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This paper presents an electron-spectroscopic study employing slow He+ and Ne+ ions incident
on Ni(100) and Cu(100) surfaces with varying amounts of adsorbed potassium. Investigation of the
changes in electron-energy spectra as the work function of the surface is varied probes the pattern
of resonance tunneling, excitation conversion, and Auger electron-ejection processes. When the
surface is clean the work function P is high and the mode of electron ejection is the two-electron
process of Auger neutralization of the incident ions yielding a folded two-electron spectrum. As the
macroscopic P is reduced by K adsorption the surface develops more and more regions near K
atoms where the local P is small, permitting resonance neutralization of the incident ion to form a

metastable atom which on Auger deexcitation ejects electrons in a one-electron spectrum. This pa-

per reports an investigation of this transition from the two-electron, kinetic energy spectrum to the
one-electron spectrum and of the specific characteristics of each of these spectral types. Results are
compared in detail with a published study by other investigators of the interaction of thermal He
metastable atoms with a Cu(110)-K surface having variable K coverage. This comparative study
has illuminated the differences observed in the spectra produced by incident 12-eV ions which turn

to metastables in the high-K-coverage regime and thermal metastables which turn to ions at low K
coverage. We have demonstrated that the local work function of "clean" sites decreases as K cover-

age increases in the low-coverage regime by interpreting small observed changes in the kinetic ener-

gy spectra of ejected electrons. This, in turn, leads to an estimate of the variation of the mean sepa-
ration of K atoms with increasing K adsorption. We present new data for ion neutralization at the
clean Cu(100) surface. From these we obtain the deconvolution of the kinetic energy spectrum that
is the initial-state transition density for comparison with photoemission spectra. These results are
also compared in detail, particularly with respect to energy broadening, with the results of an inves-

tigation by others employing ions descendent from incident thermal metastables.

I. INTRODUCTION

The electronic interactions of ions and metastable
atoms with solid surfaces are of interest in their own
right since they represent a subfield of particle-solid in-
teractions. Beyond this, however, they underline two of
the most surface-specific, electron spectroscopies of
solids, namely, those based on ion neutralization (INS),
via the process of Auger neutralization (AN), and
metastable-atom deexcitation (MDS), via the process of
Auger deexcitation (AD). It was not surprising, there-
fore, to find in earlier work with incident ions that the en-
ergetic relationships of filled and empty electronic levels
in solids to such levels in the interacting atom were of
paramount importance in understanding the properties of
INS. ' The possibility was proposed that an incident ion
could be transformed to a metastable atom via resonance
tunneling before an electron-ejection process could occur,
and this was used to interpret the anomalous variation
with ion energy of the kinetic energy distribution and the
total yield of electrons ejected from polycrystalline
tungsten by Ne+ ions.

This was, to be sure, not the earliest discussion of reso-
nance tunneling as a precursor state to Auger processes.
Massey, and Cobas and Lamb considered the two-stage
process of resonance neutralization (RN) of the ion fol-

lowed by Auger deexcitation (AD) as the mode of elec-
tron ejection that would occur for ions incident on high-
work-function metals. They arrived at this conclusion
because they did not consider the variation of energy lev-
els in the atom caused by image-force interaction. This
interaction was first introduced into the discussion of sur-
face, electronic processes by Hagstrum and Varnerin
and was later discussed in relation to photoemission as
the phenomenon of "relaxation. " Precursor resonance
tunneling has also been observed in the more recent de-
velopment of MDS in which the interacting atom is ini-
tially metastably excited rather than ionized.

In this paper we present the results of a study of the
effects of work-function change on the interaction pro-
cesses for incident ions. The work function has been re-
duced from the clean-surface value by the adsorption of
potassium. Kinetic energy spectra of electrons ejected
from Ni(100) and Cu(100) substrates have been obtained
for incident He+ and Ne+ ions. In addition, spectra for
incident He I and Ne I photons are included. As expect-
ed, several of the observations with incident ions are cor-
roborative of those made in a study with incident meta-
stable atoms. ' Interesting differences appear between
the spectra for nominally 10-eV ions (12 eV including
image-force acceleration) and those for 60-meV metasta-
bles. At low potassium coverages, small but definite spec-
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tral changes are observed for incident ions that are said
not to be observed for incident metastables. These obser-
vations lead to estimates of the change of local work
function at "clean" sites and of the mean separation of K
atoms on the surface. The relative magnitudes of energy
broadenings in the ion neutralization spectra for incident
ions and for ions descendent from incident metastables
have been shown to yield information on the relative dis-
tances from the surface at which Auger, and resonance-
tunneling processes occur. Novel data demonstrating ex-
citation conversion of He metastables are presented. A
preliminary report of some aspects of this work has been
given. '

The organization of this paper is as follows. In Sec. II
we discuss the electron-transition processes and the
energy-level variation in the incident atom with surface
separation, in terms of which we must interpret our data.
Experimental details are given in Sec. III and the data on
potassium alkalation of Ni(100) in Sec. IV. The spectral
changes for incident ions and photons that accompany K
adsorption on Ni(100) are evaluated in Sec. V. This is
followed in Sec. VI by a presentation of the work on
Cu(100)-K and comparison of it with the work of
Woratschek et al. ' employing metastable atoms. Our
data on the excitation conversion of He metastables are
presented in Sec. VII. Summary and conclusions are in
Sec. VIII ~

II. ELECTRON TRANSITION PROCESSES
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FIG. 1. Electron-energy diagrams for incident ions illustrat-
ing at (a) the single-stage process of Auger neutralization (AN)
for a high-work-function surface, and at (b) the two-stage pro-
cess of resonance neutralization followed by Auger deexcitation
(RN + AD) for a low-work-function surface.

A He+ ion approaching a solid surface will either be
resonance neutralized to an excited state, as a first stage,
or Auger neutralized with the ejection of an electron
from the filled band of the solid. Which of these occurs
depends upon the relative energies of the Fermi level and
the lowest-lying excited levels of the He atom. Assuming
for the moment a single, excited level, the two possible
configurations result in either a one-stage or a two-stage
electron-ejection process as is illustrated in Fig. 1. When
the work function of the surface is large enough to place
the lowest excited He level above the Fermi level only the
Auger neutralization process (AN) occurs as in Fig. 1(a).
For a low-work-function surface, as in Fig. 1(b), an excit-
ed level in the atom will lie below the Fermi level and res-
onance tunneling into it can occur. This process of reso-
nance neutralization (RN) occurs father from the surface
than does any Auger process and thus it becomes the first
stage of the two-stage, electron-ejection process. The
electron is now ejected from the solid in the process of
Auger deexcitation (AD) of the newly formed, excited
atom.

The analogous set of one- and two-stage processes that
occur for incident metastable atoms is diagrammed in
Fig. 2. The direct Auger deexcitation of the metastable
can occur for a clean metal surface only if the surface has
a sufficiently small work function as in Fig. 2(a). For a
high-work-function surface, as in Fig. 2(b), resonance ion-
ization (RI) of the electron from the metastable state is
followed by Auger neutralization (AN) of the ion thus
produced. This descendent ion approaches the solid
more slowly than the incident ions in the present work
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FIG. 2. Electron-energy diagrams for incident metastable
atoms illustrating at (a) the single-stage process of Auger deexci-
tation (AD) for a low-work-function surface, and at (b) the two-
stage process of resonance ionization followed by Auger neu-
tralization (RI + AN) for a high-work-function surface.
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but are accelerated somewhat by image-force attraction
before the AN process occurs. Our data for Cu(100) in
Sec. VI afford us the opportunity to discuss the effects of
the velocity difference of the incident ions or metastables,
since, as indicated above, a study of electron ejection
from Cu(110) by thermal metastables has been report-

14

The possibility of precursor resonance tunneling leads
to confusion in the use of the terms ion neutralization
spectroscopy (INS) and metastable deexcitation spectros-
copy (MDS) because, although they indicate the nature of
the incident particle, these terms do not always specify
the process by which electrons are actually ejected from
the surface. To avoid this confusion we shall identify
processes by the specific designations: RI and RN for
resonance ionization and resonance neutralization, AD
and AN for Auger deexcitation and Auger neutraliza-
tion, respectively, and RN+ AD and RI+ AN for the
two possible two-stage processes.

Electron ejection via AD is possible at high-work-
function surfaces in some circumstances, however. If
above the top of the filled band there is a sufficiently wide
energy gap with no allowed electronic states in it, reso-
nance ionization of the metastable electron cannot occur.
A second possibility involves the decoupling of the wave
function of the metastable level from those of the unfilled
levels in the solid by the interposition of a sufficiently
"thick" adsorbate having a sufficiently low density of
states above the Fermi level of the substrate. We en-
counter neither of these conditions in the present work,
however.

There are two phenomena connected with the atomic
interaction with a surface that we sha11 need in interpret-
ing our results. The first of these is the rise of the atomic
energy levels in the atom relative to those in the solid as
the atom approaches the surface. ' Since one plots the
energy levels relative to the ionization limit this rise
comes about because of the image interaction of the final
ionic state of each ionization process. Under certain cir-
cumstances it makes possible the crossing of the Fermi
level by an excited level in the atom at a critical atom-
solid separation s, that lies in the separation range where
resonance transitions are possible. In this case resonance
neutralization occurs for s g s„resonance ionization for
S (S~.

The second of these phenomena is that of excitation
conversion from one excited state to another as the atom
approaches the surface. ' ' The specific case observed
is the conversion of excitation from the 'S He metastable
level to the S as the atom approaches a surface. The
difference of 0.8 eV in excitation energy is in this case
large enough so that the subsequent metastable deexcita-
tion spectra can be resolved. This would not be the case
for the two Ne metastables whose excitation energies
differ by less than 0.1 eV.

Two types of excitation conversion have been pro-
posed. The first is that in which the two excited states
straddle the Fermi level at an atom-solid separation
where resonance tunneling is highly probable. This "res-
onance excitation conversion" (REC) is illustrated in Fig.
3(a) and is the process assumed by Lee et al. ' in their
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FIG. 3. Electron-energy diagrams illustrating two forms of
excitation conversion of He*(2 'S) to He*(2 'S). At (a) is shown
resonance excitation conversion (REC) which can occur when
the two levels straddle the Fermi level. At (b) is shown Auger
excitation conversion (AEC) where the two levels need not
straddle the Fermi level. Part (b) of this figure is after
Woratschek et al. (Ref. 18).

discussion of excitation conversion. The distance range
in which the 'S and S levels straddle the Fermi level, and
in which this type of conversion can take place, is the in-
terval between s, ('S) and s, ( S). This interval can be far
from the surface at high work function P but moves close
to the surface at low P.

The second type of excitation conversion is that recent-
ly proposed by Woratschek et al. ' The electronic tran-
sitions of this interesting and important idea are illustrat-
ed in Fig. 3(b). This is an Auger-type process in which an
electron from the filled band of the solid, on tunneling
into the lower S level, loses at least the amount of energy
necessary to raise the 'S electron to a level above the Fer-
mi level where it can tunnel into the solid. The impor-
tant feature of this "Auger excitation conversion" (AEC)
is that it is not restricted, as is REC, to a narrow range
hs of atom-solid separation that moves along the s scale
as P is varied. AEC can occur from the largest s at which
the respective wave functions overlap sufficiently to give
the process some measurable probability to the surface-
atom separation s, ( S) at which the S level rises above
the Fermi level. Woratschek et al. ' point out that for
low P surfaces AEC and not REC must occur since the s
range for REC lies in, or even closer to the surface than,
the range in which the AD process occurs.

The various processes we have been discussing are il-
lustrated in the electron-energy diagram of Fig. 4. Here
we plotted the energies of the ground and two metastable
states of the He atom relative to their ionization limit,
the vacuum level at E =0, as functions of distance of the
atom from the image plane outside a metal surface. A
low work function (/=1. 5 eV) is assumed and the elec-
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FIG. 4. Electron-energy diagram illustrating the electronic
transitions of a number of sequential electronic processes that
can occur as an incident ion approaches a surface. The varia-
tion near the surface of the three energy levels of the He atom
involved in these processes are shown. The I', {s,u„} functions
plotted above the vacuum level (E =0) are discussed in the text.
The electronic transitions of the various processes are shown as
arrows labeled with the initials of the corresponding process:
RN for the one-electron process and AEC1,2; AD1,2; and
REC1,2 for the two-electron processes. Also shown are the dis-
tances s for the RN, AEC, and AD processes and the critical
distances s, at which the 'S and S He* levels cross the Fermi
level at E = —P = —1.5 eV.

tronic transitions of the four processes RN, AEC, AD,
and REC are shown. Also indicted are the critical dis-
tances, s, ('S) and s, ( S}, where the effective metastable

energy levels at —E,'(2'S) and —E,'(2 S) cross the Fer-
mi level at E = —P.

The energy-level variation we have assumed for each of
the three atomic states in Fig. 4 is

E,'(s)(eV) =E, (s)(eV) —3.6 (eV A)/s[A] .

Here E (s) is the effective ionization energy of the in-

cident ground state or excited atom at a separation s from
the image plane of the surface, E, (00 ) i.s its ionization en-

ergy at infinity, and 3.6/s is the image potential at s. The
image potential 3.6/s is the same as that derived by Ap-
pelbaum and Hamann' and Lang and Kohn, usually
expressed as 3.6/(R —R'), where R —R', the distance
between the ion and the image plane, is expressed in
terms of the distance from the ion to the jellium edge, R,
and the distance from the image plane to the jelliurn
edge, R'. In writing Eq. (1) we have neglected van der
Waals interactions, repulsive interactions in the initial
and final states near the surface, " and electron-electron

repulsion. ' It is agreed, however, that the image poten-
tial is the dominant term in the region where electron
transitions occur so Eq. (1) is adequate for our pedagogi-
cal purposes here.

When an AN process occurs at s =s the maximum
electron energy in the AN electron spectrum is equal to
E (s ) —2P, where E,'(s ) is the effective ionization ener-

gy of the ground state at s =s . Knowing P and having
an expression for E (s), Eq. (1) for example, one can ob-
tain a value for the position, s, of the ion when the AN
process occurs. ' Sesselmann et al. ,

' who obtain E us-

ing a method that measures the maximum kinetic energy
of both photoemitted and ion-ejected electrons, deter-
mined values for R, the separation from the jellium edge.
These procedures are of interest here because they bear
on the question of the appropriate image-potential formu-
la. Sesselmann et al. compare their R for slow He+ ions
descendent from thermal metastable He* atoms incident
on Cu(110) with the s obtained for 40-eV He+ on poly-
crystalline W by Hagstrum. ' In their discussion of this
comparison they confuse s with R by considering
Hagstrum's s as an R value and by defining the classical
image potential as e /4(R —R') with R'=0. Appel-
baum and Hamann' and Lang and Kohn identify s in
the expression e /4s (3.6/s) as R —R ', the distance from
the image plane, not as R, the distance to the jellium
edge. Thus in using the form 3.6/s one does determine
distances from the image plane even though in early work
one did not appreciate this fact.

We also note here that a better choice of early data for
comparison with the Cu(110} data of Sesselmann et al. is
that in Fig. 2 of Ref. 22 for 5-eV ions also incident on
Cu(110). There, kinetic energy distributions of electrons
ejected by 5-eV He+, Ne+, and Ar+ ions are plotted and
linear extrapolations of the high-energy ends to obtain es-
timates of E (s ) are indicated. For these ions, respec-
tively, values for AE, =E;(&x ) E(s„, ) of 1—.9, 1.7, and
1.4 eV were obtained. These are to be compared with the
values 2.1, 1.8, and 1.4 eV given by Sesselmann et al. in
their Table V of Ref. 12 for these ions descendent from
thermal metastables. Note that, as should be the case,
the AE, values for the faster of the 5-eV ions lie below the
corresponding values for the thermal ions by greater
amounts.

At the top of Fig. 4 are plotted the P, (s, u„) functions
for the four electron-transition processes we are consider-
ing. Each function, when multiplied by ds, gives the
probability that the process occurs in ds at s on the as-
sumption of an exponential transition rate and appropri-
ate parameters. ' Since the RN, AEC, and AD processes
are not restricted to specific ranges of s, these functions
have the form given by Eqs. (39) or (44) of Ref. 1. Each
peaks at s =(1/a)ln( A /au„), Eq. (40) of Ref. 1. The s
values assumed yield reasonable relative placements of
the several transition processes based on experimental
conclusions concerning the ordering of the processes and
the value of the eftective neutralization energy of He+
where the AN process occurs. ' ' The widths at half
maximum of the P, functions is 2.48/a with a equal to 5
0 0
A '. The magnitude of a could well be smaller, 3 A
for example, making the P, function wider. The REC
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—exp( —as)] —as I

=a expt exp[ —a (s, —s )]

—exp[ —a(s —s )]—a(s —s )j .

(2)

(3)

The corresponding Po(s, U„) function, the probability that
the particle retains its initial identity, is

Po(s, u„)=exp t ( A /av„) [exp( —as, ) —exp( —as ) ] I (4)

=exp[exp[ —a(s, —s )]—exp[ —a(s —s )]) .

The probability P, (s) at s =s, ('S) for the REC process
calculated from Eq. (3) has the very large value of 4X 10
A '. In this calculation the s used in Eq. (3) is that the
unrestricted P, for REC taken to be the same as that for
RN whose maximum value at its s is 0.368a[A ']
=1.84 A '. Equations (2)—(5) are restricted to s (s, .

process, being restricted to a region at s (s, ('S) where its
transition rate is very high, occurs very rapidly in a very
narrow range of s. For an exponentia1 rate function,
R, (s)= A exp( —as), this "s-restricted" P, function is

P, (s, v„)= ( A /U„)exp I ( A /U„)[ exp( —as, )

III. EXPERIMENTAL DETAILS

The experimental apparatus used in this work is de-
picted schematically in Fig. 5. It is a modification of ear-
lier apparatus necessitated by the installation of the
source of K+ ions. The apparatus provides for the elec-
tron spectroscopies based on ion neutralization at port 1,
ultraviolet photoemission at port 4, and core-level Auger
electron spectroscopy using the electron gun placed 15'
off the port 4 axis. It also includes low-energy electron
diffraction at port 3, sputtering gear at port 2, as well as
evaporators and gas-inlet arrangements at ports 2 and 3.

The new addition to the apparatus is the K+ ion
source placed between ports 1 and 2. The source is an in-

directly heated potassium aluminosilicate molecular sieve
of the type described by Weber and Cordes. That used
in this work was purchased from Spectra-Mat Inc. , Wat-
sonville, California, described by Heinz and Reaves.
Dr. Weber kindly provided us with the design of a gun
used with their alkali sources but not described Ref. 24.
It is of the form shown in Fig. 5. The porus tungsten
plug, which we shall term electrode S and show cross
hatched in our figure, is impregnated with the K+
emitter material. When indirectly heated the source em-

its K+ ions that are drawn out by a potential on a first

grid, 6, , focused by a three electrode lens system, E&,
E2 E3 and passed through a second grid 62 to the tar-
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FIG. 5. Schematic diagram of the experimental apparatus. This is a top view except for the apparatus attached to ports 1 and 3,

where side views are shown for greater clarity.
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get T. The grids are made of 0.025-mm wire spaced 0.25
mm apart. G& has a circular aperture 8 mm in diameter,
G2 a 6-rnrn square aperture oriented with sides parallel to
those of the target. The three lens electrodes are made of
12-mm tubing of lengths 10, 10, and 27 mm, respectively.
All electrodes are mounted on three 3-mm diameter
A1203 rods.

This type of alkali source produces ions making possi-
ble relative measurement of surface dosage. Since our
target is connected to a sensitive current meter we can in-

tegrate the target current to obtain the K+ ion dose. The
source lens system is operated at two sets of electrode po-
tentials, one corresponding to "gate closed" with no K+
incident on the target, and the other to "gate open" when
the target is dosed. To specify the electrode potentials we
define a format and give the voltages as follows:
electrode(s): gate open voltage (gate-closed voltage),

LLI

OV
8 10

Ac (ev)

Ni(IOO)

12 14
0

18

S:+36(+36); G „G2:0(+66);

Ei,E3.—10( —10); E2 130(.——130) .

Our exposure rate was such that we could produce the
Ni(100)-K surface of minimum work function in about 7
min with an exposure of about 4)&10 A s of' K+ ions.
Andersson and Jostell have determined that this occurs
at a coverage 8 of 0.2, assuming 8 to be unity at the
atom density of the Ni(100) substrate. Since one As of
K+ corresponds to about 6)&10' ions delivered through
an aperture of about 40 mm, we derive 68=0. 1 per
10 A s of K+ assuming that all of the atoms stay in the
area of which they land. The 4X10 As dose then
gives 8=0.4 instead of Andersson and Jostell's 0.2 indi-

cating that the K+ ions spread over a larger area than
where they land.

The temperature indicated by a thermocouple on the
source heater body is in the range 820 to 850'C for an ex-
posure at the above rate. Outgassing of the source was
carried out at temperatures as high at 940'C for periods
as long as overnight. The manufacturer states that the
source can be heated to 1200'C without damage. Our
outgassing was done with the electrode potentials in the
gate-closed configuration which apparently resulted in no
appreciable ion loss. The Spectra-Mat people state that
the only impurity in their K+ source is Na+ which after
a few hours running drops to a proportionality low value.
Weber and Cordes quote Na+ impurities in their K+
source as low as four parts per 10 . It is clear, however,
that high-temperature processing of this type of source is
essential. When this was done the source performed very
well indeed and we have found no spurious peaks in our
electron spectra attributable to adsorbed impurities from
our K source.

In the sputtering gear at port 2 ions drawn to the tar-
get for sputtering are formed in Ne gas by the impact of
electrons emitted from the filaments F and accelerated to
the ring R.

Our background pressure in the low 10 ' or high
10 " Torr range makes possible the low decay rate of
the AN electron spectrum from clean Ni(100) shown in
Fig. 6. Note in the figure caption the relatively long
times required to alter the spectral shape or work func-

FIG. 6. Kinetic energy distributions of electrons ejected from
clean Ni(100) in the Auger neutralization of 10-eV He+ ions as
this surface is degraded by the adsorption from the background
gas in the apparatus. Times at which each 40-s run was started
after the completion of a target flash to 900'C are curve 1, 1.2
m; 2, 15 m; 3, 30 m; 4, 50 m. Accompanying work-function

change was curves 1-2, 0.072 eV; 1 —3, 0.097 eV; 1 —4, 0.128 eV.

Ni(100) K

~~

I

0
2

FIG. 7. Plots of the derivatives of He+ ion-current-
retardation curves, —dIT/dV„- vs 6V„„for a series of potassi-
um coverages on Ni(100) at room temperature. The shifts in the
maxima of these curves indicate the reductions of surface work
function as more K+ is adsorbed in exposures that for curves 1,
2, 3, and 4 are 0, 1, 3, and 8&(10 ' A s, respectively. Note the
double-peak character of the intermediate curves indicating two
patches of di6ering work function.
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tion appreciably. The experimental curves of Fig. 6, like
all those of other figures in this paper, are photographic
reproductions of analog x-y recorder plots of single runs.
Each run is taken at the rate of 2 s per eV of the abscissa
scale.

Finally, we cite our three methods of measuring work-
function change. The first method involves the retarda-
tion of our well-focused ion beam at the target surface.
We plot the derivative of the ion current to the target as
a function of the retarding voltage that is ramped
through the region in which the beam is reflected. As
can be seen in Fig. 7, this function for a surface of uni-
form work function has a sharp peak whose position can
be read on the large recording graph paper to one or two
hundredths of an electron volt. The change in retarding
potential 5 V„, from its value for curve 1 for the clean sur-

face is equal to the change in work function. The second
method determines the variation relative to the Fermi
level of the vacuum level cut-off point of an electron ki-
netic energy distribution. The third method determines
b,$ from the change in width, b, W, of a photoemission
energy distribution: b,P=Rcu —b, W. Our first method
has the distinct advantage of being able to detect patchi-
ness of surface work function. The other two methods
determine only the lower work function if
patchiness exists but are useful as corroborators. Our
method of locating an extremum of an electron energy
spectrum is to extrapolate linearly to the minimum level
of the function the slope of the rather long, straight-line
portion of the function at the point of inflection closest to
the extremum.

IV. POTASSIUM ALKALATION OF Ni(100)

Potassium was adsorbed on the Ni(100) surface using
two different procedures. If the first of these, K+ ions
were adsorbed in discrete amounts after the target had
been flashed to 900'C and cooled nearly to room temper-
ature. We found little difference between accumulative
adsorption, in which increments of adsorption were add-
ed to each other without intermediate flashing, and suc-
cessive adsorption, in which each differing quantity of K
was administered independently following a target flash
to 900'C. What we did find of importance, however, was
the temperature during adsorption since each of these
procedures resulted in a surface patchy with respect to
work function.

In Fig. 7, as indicated above, we plot the derivative of
ion current to the target with respect to retarding voltage
as the beam passes through zero velocity at the target
surface. The abscissa scale is b, V„, = V„, —V„,(clean) =b,P.
Curve 1 for the clean surface is obtained after a flash to
900'C. Curves 2, 3, and 4 correspond to increasing incre-
mental coverages of K of 1, 3, and 8X10 As, respec-
tively. Note that the two intermediate coverages show
double peaked, retardation derivatives, thus clearly indi-
cating two types of surface patch of appreciably different
work function. Note also that at the highest coverage the
patches have coalesced into a surface of uniform work
function.

The shifts in the peak positions of the retardation
derivatives of Fig. 7 can be used to plot work function

versus K+ exposure since the clean surface P is 5.22 eV.
Such a plot for the data of Fig. 7 and other intermediate
data is shown in Fig. 8. The ion-retardation data are
plotted as solid circles and fall on two curves that diverge
from one another at small exposure and do not come to-
gether until the exposure has reached 6X 10 A s. Plot-
ted as open circles in Fig. 8 are values of P obtained by
our second method. These points agree very well with
the lower P points from the ion-retardation method.

The results just presented indicated clearly that we
should adopt an adsorption procedure that would in-
crease the mobility of K+ on the surface if we were to
form a surface of uniform, macroscopic work function.
This could be done either by holding the surface at a tem-
perature sufficiently above room temperature during ex-
posure, or by making the initial exposure the maximum
one, and then following it with sequential removal of po-
tassium by thermal desorption. We decided to use the
latter procedure. Data illustrating this method are
shown in Fig. 9. Here V„ is plotted against the target
temperatures used to produce systematic reduction of the
K coverage. The open circle at V„, =10.27 V, T =900 C
is for the clean surface after a flash to 900'C before K+

1Q Le (A sec) ]

FIG. 8. A plot of work function of Ni(100) vs K+ exposure at
room temperature obtained from measurement of work-
function change assuming the clean surface P to be 5.22 eV.
Data from the shift in the maxima of the ion-retardation deriva-
tives (Fig. 7) are plotted as solid circles and indicate a surface
having two patches of differing work function until the exposure
has reached 6)&10 ' A s. The open-circle data were obtained
from the shifts of the vacuum-level cutoff of the kinetic energy
distributions of electrons from the AN ejection by He+ such as
those in Fig. 11. Note that this is a plot of P vs K exposure, e,
not K coverage, O.
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exposure. The point at V„;=6.95 V, T = 100'C is that ob-
tained after a K+ exposure of 10 A s and a single flash
to 100'C. A single flash was made at each temperature
where points are shown except for T =250'C where nine
flashes occurred, three of which are plotted. The clean
surface was recovered by the flashes to T =700'C and
above. It is remarkable that between 350 and 700'C the
data lie of the line: V„, =P+ 10.33 =4.441n( T) 18.—89.

The retardation derivatives obtained when the sequen-
tial removal method of K coverage is used are shown in
Fig. 10. Curve 1 is that obtained after target flashes to
900'C either before K adsorption or after sequential
desorption ending with a flash again to 900 C. Curve 2 is
that for maximum exposure. It corresponds to the point
at T =100'C of Fig. 9, and curve 3 to that at 350'C at
the start of the logarithmic straight line. Curve 4 is that
for the 500'C point and is representative of such a plot
for all points on the logarithmic straight line. We cannot
plot P versus coverage 8 from our own data but we can
obtain 8 corresponding to our P from the work of others
as we do in Secs. V and VI.
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FIG. 10. Plots of the ion-retardation derivative functions the
positions of whose maxima are plotted in Fig. 9. Note that the
sharp, single-peaked character of these plots indicates uniform,
nonpatchy K+ coverage of the surface. Note also that we can-
not plot P derived from these data as a function of either expo-
sure or coverage.

FIG. 9. Plot of V„„ the voltage at the maximum of the ion-
retardation derivative curve, as a function of the temperature of
successive target flashes used to reduce systematically the cover-
age of K atoms on Ni(100) after an initial exposure of 10 A s
as explained in the text.

V. ELECTRON EMISSION SPECTRA
FOR INCIDENT IONS ON CLEAN

AND ALKALATED Ni(100)

The changes that take place in the kinetic energy dis-
tribution of electrons ejected from Ni(100) when its sur-
face is exposed to increasing amounts of potassium are
shown in Fig. 11. Curve 1 is for the clean surface and the
increasing ordinal numbers of the curves above it indicate
increasing amounts of adsorbed K. The spectra of Fig.
11, however, were obtained during the sequential desorp-
tion procedure of Figs. 9 and 10. Thus, when the clean
surface was exposed to 10 A s of K+, the electron spec-
trum changed from curve 1 to curve 8 which was then
recorded without any heating. Curves 7 through 1 were
obtained by successive heatings to increasing tempera-
tures as was done to obtain the data of Fig. 9. Note how
the low-energy cut-off points of the kinetic energy distri-
butions shift toward the Fermi level at E —EF——0 as K
coverage increases (curve ordinal number increases) and
work function decreases.

Curve 1 of Fig. 11 for the clean surface is a two-
electron spectrum from the AN process of Fig. 1(a). The
deconvolution of earlier data of this type, and of curve
1 of Fig. 16 in Sec. VI of this paper, produce the initial-
state, transition-density function whose principal com-
ponent is the convolution mean of the local densities of
states at the surface and at the ion. At the coverage of
curve 5 there is sufficient adsorbed K to reduce the work
function to the point where the two-stage RN + AD pro-
cess of Fig. 1(b) can occur yielding a one-electron spec-
trum. The principal feature of the spectra of curves 5 —8
is the peak at the high-energy end of the distribution that
is made up of electrons ejected from the relatively small,
filled portion of the K 4s resonance level that lies below
the Fermi level. These are the same basic features ob-
served by %'oratschek et al. ' for metastable atoms in-
cident on Cu(110) as K is adsorbed, in which case the se-
quence of processes is RI+ AN at low-K coverage and
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FIG. 11. Kinetic energy distributions of electrons ejected
from Ni(100) by Auger neutralization of the incident He+ ions
or by Auger deexcitation of the descendent He* metastable
atoms formed from the incident ions by resonance neutraliza-
tion (RN). Curve 1 is for the clean surface and curves 2 —8 for
surfaces with increasing amounts of adsorbed K. Note that
curve 8 is obtained after an exposure to 10 A s of K+ ions and
curves 7—1 after successive amounts of K+ thermal desorption
as described in the text.

AD when p has been reduced sufficiently at higher-K
coverage.

The spectra of curves 1 —5 in Fig. 11 document the
transition from AN to AD electron ejection and reveal a
number of interesting facts. This is the region of low-K
coverage in which there are two distinct types of atomic
sites on the surface differing appreciably in local work
function as is shown in the electron-energy diagram of
Fig. 12. That this type of local modification of the sur-
face work function occurs on potassium adsorption has
been demonstrated by Lee et al. and Woratschek
et al. ' using incident metastable atoms.

In discussing the features of a progression of measured
electron kinetic energy spectra in terms of the electronic
structures of two different surface atomic sites it is essen-
tia1 that one plot the spectra on the energy scale whose
zero is at the Fermi level, EF, the only energy level com-
mon to both sites. This is done in Fig. 11 and other such
plots. In this way one basically eliminates the macro-
scopic work function P which depends on the relative
areas of alkali and clean sites and is therefore an extrinsic
variable with respect to the local-energy structure of al-
kali and clean sites, at least at sufficiently low alkali cov-
erage. Note that E EF=Ek+P, where —Ek is the elec-

FIG. 12. Electron-energy diagram indicating the energetic
relationship of two sites on a partially K covered metal surface.
At the left is a site just outside an adsorbed alkali atom (not
shown) where the local work function, P„, is small. At the
right is a clean site where the local work function, P„equals
that of the clean surface. Note the arrows that indicate the
direction of increase of distance s from the surface toward
infinity at the center of the diagram.

tron kinetic energy well outside the surface whose macro-
scopic work function is (().

When K coverage is small, an ion incident upon a
clean site remains an ion until it undergoes AN, and the
electrons then ejected have essentially the same energy
distribution above the Fermi level as they have when the
surface is clean. Thus, at a clean site the local work func-
tion, the energy by which the flat region of the potential
irnrnediately adjacent to a Ni atom lies above the Fermi
level, is close to the macroscopic work function of a com-
pletely clean surface. The local character of the AN pro-
cess is evidenced by the fact that the peak at
E —EF——16.2 eV in curve 1 of Fig. 11, a feature of the
electron kinetic energy spectrum for the clean surface re-
sulting from the AN process, largely retains its form and
energy position in spectra for which the density of ad-
sorbed K has increased sufficiently to decrease the rnacro-
scopic work function by 2.55 eV. This is the same
phenomenon observed and discussed by Woratschek
et al. ' for metastable atoms incident on Cu(110).

Woratschek et al. ' state that the AN feature in their
spectra for Cu(110) does not shift as P decreases on initial
K adsorption. In our curves 1 —4 of Fig. 11 for Ni(100),
however, we see that as the density of adsorbed K in-
creases, the peak of the AN feature does shift by small
but measurable amounts from E —EF=16.2 eV, its posi-
tion in curve 1 ~ This must arise because the local work
function at intermediate sites, even those farthest from
adsorbed K atoms, cannot remain exactly at the c1ean
surface value as the surface density of K atoms increases.
How this comes about is illustrated in Fig. 13. At (a) in
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FIG. 13. Two diagrams of the potential variation along a line
through two adjacent alkali sites between which there lie clean-
surface sites. At (a) the density of alkali sites is small enough
such that the clean sites between the alkali sites are the same as
those on a completely clean surface. At (b) the density of K
atoms is large enough so that clean sites between them are
modified somewhat due to proximity to K atoms resulting in a
lowered local work function, p', .

this figure is shown the situation when the K concentra-
tion is relatively small and the distance between adjacent
K sites is large enough to allow the local potential over a
large area between K sites to be that characteristic of the
clean surface. Then the local P, equals the macroscopic

P of the clean surface. The vertical, dashed lines at the
left-most alkali site in Fig. 13(a) are meant to suggest that
the range over which an adsorbed K atom dominates the
surface potential is short. As K concentration is in-

creased and K sites come closer to each other, the local
work function at intermediate clean sites decreases to
values P,

' below P, as is shown in Fig. 13(b). Consider
the clean-site, right-hand diagram in Fig. 12. Since the
vacant ground level of the He atom must lie below the lo-
cal "vacuum level" by the He ionization energy we see
that reduction of the local work function to P', increases
the transitions 1 and 2 of the Auger process from E —P,
to E P,

'—lt .is this that produces the shifts S of the AN
spectral feature to energies farther above EF as is ob-
served in Fig. 11. At higher K concentrations P,

' also
varies more with position between adjacent K sites caus-
ing the spectral feature to broaden. It is remarkable that
both of these effects can be seen in curves 1-4 of Fig. 11.
Equating ((), —P,

' to S yields an average value of ((),
' since

S for a broadened AN feature is also an average.
Measured energy shifts S[eV] of the peak of the AN

feature in the spectra of Fig. 11 and intermediate spectra
are listed in Table I. Our procedure for determining
these shifts from our kinetic energy spectra was as fol-
lows: Two x-y recorder plots of the spectra are placed on
a light box with the peaks of the AN features superim-
posed. The two peaks are considered to be superposed
when at their point of contact the tangent lines to the two
curves coincide. In this configuration the shift S is the
distance d (mm) measured between the vertical line mark-
ers on the two plots, each indicating a point 30 eV above
the Fermi level. We may write S[eV]=0.0787d (mm)
since the size of the energy scale of the original plots is 2

TABLE I. Energy shift S of the AN feature in the spectra of Ni(100)-K (Fig. 11) and the correspond-
ing mean separation R of K atoms.

Curve'
—b (()

(ev) (eV)
S=P, —P,

'

(ev)

R'
(A)

4
5

6
7

min P
(min P)

0.00
0.83
1.64
2.10
2.55
2.84
3.19
3.33
3.41
3.48
3.49

(3.55)
3.48
3.36

5.22
4.39
3.58
3.12
2.67
2.38
2.03
1.89
1.81
1.74
1.73

(1.67)
1.74
1.86

0.00
0.17
0.29
0.35
0.38
0.40
0.58

0.000
0.022
0.048
0.068
0.087
0.103
0.135
0.1

(0.20)

18.1
12.2
10.3
9.1

8.4
7.3
6.7

'A number in this column indicates the spectrum in Fig. 11 to which the data of the line corresponds.
The lines without numbers in this column contain data for spectra intermediate to the spectra of Fig.
11.
The relative potassium coverage obtained from the 8„versus AP plot for the Ni(100)-K of Fig. 2 of

Andersson and Jostel, Ref. 26. At e&——1 the density of K atoms would equal that of Ni atoms on the
Ni(100) substrate.
'The mean separation R of K atoms in hexagonal symmetry for K at low coverages ez is obtained from
the relation e&——2a /&3R (Ref. 26). Since the edge a of the square surface unit mesh of Ni(100) is
2.49 A we obtain R =2.68/+8N.
The data on this line are for the point of minimum P in our data. They are very close to the data of

Fig. 2, Ref. 26, listed on the next line below, justifying our use of the Andersson and Jostell data to ob-
tain 8„from our hP.
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eV per 25.4 mm. The range of the S values in Table I
thus involved measurements of lengths between 2.2 to 7.4
mm for which we employed a Gerber variable length
scale and optical magnification.

If we can determine the relative coverage 6K of K
atoms from our values of b P we can obtain the mean sep-
aration R of K atoms on the surface for each shift S. We
have done this using the b, P versus 8s plot of Ni (100)-K
in Fig. 2 of Ref. 26. The results are tabulated in Table I.
That our data for hP are of comparable accuracy to those
of Andersson and Jostell is evidenced by the fact that
our value at minimum P is very close to theirs. Here we
also used a Gerber variable scale and optical
magnification in reading 6+ values from the plot of An-
dersson and Jostell.

Having 6K we can determine R since 6K can be ex-
pressed in terms of R for ordered, adsorbed K. For the
hexagonal or square lat tice, respectively, 6K equals
a /R or 2a /&3R, from which we obtain in angstroms
R =2.68/+8K or R =2.49/+8& using a =2.49 A for
the unit mesh edge of Ni(100). The distance between cen-
tered "clean" sites farthest from K atoms is R or 2R/3
for the square or hexagonal lattice, respectively. The R
values in Table I are for the hexagonal lattice.

We see in Table I that when 6K has increased to 0.14,
R for the hexagonal lattice has reduced to approximately
7 A. For this lattice the distance between clean sites

0

farthest from the K atoms is then about 5 A. For a
square lattice at this 6&, the distance between K atoms,
R, and the distance between clean sites would both be
close to 7 A. At this point, where 8K is 0.14, the local P,

'

at clean sites is about 0.6 eV smaller than P, of the clean
surface. We believe this result to be reasonable in light of
the theoretical finding of Lang et al. , whose contour
plots in Fig. 2 show that "the electrostatic potential dies
out rapidly around 6—7 bohr (&4 A) from the alkali
atoms. " The breadth of the AN peak feature in curve 4
of Fig. 11, however, indicates that the local work func-
tion varies greatly over that region between K atoms in
which AN is still possible. In the spectrum of curve 5 in

Fig, 11, at which R has reached 6.7 A, there is little evi-
dence of an AN feature and a sizable peak of K 4s elec-
trons had appeared indicating that the transition to a
one-electron AD spectrum is essentially complete.

At an alkali site, also depicted in Fig. 12, the local
work function is at least as small as the smallest macro-
scopic work function achieved on K adsorption. Thus as
K+ is adsorbed we expect the first RN + AD process to
occur for ions that are incident directly above K+ ion
where the local work function is the smallest. At this
point the local density of filled electron states just below
the Fermi level would be strongly enhanced if a tail of the
K 4s electron resonance extended somewhat below EF.
If, in Fig. 4, we move toward the surface along the hor-
izontal line at E = —P we see that the 'S level rises to the
level of these K 4s electrons before the S level does.
Then RN of He+ could occur, forming He*( 'S), some of
which might eject electrons via the AD process. Curve 3
of Fig. 11 displays a small, reproducible peak near
E —EF——20. 6 eV, the energy available from Auger deex-
citation of He*('S). This observation supports the idea

l(100)K

(10ev)

8
Mz

Q
5

~ Q
4

Q0 2 4 6 8 10 I 2 l4 16 I 8 20
E-EF(ev)

FIG. 14. Kinetic energy distributions of electrons ejected by
incident Ne+ ions, or descendent Ne metastable atoms, from
Ni(100) with varying amounts of adsorbed K. This figure is
analogous to that of Fig. 11. The K+ exposure for curve 8 is
10 A s. K desorption by suitable heatings of the target pro-
duced the concentrations yielding curves 7—1.

that an alkali atom adsorbed on a metal at very low cov-
erages is not completely ionized. Since the 'S level
quickly rises above the Fermi level, RI of the newly
formed metastable is also possible followed by AN. AEC
may yield some He*( S) which, if not immediately reso-
nance ionized, could undergo AD to produce electrons of
kinetic energy near 19.8 eV. There is no convincing evi-
dence for this in curve 3, however.

Under the conditions of curves 5 —8 of Fig. 11 almost
all of the neutralized ions reach the S metastable state
before AD occurs. Since the work function for these
curves is near its minimum value, excitation conversion
must occur via the AEC process. Only when P is in the
range 3.3 to 4.2 eV do the 'S and S energy levels straddle
the Fermi level making resonance excitation conversion
(REC) possible. Spectra presented in Sec. VII indicate,
however, that a tiny portion of metastables do survive as
'S until AD occurs.

Curves 5 —8 are plotted on the same ordinate scale in
the upper half of Fig. 11 to show the relation of the K 4s
electron peaks to one another as the amount of K on the
surface is increased. The peak grows in area and width
keeping its high-energy side fixed at the Fermi level. This
is exactly what should occur if the peak we observe is the
low-energy, filled portion below the Fermi level of a
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I. However, as is seen in the spectra of curves 5 and 6, of
Fig. 16, an intermediate curve, and in the S entries of
Table II, a similar peak or shoulder in this energy range
shifts back to an S value of zero where it remains for the
curves at still higher-K coverage not listed in Table II.
%e take this and the appearance of the K 4s peak in the
spectra as evidence that at the coverage 6& -—0. 10 of
curve 5 the mechanism of electron ejection is shifting
from AN to RI + AD and that the peak at S =0 in spec-
tra at higher-K coverage is a feature of the one-electron
AD spectra in which there is no longer any AN feature.
This conclusion agrees with the data of Fig. 2 of
Woratschek et al. ' for Cu(110), where the AN feature
still visible in the spectrum at GK ——0.08 has disappeared
in the next spectrum for e~ =0.12.

%e turn now to the question as to whether the AN
feature in the spectra for ions descendent from incident
metastables shifts to higher energy on the E —EF
=Ek;„+P=Ek;„scale of Fig. 2 of Ref. 14 as K coverage
increases. Woratschek et al. state that "up to
e=—0.10. . . structures arising from deexcitation at bare
Cu sites. . . are unshifted on the Ek;„scale." Certainly
this is closely true on the scale of the large 2.3 eV change
in the macroscopic work function. In Fig. 2 of Ref. 14
the sharp change in slope of the spectra that occurs at
Ek;„——10.8 eV for 8=0 does move to higher E„';„ase in-
creases. But it is not easy to decide how much of this is
to be attributed to the increase in intensity of the K 4s
peak. There is also a possible reason why energy shifts in
the AN feature could be less for the slow ions descendent
from thermal metastables than for ions whose kinetic en-

ergy is 12 eV near the surface. This arises because the
slower ions are more readily repelled than the faster ions
from the K+ sites and focused more on the clean sites
most distant from K atoms where ((),

'
is closest to t)), . It is

the low noise in our data, resulting from our use of in-
cident ions, and the scale of 2 eV per 25.4 mm on which
our data are originally plotted that enable us to measure
S with sufficient accuracy.

Auger deexcitation spectra of Ni(100) and Cu(100)
with our highest coverages of K are compared in Fig. 17.
These spectra are remarkably similar and demonstrate
that the K coverages are sufficient to mask the differing
substrate electronic structures. Although the Ni d band
lies just below the Fermi level and could thus be masked
by the K 4s peak, the Cu d band lies between 2 and 4 eV
below EF where the AD spectrum for Cu(100)-K is of
lower intensity than that for Ni(100)-K.

Photoemission spectra for Her (21.2 eV) radiation are
shown in Fig. 18. Here, because the d band lies between
2 and 4 eV below EF and the s band is of low intensity
just below EF, we can see clearly that photoemission
versus Auger deexcitation has a very low probability of
detection of the K 4s electrons. '

Since our only published deconvolution of an AN spec-
trum of clean Cu(100) was done with very early data,
we take this opportunity to present here the deconvolu-
tion of our present data. In Fig. 19 are plotted the AN
kinetic energy distributions, XI(E) for 10 and 20 eV ions,
and the derivative, —dXI/dE, of the 10-eV data. Our
van Cittert-type extrapolation of these data to an

He+(10 eV)
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2:Cu(100) K
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FIG. 18. He I photoemission spectra from Cu(100) with vary-

ing amounts of K adsorption. K+ exposures are indicated at
each curve.

CLI (100)

4NzrdE

UJ

Mz
I

LLI

Mz

0
0 2 4 8 10

EVAC(e ~) )

I

12

~ 20eV

14 16 18

FIG. 19. Plots of the kinetic energy distributions of elec-
trons, Wi(E), ejected from clean Cu(100) by 10 and 20-eV He+
ions. The —de/dE plot is the derivative of the 10-eV Nz(E)
distribution.
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FIG. 17. Comparison of the kinetic energy distributions of
electrons ejected by He ('S) metastables descended from the
He+ ions incident on Ni(100)-K and Cu(100)-K. Each surface
has been exposed to 8)& 10 ' A's of K+ ions.
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effectively zero incident kinetic energy yields the fold
function F(g/2) of Fig. 20, whose derivative F (g/2) is

also shown. The unfold of F by Eq. (14) of Ref. 30, gives
the U(g) function of Fig. 20. It is the initial-state,
transition-density function that is needed for comparison
with the spectrum of a one-electron spectroscopy such as
photoemission. This comparison is made in Fig. 21.

Our U(g) function of Fig. 20 for clean Cu(100) agrees
in its principal features with the unfold function obtained
for thermal He+ ions on clean Cu(110) obtained with in-
cident metastables by Sesseltnann et al. ' (see their Fig.
19). This agreement is dependent upon the debroadening
step in our data reduction procedure since the most
significant difference in the kinetic energy spectra is the
greater broadening in the spectrum for the faster ions.
That there is observable residual broadening in the slow
ion data, however, can be seen in the tailing of the spec-
trum in the 13-14 eV interval of Ek;„ in Fig. 19 of Ref.
13. Retention of this tailing in the slow ion data is
perhaps the reason why the peak nearest the Fermi level
in the slow-ion deconvolution appears slightly farther
frotn the Fermi level (greater Es) than does the same
peak in our deconvolution.

We estimate that the broadening in our data for in-
cident ions is of the order of four times that for ions des-
cendent from thermal metastables in the spectrum of
Sesselmann et al. This broadening ratio, which we may
call rb, is based on the relative magnitudes of the exten-
sions of the data beyond extrapolated maxima obtained
by linear extension of the slopes at the points of inAection
at highest energy. We find that we can express the atom-
surface separation, sR&, at which the incident metastable
undergoes RI, in terms of rb and s„N, the separation at

I

Cu(100)

F ((/2)

Cu (100)

LLI

LIJ

CL

-I8 -I6 -I4 -I2 -IO -8 -6 -4 -2
$ = E-EF (ev)

~O
0

FIG. 21. Comparison of the U function of Fig. 20 with the
clean-surface He I photoemission spectrum, curve 1 of Fig. 18.

which AN occurs. This makes possible a perhaps crude
but nevertheless interesting exploration of the consisten-
cy among values, or limits on values, suggested for dis-
tances from a surface at which RI and AN occur.

In an earlier work on broadenings intrinsic to the AN
process with incident ions it was concluded that initial-
state and nonadiabatic broadenings were the two primary
components, each of which varied directly with the
atom's velocity. The initial-state broadening results
from the Heisenberg uncertainty principle and the non-
adiabatic broadening from the motion of the electric
charge of the ion toward the surface. The velocity depen-
dence of these broadenings requires that, at the positions
sAN where AN occurs for ions of different velocities, rb
must equal r„ the ratio of velocities. The ratio of kinetic
energies, rz, equals rb. Since the faster ion's kinetic ener-

gy at AN is 12 eV (the 10-eV acceleration in the ap-
paratus plus 2-eV image-force acceleration near the sur-
face), it follows that the slow ion's kinetic energy in eV at
AN should be 12/rx ——12/r&. The increase in kinetic en-
ergy, hK, of the slow, descendent ion between RI and
AN is thus

hE =(12/r&) —0.06 eV, (6)

F'(g/2)

where 0.06 eV is the incident metastable's kinetic energy
at RI. Since this increase in kinetic energy closely equals
the change in image potential we may write

(3.6/sAN ) —(3.6/sRI ) =(12/rt, ) —0.06=K [eV] . (7)

0-I4 -I 2 -IO -8 -6 -4
(= E-EF(eV)

0
0

FIG. 20. The F(g/2) plot is the debroadened fold function
obtained by a van Cittert —type extrapolation from the 10- and
20-eV Xz(E) plots of Fig. 19. F'(g/2) is the derivative of
F(g/2) and U(g) is the convolution square root of F obtained
by sequential, step-midpoint deconvolution as described in Ref.
23. sRI ——3.6/(1. 56—12/r&) . (8)

Sesselmann et al. , on page 1555 of Ref. 12, have de-
rived the value, R =3 A for the distance from the jellium
edge at which AN occurs. From this and R'=0.6 A, the
distance of the image plane from the jellium edge, we ob-
tain sAN=R —R'=3 —0.6=2.4 A. Inserting this into
Eq. (7) and solving for sR, yields an expression for the
value of sR& for ions descendent from incident thermal
metastables that is consistent with our broadening ratio
rb and the sAN

——2.4 A of Sesselmann et al. It is
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This equation has the following solutions:

(r&,sR&)=(3.0, 15.7 A), (3.5, 6.2 A),
(4.0,4.4 A},(4.5, 3.7 A), and (5.0, 3.3 A) .

NI (IOO) K

Thus our estimate of the broadening ratio as r„=4 and
0

the value s~N ——2.4 A from Sesselmann et al. suggests
that s„,=4.4 A. We do take note of the fact that sR, is a
rapidly varying function of r&, particularly at smaller rb.
However, it is interesting that the result, sR, ——4.4 A, is
the limiting atom separation suggested by Sesselmann
et al. on page 1550 of Ref. 12 in their statement: "RI
dominates over AD also in cases where R + is as small as
about 5 A." We recall that sz& is derived from R+ by
the equation

(10ev)

e+(30 ev)

-20 -I 8 -I 6 -l4 -I 2 -IO -8 -6 -4 -2
E-EF(ev)

4J
M

sai —(R+ —R')=5 —0.6 A=4. 4 A (9)

A larger value for s„, would require a smaller broadening
ratio.

FIG. 22. Kinetic energy distributions of electrons ejected by
Ne and He metastable atoms, descended from Ne+ and He+
ions via RN, incident on K covered Ni(100). These are curves 8

of Figs. 11 and 14. The 3.1-eV difference in spectral width
demonstrates that it is the 'S and not the 'S He* that is the de-
scendant of He+.

VII. He ('S) TOHe ( S) CONVERSION VIII. SUMMARY AND CONCLUSIONS

The evidence for He'('S) to He'( S) conversion dis-
cussed in Sec. V was basically the magnitude of the kinet-
ic energy of the electrons ejected by AD from the filled
portion of the K (4s) electron resonance just below the
Fermi level. Here we present another type of evidence.
In Fig. 22 we compare the electron kinetic energy distri-
butions ejected by He+ and Ne+ ions from the same al-
kalated Ni(100) surface. The evidence that almost all of
the incident He+ ions have turned into S metastables be-
fore electron ejection is the 3.1 eV difference in the
widths of the distributions for the two incident ions.
Within experimental error 3.1 eV is equal to the
difference in excitation energies between either
He'( S„19.8 eV) and Ne'( Pz, 16.62 eV) or He'( S„19.8
eV) and Ne'( Po;16.72 eV). It is well outside the possible
error for these differences involving He'('So', 20.62 eV).
Nevertheless, a minute fraction of the electrons are eject-
ed by 'S metastables. This is evidenced by the difference
between the two spectra of Fig. 22 to the right of EF at
E —EF——0 where the He+ spectrum is somewhat above
the Ne+ spectrum at the energy where K (4s) electrons
ejected by 'S metastables should appear.

The present work extends the study of electron ejection
from alkalated metal surfaces by ions and metastable
atoms first published by Woratschek et al. ' for thermal
He metastables incident on Cu(100). Here we have used
ions of 12-eV incident energy at the surface, both He+
and Ne+, and two different surfaces, Ni(100) and
Cu(100). This work has corroborated that for incident
metastables in many respects. Beyond this it has
broadened our scope. We have shown, for example, how
in the low-K-coverage regime careful measurement of
spectral feature shift as more K atoms are adsorbed leads
to a determination of the reduction in local work func-
tion at a so-called clean site. From this, in turn, we esti-
mate the reduction in mean separation of the K atoms.
We have also presented a deconvolution of the AN spec-
tra for incident ions on Cu(100) and some observations
based on the differences in energy broadening in the ener-

gy distributions of electrons ejected by slow and faster
ions. Thus the results of studies employing incident
thermal metastables and faster ions and their intercom-
parison have extended our understanding of the particle-
solid interactions that occur when slowly moving ions
and metastable atoms approach the surface of a solid.
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