagonalized by

In view of this definition of 3CO, (i 13CO Ik) is
zero in Eq. (2), 3C may be replaced by 3C in Eq.
(3), and it is seen that the transition rate in that
form simply relies upon one using realistic initial
and final states, and calculating the matrix ele-

where p(E;) is the density of final states about
Ik), with Ik) representing a typical final state.
In order for a final state g-„ to be defined as degen-
erate with g&, the He atom to be ionized must be
separated by a distance further than the critical
distance Z, from the metallic surface (see Fig.
l).

With the states defined in Eq. (l), co can be
written

THEORETICAL CONSIDERATIONS

We view the initial state in the ionization pro-
cess as one in which orbitals of the type occurring
in the isolated He atom which is to be ionized and
the adsorbate A, which may be either He or Ne,
and the orbital corresponding to the X electrons
of the metal appear in a Slater determinant" g;.
The final states Pg are represented by similar de-
terminants, containing one less orbital for the He

ion, all of the adsorbate orbitals and %+1 metallic
orbitals, of which k specifies the wave vector for
the additional metallic orbital. In any conventional
description for the orbitals, /&and g; would not be
strictly orthogonal, since the kth metallic orbital
and the ionizable He orbital would overlap. Ac-
cordingly, in doing time-dependent perturbation
theory, one must retain terms which represent
the lack of orthogonality and do not ordinarily
appear in expressions for the transition rate be-
tween an initial state and degenerate states belong-
ing to a continuum. In an alternative description,
we could cast the final states, which are degener-
ate with g;, into a Schmidt orthogonalized form,
say

~
i) represents P;,

~
k) represents gf —( g; ~ py, ) g;,

such that one now has a complete set of orthogonal

Level
I I

Zc Z

Metal

FIG. 1. Atomic positions and potential for a He valence
electron in the presence of the He nucleus, adsorbed
atom A, metal surface, and uniform electric field. In
this figure, the He atom is separated from the surface
by a distance greater than Z„ the distance at which the
initial electronic energy equals the Fermi energy for
the metal.
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ments with the total Hamiltonian. Finally, we may
write the total Hamiltonian as

using orbitals undistorted by the uniform field.
We take as our Hamiltonian the expression

K=K +E;,
with

X=K„+X„„+K +eF Z z(
gg&0

(10)

E,. =&i iX[i& .
The constant term cannot contribute to Eq. (3),
while by definition, the diagonal matrix element
of K in Eq. (3}vanishes. Hence,

w = (2z/ff}p(E, ) )(q, ~K"~q;) ~' (

is obtained, so that with X as defined above, we
need not concern ourselves about the lack of or-
thogonality between P, and P.

The states g; and g-„are single-configuration
wave functions which have the form (aside from
normalization factors)

(, = det
~
ul ' ' uNuA, uA usspaeg I

g„-=det ~u, . u&ups&, u&„ua, , ~, (9)

assuming that the He orbital u~~ is to be ionized. '
In these expressions, QAg QA„represent the n

orbitals of the adsorbed rare-gas atom, u&
~ ~ ~ u„

represent the degenerate-Fermi-gas orbitals
(which will henceforth be neglected} and uf, repre-
sents the metallic orbital to which the ionization
takes place, lying just above the Fermi energy.

We conceive of the atomic orbitals as those ap-
propriate to isolated atoms in the presence of the
uniform electric field, in the absence of the met-
al, since it is the metal itself which gives rise to
the ionization. In fact, if we think of the field by
itself as contributing to the ionization rate, we
are confusing the effects of elastic deformation
with ionization. But this is precisely the result of

where KA is the sum of atomic Hamiltonians for
the He and adsorbed atoms, 3C « is the interac-
tion between the electrons and the ion image, X
is the interaction between the individual electrons
and the metal surface (including the electron-
electron-image interaction), and the last term
represents the effects of the uniform field in the
region above the metallic surface z &0. Since the
terms other than 3CA are sums of single-electron
interactions, we view the perturbation X"as a
collection of single-electron Hamiltonians [h (i}
for the ith orbital] each centered on its own nu-
cleus positioned at R; above the surface as fol-
lows:

h "(i) =h «(R;, r}+h (z,}+eFz;~,.&o

[h «(R;, r;)+h (z;)+eFz;];, a,.

+ [h „(R;,r, )+h (z, )

~.z*,].,, ; (., z,)) . (»)

The constant terms evaluated at r; =R; arise by
virtue of subtraction of the expectation value in

Eq. (6) from & to form &, and the terms linear
in (z; —Z;) are subtracted by virtue of the fact that
these are uniform-field-type terms, which are al-
ready included in the Hamiltonian diagonalized by
the field distorted orbitals and are therefore
again compensated by constant terms in E;. With
the single-electron operators given by Eg. (11), it
is straightforward to obtain the matrix element
appearing in Eq. (7} in the form

pp
~

(u„, lh lu-„) -g[(us,

lung�

) (uz; Ih"

Iud�

) + (u„, lh" Iud;) (up, lu-„) ]
[1—g l(u lu ) I

]'i [1 —g; l(ug I u„)lz]'iz. (12)

to lowest order in the overlap integrals, the sum
being taken over adsorbate atom orbitals having
the same spin. This matrix element could be
viewed alternately as a matrix element on the
single-electron operator h between the initial and
final orbitals in the transition, each orthogonalized
to the other orbitals having the same spin in the
adsorbed atom with which they overlap, i.e. ,

~k +k ~Ag +fr +A.
C

x 1 — u„u-„
Z

(14)

Schematic drawings of Q„„with and without a He

atom adsorbed on the surface, are shown in Fig.
2.

%He Pe Ag ge

X 1 gA. u (13)

Because h is largest in the overlap region be-
tween the adsorbed atom and the metal, the terms
involving (u„, Ih lu„.) in Eq. (12} are small com-
pared with the others, so that (noting that the de-
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with odsorbote The ratio of ionization rates associated with a
given metallic site, with and without the adsorbed
atom A, may now be specified through an enhance-
ment factor p given by the expression

Metol Adsorb bote
hluc leu s

n= f dR„,w(R„„Rg) exp[- P(~R„,—Rg~)/kT]

fdR„,woNa. ) (is)

FIG. 2. Helium orbital ft)H, with [Eq. (13)] and without
adsorbate.

nominator is nearly unity) we obtain, finally,

(q;~3'."(ug) =(u„.~k" ~u-„&

-Z&u. , ( ., && ., (k"( ~&. (i5)
t

Thus, one could view the He electron as partly
existing as the orbitals of the adsorbed atom, thereby
giving rise to an altered ionization rate.

where so and sop indicate ionization rates in the
presence of the adsorbed atom and without the ad-
sorbed atom, respectively, and P represents the
intermolecular potential energy of He in the pres-
ence of the adsorbate. The integration is over
transverse distances R„,out as far as the radius
Ro of the surface atom (beyond that, the ionization
would contribute to the image of a neighboring
atom) and over all elevations of the He atom above
the surface. As mentioned above, there is no
contribution for distances less than Z„however.
Accordingly, p is given by

W ~ Rp '2

+Z
C

"0

rRpX, dZH
~Z

C
Np

2 1

+H d+H (un ~» ~u ) (i7)

DISCUSSION AND RESULTS

In the present paper, we approximate the matrix
elements in Eq. (17) by those calculated using
atomic wave functions undisorted by the uniform
electric field in order to illustrate the influence
of the exchange enhancement in the ionization pro-
cess. (The effects of electric field distortions'
will be considered in a later paper. ) The distance
between the metallic surface (z =0) and the ad-
sorbed atom is taken to be the atomic diameter of
the adsorbate, 1.54 A for Ne and 1.44 A for He.
The results of calculation are quite insensitive to
the exact location of the adsorbate, however. The
form for h has been given by Boudreaux and
Cutler, ' while the final state u~ is a plane wave
which exponentially decays outside the metal sur-
face in the presence of the field, according to the
WKB approximation. The Hartree-Fock wave
functions given by Herman and Skillman are as-
sumed for He and Ne. '6

The calculated enhancement factors for He and
Ne as the adsorbed species are shown in Fig. 3,
as functions of electric field strength. The rise
in q„, with increasing field strength at low fields
is associated with the fact that as Z, decreases,
the angle occupied by the adsorbed atom, which

forms a conducting path for the He electron, in-
creases as viewed from the He nucleus. (This
tendency is compensated by the longer tail of the

I
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FIG. 3. Variation of the calculated enhancement fac-
tor with electric field strength.
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2P orbital in the case of Ne. ) The relatively wide
angle through which ionization takes place without
an adsorbed atom does not show as great a sensi-
tivity to Z,. The decline in g at higher field
strengths arises from the increased importance
of the repulsion between He and the adsorbed atom
as Z, is decreased. Finally, we should mention
that we have calculated high values for g with Ar
as the adsorbate, ranging between 10 and 10 with
the approximations made in the present treatment.
(These values would probably be substantially re-
duced if field distortions in the atomic orbitals'
were taken into account. )

The ratio of calculated enhancement factors for
Ne and He as the adsorbed species, g„Jq„„ is
shown in Fig. 4 together with values measured by
Rendulic, ' as a function of field strength. While
the theoretical values of this ratio are somewhat
larger than observed, both are of the order of 10.
More serious is the fact that the electric field de-
pendence of this ratio does not show qualitative
agreement with the observed ratios as a function
of field strength. The discrepency at lower field
strengths might be lessened through the inclusion
of electric field distortions, ' however. The ob-
served decrease in this ratio at higher fields
(~ 3.7 V/A) is presumably caused by He supply
limitations, ' so that the comparison with present
theory is meaningful only for the lower field
strengths.

The general magnitude of the ionization rates
appears to be reasonable in the present treatment,
being ~10 sec ' at Z, for field strengths of 4. 5

V/A, without adsorbate. The ionization rates also
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show a variation with distance between the He
atom and the tip surface in agreement with that ob-
served by MGller and Tsong. The energy distri-
bution half widths of the helium ions are calculated
to be 0. 24 A without an adsorbate, 0. 19 A with Ne

adsorbed, and 0. 14 A with He adsorbed.
In conclusion, we believe that we have developed

a theory capable of explaining the increase in
image brightness in the FIM arising from the
physical. adsorption of inert atoms on the metallic
surface, through the simple inclusion of exchange
effects.
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