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A direct comparison has been made of electron-excited soft—x-ray appearance poten—
tials, which are surface sensitive, and photon-excited Auger-~electron appearance poten-
tials, which are more characteristic of bulk atoms. A single tungsten emitter served as
a reference for both measurements. The “surface chemical shifts’” thus obtained for the
2p3/, levels of Ti, Cr, and Ni are in reasonable agreement with predictions based on a
muffin-tin approximation of overlapping one-electron potentials.

Atoms in the outermost layer of a metal reside
in a different chemical environment from their
bulk counterparts simply by virtue of their re-
duced coordination. The resulting modification
of the atomic potentials should produce a “sur-
face chemical shift” in the core levels of the
atoms. This has been invoked'* to account for
the fact that threshold energies for core-level
excitation by electron bombardment'~* are con-
sistently lower than tabulated x-ray energy lev-
els.® The differences are, however, of the same
order as the uncertainties in the determination
of absolute binding energies. In this paper we
present the first direct experimental evidence of
a “surface chemical shift” for Ti, Cr, and Ni,
and demonstrate that this shift is in reasonable
agreement with calculations based on overlapping
effective one-electron potentials. These materi-
als span the spectrum of properties of the 3d
transition metals: Ti is hcp and nonmagnetic,
Cr is bce and antiferromagnetic, and Ni is fcc
and ferromagnetic.

When atoms come together to form a solid, the
effective atomic potentials overlap appreciably,
resulting in a drastically modified potential as
seen by the higher-lying electronic states. The
deep-lying core levels, however, see a potential
only slightly changed in shape and thus essential-
ly are just shifted in energy relative to their
free-atom positions. The size of this shift is
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determined primarily by the superposition of the
potentials centered on nearby sites. Since a sur-
face atom has fewer neighbors at any given dis-
tance than an atom in the bulk, its core levels
experience a smaller shift relative to their free-
atom positions. Hence we expect a “surface
chemical shift” between bulk- and surface-atom
core levels.

We can obtain a theoretical estimate of the
magnitude of the “surface chemical shift” from
the same potential construction techniques as
used in the calculation of the bulk electronic
properties of solids. Specifically, we use the
muffin-tin approximation as specified by Loucks.
Relativistic free-atom charge densities” are
overlapped and an average constant potential,

Vy 1is determined in the neighborhood of a partic-
ular atom. The “best” effective local atomic
potential is determined relative to V, in the usual
way.? The Slater local exchange approximation®
is used throughout with the exchange parameter
being set equal to the Kohn-Sham'® value of a=%,
We then determine the position of the core level
relative to V, by numerically solving the radial
Dirac equation.”! The calculated chemical shift
for a surface atom is then given by

A=(Vo+E) - (Vy'+E,"), 1

where E_ denotes the position of the core level
relative to V, and the primed quantities refer to
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the surface atoms as shown in Fig. 1. Agreement
to within a few percent of the tabulated x-ray
values® is obtained in regard to both the positions
of the levels and the 2p,/,-2p,, splitting. How-
ever, here we are concerned with the difference
in the level positions between the bulk and sur-
face atoms, and the validity of the model for this
purpose can be assessed only by comparison with
experiment.

In Table I we show calculated values of A for
the 2p,4, levels of surface atoms on the closely
packed faces of Ti, Cr, and Ni. Also shown are
the calculated shifts of the corresponding free-
atom energy eigenvalues relative to their bulk
values. In making the calculations, bulk lattice
constants at 300°K were used with the muffin-tin
radii set equal to 3 the nearest-neighbor dis-
tances. Any change in lattice spacings at the sur-
face will, of course, change these values some-
what. Calculations of the chemical shifts for the
second atomic layer yield values less than 0.1
eV for all three materials. To gain some idea of
the variation from face to face, A was also cal-
culated for the (110) face of Ni, and this value is
included in Table I.

In the context of this model the surface core-
level eigenvalues are intermediate between the
free- and bulk-atom values. Renormalized atom
calculations'? give the conduction-band d levels
in transition metals lying higher than their free-
atom counterparts, but to our knowledge no cal-
culations of the core-level positions have been
made using this approach.'® Our calculation is
by no means applicable to the higher-lying elec-
tronic states which presumably are more greatly
affected by going to self-consistency than the
core levels,'*

The “surface chemical shift” can be determined

FIG. 1. Schematic diagram of the electronic struc-
ture in the surface region of a metal showing the shift
A of a core level.

experimentally through excitation ¢2veshold mea-
surements which give the core-level positions
relative to the lowest unoccupied state to which
the core electrons are excited. In metallic sys-
tems the lowest unoccupied state is at the Fermi
level, which lies within a partially filled band.
Although the conduction-band width may change
at the surface due to the reduced coordination
number,'® the position of the Fermi level relative
to some fixed energy (such as the vacuum level)
remains constant (see Fig. 1). Here we report
measurements of the surface core-level positions
using electron-excited soft-x-ray appearance
potentials and of the bulk core-level positions us-
ing photon-excited Auger-electron appearance
potentials, These measurements are in sifu and
use the same tungsten thermionic emitter as a
reference. Hence the difference between the
threshold positions provides a direct measure-
ment of the “surface chemical shift.”

The soft—x-ray appearance potential technique
depends on the fact that, for many materials, the
total x-ray emission, plotted as a function of
bombarding electron energy, exhibits distinct
structure corresponding to the core-level-excita-
tion probabilities superimposed on a bremsstrah-
lung background. The excitation thresholds can
be sensitively detected in the energy derivative
of the current from a metal photocathode'® using
the potential modulation technique.'” Surface
atoms make a significant contribution (~ 20%) to
the observed spectrum because of the high prob-
ability that electrons penetrating more than a
few angstroms will lose energy to excitations of
the valence electrons. If core electrons of the
surface atoms are less tightly bound, this will
result in an early onset of the spectrum. For
shifts of the order of an electron volt, the sur-
face contribution will not be resolved from the
main peak. We therefore take the initial break
in the spectrum to correspond to the excitation of

TABLE I. Core-level shifts in electron volts of 2p,/,
binding energies relative to bulk atoms.

Calculated energy

eigenvalue shifts Measured
Free Surface polycrystalline
atom atom surface
29Ti (hep) 1.7 (0001) 0.5 0.7£0.2
24Cr (bce) 2.8 (110) 0.8 1.1+0.2
2sNi (fce) 1.5 (111) 0.4 0.9+0.2
(110) 0.6
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a surface core level.

Core-electron binding energies can also be
determined from the total photoelectron current
from a sample plotted as a function of the ener-
gy of incident soft x rays. At photon energies
just sufficient to excite electrons from a core
level to the Fermi energy, there is a sudden
change in the photocurrent resulting from Auger
recombination of the core holes. Using synchro-
tron radiation, Gudat and Kunz'® have recently
shown the photoelectron yield of the 2p levels of
Si to be essentially identical to the extreme ultra-
violet absorption measurements of Brown and
Rustgi.'® Almost all of the photoelectrons making
up these edges are low-energy secondaries and
thus represent photoabsorption events occurring
well below the surface. The surface contribution
should be too small to detect above the back-
ground.

We used the short-wavelength bremsstrahlung
limit of a W x-ray target as a “pseudomonochro-
matic” source of soft x rays. Near this limit the
bremsstrahlung spectrum reflects the density of
unoccupied states above the Fermi energy of the
W target.?® Thus the high density of 5d states
produces a distinct peak which drops to zero at
the Fermi energy. This limit was modulated by
superimposing a small oscillation on the target
potential, The alternating component of the pho-
toelectron current from a sample exposed to this
source increases sharply as the target potential
is swept across the threshold for a core-level
excitation of the sample.?* For small oscillation
amplitudes the shape of the edge approximates
the convolution product of the energy derivative
of the W bremsstrahlung spectrum and the photo-
electric excitation probability of the core level
of the sample. The procedure can be considered
as a measurement of the excitation probability
by an instrument whose response function is just
the energy derivative of the bremsstrahlung spec-
trum. The shape of the spectrum therefore de-
pends as much on the W source as on the sample.
The initial break however provides a unique point
of comparison with the electron-excited soft-x-
ray appearance potential spectrum.

The soft—x-ray appearance potential measure-
ments were made in the usual fashion® using an
evaporated Au photocathode. The sample tem-
perature was then increased by electron bombard-
ment until a heavy evaporated deposit of the sam-
ple material coated the photocathode. Using a
carousel arrangement the sample was then re-
placed with a W target which served as an x-ray
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source for studies of the photocathode. The Au
photocathode was replenished by rotating a Au
sample into position and evaporating a fresh Au
film.

The resulting 2p spectra of Ni are shown in
Fig. 2. The shift in the threshold is 0.9+0.2 eV,
The results for Ti, Cr, and Ni are summarized
in Table I. The widths of the peaks in the elec-
tron-excited soft-x-ray appearance potential
spectrum in Fig. 2 are a measure of the width
of the unfilled 3d band broadened by the lifetimes
of the 2p;, and 2p,,, holes.? The peaks in the
photoelectron appearance potential spectrum are
broader, reflecting the fact that the instrument
response function corresponding to the tungsten
x-ray source is comparatively broad, as one
would expect from the tungsten bremsstrahlung
isochromat spectrum.?® This breadth does not af-
fect the short-wavelength x-ray limit but it does
cause the spectrum to turn on less abruptly,
which introduces additional uncertainty in deter-
mining the threshold.

Although the experimental core-level shifts are
somewhat larger than the calculated values, the
agreement between the measurements and the
model predictions seems quite reasonable.?? It
should be noted that the measurements were
made on polycrystalline samples which we as-
sume expose predominantly the most closely
packed faces. The presence of less densely
packed faces would increase the shifts. An ex-
panded upper layer spacing would also produce
larger shifts. A more serious concern is that
the bulk and surface measurements were not
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FIG. 2. Comparison of the nickel 2p electron-excited

soft—x-ray appearance potential spectrum and the photo-

electron appearance potential spectrum. The surface
chemical shift in the 2p3/, threshold is about 0.9 eV.
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actually made on the same sample. Experiments
are planned to overcome this difficulty and to
look for chemical shifts between different faces
of the same material.

The agreement between theory and experiment
is an indication that the procedures for construct-
ing effective one-electron potentials for bulk
solids are valid for the surface region, This is
important since the first task in analyzing the
electronic properties of the surface region is
construction of a reasonable one-electron start-
ing potential.

We would like to acknowledge several helpful
conversations with A, C. Switendick and J. P.
Van Dyke.

tWork supported by the U. S. Atomic Energy Commis-
sion.

IB. Dev and H. Brinkman, Ned. Tijdschr. Vacuumtech.

8, 176 (1970).

’R. L. Park and J. E. Houston, Phys. Rev. B 6, 1073
(1972).

3A. F. Burr, Advan. X-Ray Anal. 13, 426 (1970).

‘P. A. Redhead and G. W. Richardson, J. Appl. Phys.
43, 2970 (1972).

5J. A. Bearden and A. F. Burr, Rev. Mod. Phys. 39,
125 (1967).

T, Loucks, Augmented Plane Wave Method (Benja-
min, New York, 1967).

D. Liberman, J. T. Waber, and D. T. Cromer, Phys.
Rev. 137, A27 (1965).

8Only spherically symmetric components are retained
in constructing the effective muffin-tin potential and so
only the atomic coordination numbers change in going
from the bulk to the surface. The same Wigner-Seitz
sphere radius is used for both the bulk and surface
atoms. See Ref. 6.

3J. C. Slater, Phys. Rev. 81, 385 (1951).

"W. Kohn and L. J. Sham, Phys. Rev. 140, A1133
(1965) .

UThe classical turning radii of the levels in question

are much smaller than the muffin~tin radii and so the
energy eigenvalues are quite insensitive as to where
the point “infinity”’ is taken in the numerical integration
as long as it lies beyond the muffin-tin radius.

2R. E. Watson, H. Ehrenreich, and L. Hodges, Phys.
Rev. Lett. 24, 829 (1970); L. Hodges, R. E. Watson,
and H. Ehrenreich, Phys. Rev. B 5, 3953 (1972).

1BR. E. Watson (private communication) feels, how-
ever, that in the renormalized~atom approach the bulk
core levels will also lie higher than their free-atom
counterparts but that the surface core levels will lie
even higher than those in the bulk.

U4gee, for example, E. C. Snow and J. T. Waber,
Phys. Rev. 157, 570 (1967). In this work the higher-
lying electronic energy bands of copper are calculated
using both a starting potential constructed in a manner
similar to ours and a self-consistent potential. The 1s
core-level eigenvalues were forced to be the same for
both potentials, but there was a decided shift in the po-
sitions of the upper-lying levels. It was also noted
that the 1s eigenvalue of the crystal potential was some-
what more negative than its free-atom value.

BR. Haydock, V. Heine, M. J. Kelly, and J. B. Pen-
dry, Phys. Rev. Lett. 29, 868 (1972).

®R. L. Park and J. E. Houston, Surface Sci. 26, 664
(1971).

15, E. Houston and R. L. Park, Rev. Sci. Instrum. 43,
1437 (1972). -

w. Gudat and C. Kunz, Phys. Rev. Lett. 29, 169
(1972).

g, c. Brown and O. P. Rustgi, Phys. Rev. Lett. 28,
497 (1972). *

20See, for example, S. Bergwall, Z. Phys. 193, 13
(1966); H. Merz and K. Ulmer, Z. Phys. 210, 92 (1968).

2IR. Voparil, J. Phys. E: Sci. Instrum. 3, 798 (1970).

%Because of final-state relaxation effects, one must
use considerable caution in comparing eigenvalue dif-
ferences with experimental binding energy differences.
Assuming that the final-state relaxation effects are
comparable for both bulk and surface atoms, the shift
in the energy eigenvalues provides a reasonable esti-
mate of the change in electron binding energies. This
may not be the case when one compares bulk and free
atoms.

849



