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Absolute threshold energies for inelastic electron scattering from the 2p;,, core states and absolute work
functions have been obtained for 3d transition-metal surfaces using a field-emission source. Core binding
energies are conventionally determined either from the kinetic energies of ejected core electrons that have
absorbed a known amount of energy as in x-ray photoelectron spectroscopy (XPS), or from the threshold
energy for excitation of the core state as in appearance-potential spectroscopy (APS). In the XPS
measurements a correction must be made for the effective work function of the spectrometer. In APS, a
correction is normally required for the emitter work function. Using a field-emission electron source,
however, the threshold energy for core excitation is given directly by the product of the emitter-sample
potential and the electronic charge without correction for emitter work function. The thresholds are
identified as abrupt changes in the secondary electron yield. Iterative deconvolution was used to correct for
instrumental and core-lifetime Broadening. The binding energies measured in this way are consistently lower
than those measured by x-ray photoelectron spectroscopy. Absolute work functions were measured by the

field-emission retarding-potential technique.

I. INTRODUCTION

Although the inner-shell electrons of atoms do
not directly participate in chemical bonds, their
binding energies can be measurably shifted by re-
distribution of the valence electrons. This has pro-
vided the motivation for increasingly accurate mea-
surements of core-electron binding energies in the
surface region of solids. Binding energies are de-
termined either from the threshold energies for ex-
citation of a core state, as in x-ray absorption and
appearance-potential measurements, or from the
kinetic energies of ejected core electrons that have
absorbed a known amount of energy, as in x-ray
photoelectron spectroscopy and characteristic ener-
gy-loss measurements.

The first extensive table of core-electron bind-
ing energies, published by M. Siegbahn,® relied on
x-ray absorption measurements to establish a re-
ference level for each element. For Z>51, Sieg-
bahn used the L;(2p,,,) edge as a reference because
of its intrinsic sharpness. For lower-Z elements
he used the K edge. The energies of the remaining
levels were calculated from x-ray emission wave-
lengths. Siegbahn’s table was revised and expand-
ed in 1952 by Hill, Church, and Mihelich? using
more accurate values of the physical constants.
Subsequent tabulations of binding energies by Bear-
den and Burr® and by K. Siegbahn et al.* have re-
lied on x-ray photoelectron measurements rather
than absorption edges to establish the reference
scale wherever possible. The x-ray photoelectron
measurements were not, however, taken under the
ultraclean conditions generally regarded as nec-
essary for surface-sensitive techniques. These

compilations are therefore unlikely to be repre-
sentative of clean-surface values.

More recently, Shirley et al.’ have determined
new values of core-level binding energies of the
3d transition metals based on x-ray-photoemission
spectroscopy (XPS) measurements on clean sur-
faces under ultra-high-vacuum conditions. How-
ever, the measured kinetic energies of the photo-
ejected core electrons, from which the binding en-
ergies are calculated, represent the energy of the
ejected electrons relative to the vacuum level of
the spectrometer.® Thus, the effective work func-
tion of the spectrometer must be known in order to
determine the binding energy directly. The spec-
trometer work function, unfortunately, is a poorly
defined quantity.

An alternative approach to the measurement of
core-electron binding energies is to measure the
threshold energy for electron scattering from a
core state. This approach, which is termed ap-
pearance-potential spectroscopy, has the advan-
tage that no dispersive analyzer is required. The
resolution is therefore limited only by the spread
in incident electron energies. This technique was
used by Park and Houston’ to measure the L-shell
binding energies of the 3d transition elements. In
a direct comparison of binding energies determined
by appearance-potential spectroscopy (APS) and
XPS, Webb and Williams® concluded that, within
the accuracy of the experiment, both methods gave
the same result. They pointed out, however, that
the neglect of core-hole lifetime broadening by
Park and Houston was unjustified. The principal
uncertainty in these measurements, however, was
the work function of the thermionic electron source,
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which must be added to the potential difference be-
tween the emitter and the sample to obtain the in-
cident electron energy.

In the present paper, we report the first appear-
ance-potential measurements of 21)3/2 core binding
energies of the 3d transition metals using a field-
emission electron source. Since the field-emitted
electrons tunnel through the potential barrier at the
emitter surface, no correction for work function is
required. In addition, we have taken explicit ac-
count of the lifetime broadening of the core state,
by means of a deconvolution program. These are
believed to be the first absolute measurements of
core-electron binding energies.

In addition, we report absolute-work-function
measurements obtained by field-emission retard-
ing-potential method.

II. EXPERIMENT

The apparatus used to obtain the appearance-po-
tential spectra is shown schematically in Fig. 1.
It must certainly be the simplest core-level spec-
trometer ever constructed and may have the high-
est resolution. The electron source is a tungsten
field-emission tip mounted on a heating loop. The
tipwas deliberately blunted by flashing at progress-
ively higher temperatures until a field-emission
current of about 2 4 A was measured at an anode
potential of 900 V. A 10%-Q resistor serves as a
current limiter.
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FIG. 1. Schematic diagram of the experimental appar-
atus used in measurements of absolute core binding en-
ergies. Field-emitted electrons passing through an
aperture in the anode impinge on the sample with an en-
ergy eV. The derivative of the sample current is ob-
tained by the potential modulation technique. That portion
of the sample current that varies at the modulation fre-
quency is selected by a tuned circuit. Excitation of a
core level is signaled by an abrupt decrease in sample
current.
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FIG. 2. Energy-level diagram showing the condition

for threshold excitation of a core level by a field-
emission source. The binding energy is given by Eg=eV.

the anode are retarded, and impinge on the sample
surface with an energy eV. Since the sample pot-
ential V is kept lower than the anode potential V,,
the anode serves as a collector for secondary elec-
trons. The current measured in the sample circuit
is therefore

I=1, -1, o8

where I, is the primary current and I; is the sec-
ondary emission current from the sample. I, is
independent of the sample potential and variations
in sample currentas afunction of V reflectaccurate-
ly changes in secondary emission. As shown in
the energy-level diagram in Fig. 2, an electron
tunneling from the Fermi level of the emitter will
impinge on the sample with an energy eV, relative
to the Fermi level of the sample. The threshold
for inelastic scattering from a core state with
binding energy Ey is just

eV=Eg, (2)

since no electrons will have energy greater than
ev.

There is, of course, some spread in the incident
electron energy, since electrons may tunnel into
the vacuum from any state in the valence band. The
tunnel current is a strong function of the barrier
width, however, with the result that emission drops
off rapidly for states below the Fermi level.

Young® has shown that for a free-electron metal
the energy distribution of field-emitted electrons
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FIG. 3. Instrument-response functions for the spectro-
meter shown in Fig. 1. (a) Energy distribution of field-
emitted electrons relative to the emitter Fermi level.

(b) Semielliptical broadening function associated with
potential modulation differentiation using sine-wave
modulation. The total instrument response is given by
the integral product of (a) and (b).

is given by
J(E)=d,ef/% /d(1 +eB/%T), (3)

where d is a parameter determined by the work
function and the applied field.

Tungsten, of course, is not a free-electron
metal. For the purposes of an instrument-re-
sponse function, however, the difference is slight
since the transmission coefficient for d-band tun-
neling is reduced over that for s-band tunneling by
several orders of magnitude.'® The electric field,
which enters into the coefficient d, was obtained
from a Fowler-Nordhiem plot.!! The resulting en-
ergy distribution has a width at half maximum of
0.2 eV. This is in good agreement with the mea-
sured energy distribution of a nearly identical tip
mounted in a field-emission retarding-potential
(FERP) gun of the Strayer, Mackie, and Swanson
design.'? In any case, the energy distribution has
only a slight effect on the measured threshold for
core-level scattering, since the distribution cuts
off abruptly at E =0, with only the thermal spread
of the room-temperature Fermi distribution pro-
ducing a slight tail on the high-energy side, as
shown in Fig. 3(a).

As the incident electron energy is increased to
just above the binding energy of a core state, two

" factors can be expected to alter the secondary
yield: (a) the elastic yield should decrease as the

result of opening a new channel for inelastic elec-
tron scattering, and (b) the inelastic electron yield
should increase as a result of Auger recombination’
of the core hole. Clearly these effects are part-
ially offsetting. We find experimentally that for
the 2p, ,, edge of the 3d transition metals, the net
effect is for the total yield to increase at the thres-
hold. Most of this increase is the result of low-en-
ergy secondaries produced in stopping the Auger
electrons.® To enhance the excitation threshold
structure, the sample current is differentiated as
a function of incident electron energy. Additional
broadening results from the necessity of taking the
derivative of the sample current as a function of
the incident electron energy.

Differentiation of an experimental curve nec-
essarily involves the use of smoothing to suppress
high-frequency noise. The form of the smoothing
function depends on the technique used in differ-
entiation. In these measurements the derivative
was taken by the potential modulation technique, in
which case the first derivative instrument response
is given by

T(E,e,)=(2/m)[1 - (E/e, F]*/?, 4)

where e, is the modulation amplitude. For the
measurements reported here, a modulation of
0.15 V rms was used.

The total instrument response function corre-
sponds to the convolution product of the broaden-
ing terms in Egs. (3) and (4). The width of this
function at half maximum is about 0.4 V. This rel-
atively narrow response makes this perhaps the
highest-resolution core-level spectroscopy in use.
Moreover, since the instrument-response function
is fairly accurately known, some additional res-
olution can be realized by using deconvolution tech-
niques.

In the first derivative of the sample current, the
appearance potential edges are observed on a large
background. Therefore, small variations in the
primary electron current could completely obscure
the spectrum. As a result of small instabilities in
the field-emitted current it was necessary to scan
the spectrum many times and average the separate
spectra.

The long periods required to obtain the spectrum
placed stringent requirements on the vacuum. The
ion gauge on the ion-pumped fast cycle vacuum sys-
tem registered less than 2x107*° Torr during
measurements. To ensure that no significant con-
tamination took place, spectra were taken rapidly
at somewhat higher primary currents using a
thermionic emitter, before and after the field-
emission measurements. No change in the spectra
could be detected in this time.

Ultrapure polycrystalline samples of the metals
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FIG. 4. Field-emission retarding-potential curve for
a polycrystalline chromium surface. The work function
is given directly by the product of the onset potential and
the electronic charge. Electrons were formed into a
parallel beam normally incident on the surface by a gun
of the Strayer, Mackie, and Swanson design (Ref. 12).

were obtained from Materials Research Corp. The
nickel sample was a (111) éingle crystal. Surfaces
were prepared by mechanical polishing followed by
argon-ion sputtering and annealing, with the ex-
ception of manganese, which was evaporated

in situ onto a stainless-steel substrate.

In addition to absolute core binding energies, ab-
solute work functions of the polycrystalline sam-
ples were obtained by the field-emission retarding-
potential method.’> In such measurements, the
sample surface is used as an equipotential mo-
mentum analyser. It is therefore necessary that
the surface be smooth and flat over a large dis-
tance compared to the retarding distance, and that
the incident electron beam fall normally on the sur-
face. This is in contrast to the appearance-poten-
tial measurements which are determined only by
the energy of the incident electrons.

A typical field-emission retarding-potential
curve is shown in Fig. 4. When the potential dif-
ference between the sample and emitter is just
equal to the sample work function, electrons tun-
neling from the Fermij level of the emitter will
just arrive at the sample surface with zero kinetic
energy. Thus, the potential difference between the
emitter and sample at the threshold for sample
current, multiplied by the electronic charge, is an
absolute measure of the sample work function.

III. RESULTS AND ANALYSIS: CORE BINDING ENERGIES

As Carley, Joyner and Roberts have shown,®
the Fermi level of a conductor is the appropriate
reference for the measurement of absolute core-
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electron binding energies. The work function of

the sample is irrelevant. Therefore, the threshold
energy for inelastic electron scattering from a core
state should correspond to the core-electron bind-
ing energy. Several factors contribute to the un-
certainty in identifying this threshold: (i) instru-
mental broadening factors, (ii)the finite core-hole
lifetime, and (iii) variations in the transition den-
sity near the threshold.

As discussed in the previous section, instrumen-
tal factors contribute a broadening of about 0.4 eV.
Since the instrument response function is accurate-
ly known, however, the actual uncertainty this in-
troduces is much less, since much of the instru-
mental broadening canbe removed by deconvolution.

The core-hole lifetime broadening is more dif-
ficult to treat. As Webb and Williams® pointed out,
the width of the core level cannot be safely ignored
in determining the binding energy. Experimental
determinations of 2p core-level widths, however,
are virtually nonexistent for Z<65. We were there-
fore forced to rely on one-electron atomic calcu-
lations, '® which should be about right for the pure
metals. We have assumed the shape of the core-
level function is adequately represented by a Lor-
entzian. The calculated widths range from 0.24
eV for Z=22 to 0.61 eV for Z=28. These widths
are solely a consequence of the Auger lifetimes of
the core holes, and solid-state effects might be
expected to contribute additional broadening.
Flynn'” has calculated the broadening of x-ray
edges due to phonon creation by the core excitation
for a number of metals. Inthe case of titanium,
the calculated room-temperature phonon broaden-
ing is 205 meV, which is comparable to the Auger
lifetime broadening. For most transition metals
the effect is much smaller, however, and it has
not been included in our analysis.

Assuming constant oscillator strengths, the ap-
pearance-potential edge should have the shape of
the self-convolution of the density of conduction
states, broadened by the core-level width. To sup-
press the large background, however, the spectra
were taken in the first derivative. Near the edge
the derivative of the self-convolution is a good ap-
proximation to its unfold.'® Thus, near the thresh-
old the spectra of transition metals should reflect
the large density of unfilled d states.”

The 2p Auger-electron appearance-potential spec-
trum of vanadium, obtained by the field-emission
method, is shown in Fig. 5. The large positive
peak at the 2p, /2 threshold presumably corresponds
to the unfilled portion of the 3d band. To extract a
core binding energy from this spectrum requires
that we understand the effect of the broadening fac-
tors, including the core-level width and instru-
mental effects. Unfortunately, the noise level of
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FIG. 5. Auger-electron appearance-potential spectrum
of the 2p levels of polycrystalline vanadium, obtained
with a field-emission source.

the spectrum makes deconvolution a risky proce-
dure. We therefore employed a less direct method
of evaluating the effect of the broadening factors.

The spectrum was taken at a higher primary cur-
rent (5 L A) using a thermionic emitter (Fig. 6).
Although the spectrum is shifted by the emitter
work function, the shape should be nearly the same
as that taken by the field-emission method but with
a lower noise level. The only significant difference
is the less abrupt threshold resulting from the Max-
wellian energy distribution of thermionically emit-

-ted electrons. This distribution is known fairly
accurately for the tungsten emitter. Using the Van
Cittert!'® iterative deconvolution method, the in-
strumental broadening resulting from the therm-
ionic energy distribution and potential modulation,
and the core-level broadening were removed from
the spectrum as shown in Fig. 6. The rms differ-
ence between the predicted spectrum using the de-
convolution result and the raw data was used as the
criterion for convergence.?® 15-20 iterations were
required.

Several features are evident in the deconvoluted
spectrum. The threshold is much better defined
and shifted to slightly higher energy. In addition,

a distinct shoulder is developed on the low-energy
side of the spectrum. This is not unexpected. The
3d density of states consists of two maxima cor-
responding to antibonding and bonding orbitals. In
the case of vanadium, the antibonding orbitals are
not quite filled and should therefore show up on the
low-energy edge of the spectrum. In the spectrum
of titanium, which has one less electron, a shoul-
der corresponding to the antibonding orbitals is
evident in the raw data.” For vanadium this feat-
ure is not really evident until the broadening fac-
tors are removed. Once a “deconvoluted” spec-
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trum is obtained, the broadening factors are put
back in, this time using the field-emission energy
distribution as shown in Fig. 7. It is now possible
to assess the effect of the broadening terms on the
leading edge of the vanadium spectrum. The energy
distribution of field-emitted electrons has the ef-
fect of shifting the spectrum to higher energies,
since the centroid of the energy distribution is neg-
ative with respect to the Fermi level of the emitter.
In the case of vanadium, this tends to compensate
for the shift in the threshold produced by modula-
tion broadening and core-level width.

It is evident from Fig. 6 that although deconvolu-
tion has sharpened the edge, it has not succeeded
in producing a discontinuity corresponding to the
Fermi level. This is probably evidence that we do
not have the shape of the tails correct in the broad-
ening functions. This could involve an asymmetric
core-level function resulting from many-body
screening effects, or it could be the result of pho-
non broadening. To test whether the failure to pro-
duce a sharp discontinuity at the threshold might
be a consequence of using too narrow a core width,
we tried progressively wider core widths. This did
not result in an appreciably sharper threshold, but
eventually began to produce an unphysical dip ahead
of the edge. We thus concluded that the calculated
core widths were at least of the right order of mag-
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FIG. 6. Auger-electron appearance-potential spectrum
of the 2p;,, level of vanadium taken with a thermionic
emitter, and the same spectrum deconvoluted to remove
instrumental broadening and a Lorentzian core lifetime
broadening of 0.28 eV. The shoulder exposed on the
leading edge is evidence of unfilled d-bonding orbitals.
The threshold shift is due primarily to the Maxwellian
distribution of thermionically emitted electrons.
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FIG. 7. Predicted 2p3,, spectrum of vanadium for a
field-emission source using the deconvoluted appearance-
potential spectrum of Fig. 6, broadened by the instru-
ment response functions shown in Fig. 3 and a Lorentzian
core-hole lifetime broadening function. The shift in the
threshold is slight in this case.

nitude.

Difficulties were expected at the high-Z end of
the series (Coand Ni) since the width of the unfilled
portion of the 3d band becomes appreciably less
than the core broadening, and we were not disap-
pointed. Under these conditions any noise in the
spectrum, or uncertainty in the broadening func-
tion, can be expected to prevent the iterative de-
convolution from converging. The result for nickel
was that continued iteration began to generate os-
cillations ahead of the edge. Since the spectral
features for cobalt and nickel were quite sharp to
begin with, however, these artifacts did not intro-
duce much uncertainty into the determination of
threshold energies.

Our values for the 2p3/2 binding energies of ele-
ments 22-28 are compared with other compilations
in Table I. The data of Park and Houston’ were ob-
tained by soft x-ray appearance-potential spectro-
scopy (SXAPS) using a thermionic emitter. They
neglected the width of the core level in their deter-
minations and made only an approximate allowance
for instrumental broadening. They used a correc-
tion of 4.5 eV for the work function of their pure
tungsten emitter. We attempted to test this by
measuring the work function of a reference surface
by the absolute FERP method'? and comparing it
with the contact potential difference between the
reference and a thermionic emitter prepared from
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TABLE I. Absolute 2p3/, binding energies in eV com-
pared to earlier tabulations.

AEAPS?
(field-

emisgion) SXAPS® XPS°© x-ray ¢
22y 454.2+0.2 453.4%0.5 454.9 455.5+04
By 512.0£0.2 512.6+0.5 513.4 512.9%0.3
2Cr  574.3%0.2 574.0%0.5 576.0 574.5%0.3
%Mn 637.4%0.2 638.5+0.5  639.4 640.3x0.4
%Fe  705.8%0.2 706.3+0.5 707.6 1708.1%0.9
2Co  777.0£0.2 776.9%+0.5 781.0  778.6%0.3
BNi  851.3+0.2 850.9+0.5 854.2 854.7+0.4

2 Auger-electron-appearance potential spectroscopy.

b Soft x-ray-appearance potential spectroscopy, Ref. 7.
€ Reference 5.

4 Reference 3.

the same tungsten stock used by Park and Houston.
We concluded that the work function correction
used by Park and Houston was about 0.2 eV too
high.

The tabulated binding energies of Bearden and
Burr® and Shirley ef ul.’ are based on x-ray photo-
electron measurements. Hence, they involve the
measurement of momentum rather than energy.
Moreover, the ejected core electron is at a high
kinetic energy. In the appearance-potenial case
both the incident and excited core electrons are in
states just above the Fermi energy. It is not clear
whether this altered screening could account for
different measured binding energies. Certainly no
such difference is evident in the measurements of
Webb and Williams, ® who find close agreement be-
tween XPS and SXAPS measurements. The tabu-
lated values of Shirley e/ al.’ are referenced to the
vacuum level, rather than the Fermi level. In
Table I, therefore, we have subtracted the values
of work function used by Shirley ef al. in present-
ing their binding energies.

Our binding energies are consistently lower than
those reported by Shirley et al.® They are closest
to the appearance-potential measurements of Park
and Houston,? being in all cases within stated error
limits.

IV. WORK FUNCTIONS

Although the Fermi level is the appropriate ref-
erence for the core-binding energies of a metal,
we have measured absolute work functions under
conditions identical to the core binding energy mea-
surements (Table II). For those with an emotional
attachment to core binding energies referenced to
the vacuum level, the work function should be add-
ed to the core binding energies in Table I.

The work functions were measured by the field-
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TABLE II. Absolute work functions in eV measured by
the field-emission retarding method compared to photo-
electric values.

ed (FERP) ed (Photoelectric) *
2Ti  3.96+0.04 4.33+0.1
By 4.17+0.04 4.30+0.1
2cr  5.05%0.04 4.50 £0.15
25Mn  3.54+0.04° 4.10+0.2
%Fe  4.85+0.04 4.50+0.15
ICo  4.92+0.04 5.00+0.1
BNi  5.27+0.04°¢ 5.15 +0.1

2Reference 21, evaporated films.
® Evaporated and annealed film.
¢ (111) single-crystal surface.

emission retarding-potential method first intro-
duced by Henderson.?? Electrons from a field-
emission source are focused into a parallel beam
at an arbitrary energy and directed normally at a
plane surface of the sample. The external poten-
tial between the emitter and sample is adjusted to
the threshold for the detection of sample current.
Since the most energetic electrons from the emit-
ter will have tunnelled from the emitter Fermi
level, the threshold potential, multiplied by the
electronic charge, is the direct measure of the
“true” work function.

The sharpness of the threshold depends on the
momentum distribution of the incident electrons.
We have used the electron-optical system of Stray-
er, Mackie, and Swanson'? to obtain a parallel
beam. A laser alignment technique was used to
insure normal incidence. A typical retarding-po-
tential plot is shown in Fig. 4.

The measured work functions are compared in
Table II with photoelectric work-function measure-
ments of Eastman.?! The agreement is not impres-
sive. Eastman’s values were for freshly evapo-
rated films, whereas our measurements were
made on bulk surfaces cleaned by argon-ion bom-
bardment and subsequent annealing to remove the
damage, with the exception of manganese, which
was evaporated and annealed. The surfaces were
polycrystalline, with the exception of nickel, which
was a (111) oriented single crystal.

It seems likely that most of the differences be-
tween our work function values and the photoelec-
tric work function values of Eastman are a conse-
quence of differences in surface morphology. In
the case of Ni(111) our work function is in good
agreement with the photoelectric work function
measurements of Baker ef al.?® on Ni(111). In the

case of polycrystalline surfaces, however, we can
expect surface morphology to play an important role.
Besocke and Wagner 2 for example, demonstrate
that deposition of partial monolayers of tungsten on
clean tungsten substrates can produce changes in
work function of more than half an electron volt. It is
worth noting that the work functions of our surfaces,
prior to annealing out the sputtering damage, were
from0.12 to 0.65 eV lower than the annealed values.
Contrary to the experience of Eastman, most con-
taminants seemed to cause an increase in the work
function.

V. CONCLUSIONS

It is clear by this point that the principal uncer-
tainty in the determination of absolute core bind-
ing energies by the field-emission appearance-po-
tential technique is the identification of the point on
the spectral edge corresponding to the excitation
of core electrons to the Fermi level of the sample.
This, of course, is precisely the same uncertainty
encountered in the use of x-ray-absorption-edge
measurements.?®* What may not be quite so appar-
ent is that one is confronted by essentially the same
problem in attempts to extract binding energies
directly from x-ray photoelectron measurements.
It is insufficient in such measurements to simply
measure the kinetic energy of the ejected core elec-
trons. To directly measure binding energies, it
is necessary to take the energy difference between
the ejected core electron and the high kinetic-en-
ergy limit of the spectrum. This limit corresponds
to electrons from the highest occupied level of the
sample. In metals this is the Fermi level, but
once again it is an edge, with uncertainties intro-
duced by transition probability variations and in-
strumental factors.

Our binding energies are consistently lower than
tabulated XPS values. The values of Shirley et al.
are 0.3+0.04% larger than ours except for Ti
(=0.15%) and Co (-0.51%). It remains to be deter-
mined whether this difference represents experi-
mental error or a difference in the physical pro-
cesses represented by the two methods.

Our results suggest that work function measure-
ments in the absence of a detailed characterization
of the surface structure may not be meaningful.
Certainly the wide variation in work functions re-
ported for clean polycrystalline samples would
seem to argue strongly against referencing core-
electron binding energies to the vacuum level of the
sample.
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