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Evidence for crystal-field splitting in surface-atom photoemission from potassium
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Photoemission specira from the shallow 3p;,, core levels of the surface atoms of metallic potassium
exhibit the effects of a small but measurable crystal-field splitting of ~38 meV. It manifests itself mainly
as an apparent angle-dependent modulation of the spin-orbit splitting. This phenomenon may, in gen-
eral, interfere with accurate determinations of surface-atom core-level shifts.

Photoemission has demonstrated that the perturbation
of the band structure at the surface of most metals is
largely confined to the outermost atomic layer. The evi-
dence lies in the finding that only the surface layer of
atoms exhibit measurably different core-electron binding
energies,’ larger? and anharmonic® phonon broadening,
as well as different singularity indices* and core-hole life-
times.’ Smaller subsurface shifts have been identified in
only a few metals.®~® The surface-atom core-level shift
has been well documented experimentally for many
different types of metal, and is in agreement with various
theoretical approaches.®1°

Another expected phenomenon, namely the crystal-

field splitting of the core-level spectrum from surface
" atoms of a bulk metal, has not been observed. It has,
however, been reported for atoms adsorbed on a foreign
substrate,!"!? suggesting that a more careful investigation
of bulk metals is warranted. Even if the splitting itself is
too small to be resolved, it may still be manifest in
changes with takeoff angle in the photoemission spectrum
from a single crystal. For small perturbations, the major
effect of the crystal field on a p level is to split the p;,,
line into two components with distinct angle-dependent
intensities.!® Since the sum of these intensities is a con-
stant (relative to the p,,, feature), the net effect of a
small, unresolved crystal-field splitting is an angle-
dependent modulation of the separation of the spin-orbit
(SO) components.

We have carried out experiments with K grown from
the vapor phase on a Ni(100) substate at liquid-nitrogen
temperature to search for this effect. Since bec K grows
with a (110) orientation on the (100) surface of fcc Ni, >4
the surface atoms occupy sites with twofold symmetry.
Photoemission data were taken on beam line U4A at the
National Synchrotron Light Source, which is equipped
with a 6-m toroidal grating monochromator and a 100-
mm hemispherical electron energy analyzer. In the ex-
periment the incident light beam is plane polarized with
the E field at a constant 45° with respect to the electron-
emission direction. Angle-dependent data were obtained
by rotating the sample normal in a plane defined by the
polarization vector and the emission direction. In the
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data discussed below, a takeoff angle of 45° corresponds
to radiation incident approximately normal to the sample
surface, while —40° corresponds to radiation near graz-
ing incidence. We confine the investigation to relatively
large photon energies in order to minimize the effects of
structure in the unoccupied conduction band. In particu-
lar, we exclude the region within 10 eV of the Fermi lev-
el, where resonant excitation involving the empty 3d
bands has been shown to have a strong influence on
valence-band photoemission.!®

A set of takeoff-angle-dependent spectra obtained with
45-eV radiation are shown in Fig. 1. The data consist of
overlapping bulk and surface doublets, as indicated at the
bottom of the figure. The spectra are shown normalized
to give the central peaks the same amplitude. The bind-
ing energy of the bulk 3p;,, peak has a root-mean-square
deviation of 3 meV in the spectra shown, providing a
measure of the instrumental stability. The broader sur-
face 3p, ,, line also has an angle-independent binding en-
ergy, but the middle peak exhibits a significant systematic
angle-dependence shift. The sign of this shift is con-
sistent with that expected on the basis of the angle-
dependent bulk-to-surface intensity ratio, but is larger
than expected. Inspection does not give any indication of
a crystal-field splitting of the surface contribution to the
central peak. However, since the bulk 3p,,, and surface
3p;,, components overlap in the central peak, such split-
ting may well be obscured.

We have explored various methods of separating the
bulk and surface contributions in these spectra. The easi-
est one, which was successfully used in the case of Na 2p
spectra (see Fig. 1 of Ref. 2) is to strip out the p,,, com-
ponents using a simple subtractive method. This ap-
proach has the attractive feature that it does not require
the use of calculated line shapes, i.e., it is model free. Ac-
ceptable results were not obtained when this method was
applied to the K data because two of the assumptions on
which this method is predicated are not satisfied: The SO
components do not have the same lifetime widths, and
the effective SO splitting of the bulk and surface are not
identical (see below).

Another model-free approach! is based on the assump-
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FIG. 1. Spectra of the K 3p photoelectrons obtained with
45-eV synchrotron radiation as a function of takeoff angle (mea-
sured from the surface normal).

tion that angle-dependent effects are limited to those re-
sulting from the inelastic mean free path of the photo-
electrons. Spectra taken with different takeoff angles are
then simply linear combinations of unique bulk and sur-
face spectra with different relative amplitudes. Two such
spectra suffice to determine the bulk and surface contri-
butions. The results of this procedure are illustrated in
Fig. 2, using data taken with 70-eV photons at normal
emission (®=0°") and with a 55° takeoff angle. The com-
bining ratio was empirically adjusted either to minimize
the bulk peak at 18.34 eV, thereby isolating the surface
spectrum, or to minimize the surface peak at 18.79 eV,
thereby isolating the bulk spectrum. The results show a
SO splitting of ~250 meV and a surface-atom core-level
shift of ~200 meV. They are in reasonable accord with
earlier determinations,>!® and confirm that the bulk and
surface doublets overlap as shown at the bottom of Fig. 1.

More detailed analysis requires fitting the original data
with two overlapping Doniach-Sunji¢!” SO doublets, each
defined by eight parameters: two lifetime widths, two
line positions, two amplitudes, one singularity index, and
one Gaussian (phonon plus instrumental) width. When
all the parameters for each of these two doublets are left
free, no useful output is obtained. The problem is due in
large part to the fact that there is no unique assignment
for the positions and amplitudes of the two unresolved
lines that overlap to produce the middle peak, but there
are also strong correlations between the width and line-
shape parameters of the bulk and surface lines. Physical-
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FIG. 2. Specira of the K 3p level obtained with 70-eV radia-
tion at normal emission and 55° takeoff angle. Also shown are
bulk and surface K 3p spectra, isolated by taking linear com-
binations of the above data.

ly motivated constraints are needed to reduce the number
of free parameters.!® The most useful one is to fix the SO
area ratio of the bulk peak at the statistical value of .
(We note that the SO ratio must be determined from
areas rather than peak heights, since the two SO com-
ponents have different lifetime widths.) It is tempting to
assume that the bulk and surface SO splitting are also
identical. When both of these constraints are applied to
the data in Fig. 2, the 0° and 55° data yield significantly
different SO splittings, 245 and 257 meV, respectively.
This indicates that the assumption that the bulk and sur-
face SO splittings are identical must be abandoned.

Since the SO splitting of the bulk spectrum is certainly
angle independent, while that of the surface may have an
angular dependence due to an unresolved crystal-field
splitting, we fix the bulk splitting to a predetermined
value and leave the surface value free. The bulk SO split-
ting is determined from data taken with larger photon en-
ergy, where the bulk contribution dominates. Figure 3
displays data taken in normal emission with 115-eV pho-
tons. Two SO doublets, representing the bulk and sur-
face, with the bulk SO intensity ratio constrained to the
statistical value of 1, provide a satisfactory fit to the data.
Data taken with 85- and 130-eV radiation give similar re-
sults. The bulk SO splitting is 254+4 meV, in reasonable
agreement with the value obtained from the bulk spec-
trum isolated by taking a linear combination of the exper-
imental spectra in Fig. 2. It is also in good agreement
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FIG. 3. Fit to K 3p spectrum taken at normal emission with
115-eV radiation. The bulk spin-orbit ratio was constrained to
the statistical value of .

with the value of 257.4 meV obtained from atomic spec-
tra for the 3p34s? configuration,'® which corresponds to
that of the fully screened hole state in the metal. The
bulk singularity index obtained from this data set is
0.1410.01, and the surface-atom core-level shift is 197
meV. The error bars correspond to the range of values
obtained with different constraints on the surface lifetime
width.

In order to obtain reliable values for the effective sur-
face SO splitting of the data in Fig. 1, we proceed as fol-
lows: We fit the data with constraints on the bulk SO
splitting and ratio, and look for parameters that yield
consistent values from all spectra. These are then con-
strained to their average value, and the process repeated.
This is necessary because parameter correlations allow
fluctuations in one parameter to affect the value of others.
Fixing the bulk SO splitting at 254 meV and the bulk SO
ratio at 0.5, we obtain bulk lifetime widths of 19143 meV
for 3p;,, and 31%5 for 3p,,,, in very good agreement
with values obtained from soft-x-ray emission spectra.!®
The surface lifetime widths are both larger by a factor of
2. The singularity indexes are 0.145:10.010 for the bulk
and 0.1940.02 for the surface. The surface-atom core-
level shifts, determined from the p,,, lines, is 195%5
meV.

In the final analysis, in addition to the bulk SO param-
eters, the bulk and surface p, ,, lifetime widths, the bulk

" singularity index, and the surface-atom core-level shift
were constrained to their average values. All other pa-
rameters remained free. With these constraints, satisfac-
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“tory fits are obtained to all the data in Fig. 1, yielding the

following additional numerical results: The average bulk
Gaussian width is 86%2 meV. The average surface
Gaussian width is 10815 meV. (The data indicate some
degradation of the resolution of the analyzer at the larger
takeoff angles.) The surface SO splitting is smaller than
that of the bulk and has a well-defined angular depen-
dence shown in Fig. 4. In order to check whether this
behavior is sensitive to the constraints used in the model
function, the constrained parameters were varied one at a
time. The bulk SO splitting was increased to 257 meV,
the bulk SO ratio increased to 0.6, and the surface 3p;,,
lifetime width assigned values of 30 and 46 meV. In each
case the quality of the fit was significantly degraded, but
the angular dependence of the surface SO splitting
remained essentially unchanged, although there were
significant changes in the angle-averaged value.

For ¢omparison with the data, we have calculated the
centroid shift produced by a crystal-field potential for a
bee(110) atom, following Herbst.!* For this twofold
geometry only the Y,, and Y,, components of the crystal
field make any contribution to the splitting of the p levels.
For our experimental geometry the centroid shift is pro-
portional to the Y,; component of the potential, V,,, and
is unaffected by the value of the Y,, component, V,;: In
calculating the centroid shift we have included refraction
of both the incident light and the outgoing photoelectron
by the metal surface, and have ignored any possible pho-
toelectron diffraction. The absence of strong photoelec-
tron diffraction is supported by measured bulk to surface
intensity ratios which show no strong modulation due to
diffraction either as a function of photon energy*® or
takeoff angle.

The results of the calculations are shown in Fig. 5. In
addition to V,, there are two adjustable parameters in

LA N AL SO AL LA RELEN S B B B A |

i Apparent K surface spin-orbit splitting -

250

ENERGY (meV)
N
S
[4)]

240

S TS IR N SN EET RAVINS BUP BTEI NS NAPE ST TP e

-40 -20 40 60

0 20
TAKEOFF ANGLE (deg)

FIG. 4. Takeoff-angle dependence of the apparent surface
spin-orbit splitting obtained from the data in Fig. 1. The line is
a guide to the eye.
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FIG. 5. Calculated takeoff-angle dependence of the centroid
shift of the K 3p;,, crystal-field doublet. The parameters have
been adjusted to mimic the data in Fig. 4 (see text).

the calculation: the ratio R, of the magnitude of d- and
s-wave radial matrix elements, and the relative phase be-
tween them. The values of these parameters were adjust-
ed until a minimum at 0° takeoff angle was obtained. The
magnitude of V,, was then adjusted so that the magni-
tude of the centroid shift matched the data shown in Fig.
4. Satisfyingly, the curve is fairly symmetric about
©@=0°, although the turnover above 50° is not repro-
duced. The curve in Fig. 5 is the result of R =0.5,
5=—10°, and ¥,;=240 meV A2, Although no specific
calculation exists for K, calculations of R, and 6 for 3p
photoemission at the same Kinetic energy for nearby ele-
ments Ni, Cu, and Ga all show a value of R, between 0.3
and 1.0 with a small phase angle 8, suggesting that these
parameters are entirely reasonable.’ .

To assess the implications of ¥,,=240 meV A7?, we

have calculated V,, (and also V) arising from the first .

three neighboring-atom shells assuming Thomas-Fermi
potentials for the neighbors. The results of that calcula-
tion are shown in Fig. 6, where V,4 and V,, are plotted
as functions of the Thomas-Fermi screening length Arg.
For Arp=0.75 A, which results from a free-electron ap-
proximation for K, V=13 meV A7? a value much
smaller than that needed to mimic the data, A value of
240 meV A2 is obtained for Arp=3.0 A, which al-
though larger than 0.75 é is still an atomic-scale length.
With V,,=240 meVA™? and the corresponding
V3 =—24 meV A2 the calculated crystal-field splitting
of the two p;,, components is 38 meV, much smaller
than can be resolved.

The discrepancy in V,, may be due to a number of
mechanisms. First, the Thomas-Fermi description of the
electronic response underestimates the spatial extent of
the Fermi-sea screening, since it does not account for the
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FIG. 6. Crystal-field potential components ¥,y and ¥,, as
functions of the Thomas-Fermi screening length.

finite momentum cutoff inherent in having states filled
only to the Fermi level. Second, the calculation neglects
final-state aspects of the measurements. Screening of the
core hole doubles the conduction-electron charge density
near the hole-state atom, and may have a major effect on
the crystal field. There may also be initial-state contribu-
tions from the relaxation of the spacing of the lattice
planes near the surface and from the readjustment of the
conduction-electron charge at the surface which pro-
duces the surface dipole layer. These aspects would have
to be investigated before one can conclude that the small
size of the calculated shift rules out crystal-field splitting
as the source of the observed shift.

These results indicate that the crystal-field splitting is
so small compared with the phonon width that it cannot
possibly be resolved in photoemission spectra, and, in
general, will not even produce significant line broadening.
It is sufficiently large, however, to explain why a con-
sistent set of bulk and surface SO parameters for data
taken at different takeoff angles could not be found before
the possibility of a crystal-field modulation was con-
sidered. The findings suggest that the surface SO split-
ting cannot be reliably determined without investigating
its angular dependence, and that small differences be-
tween bulk and surface SO splittings in other alkali met-
als?»? may have contributions from crystal-field split-
ting. Even the then puzzling finding®* that the W 4f N

spectrum from W(100) could not be reproduced by a
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Lorentzian-broadened 4f,,, spectrum may have its ori-
gin on the crystal field. Data from W(110) show a small
difference between the bulk and surface SO splittings. Fi-
nally, this perturbation impinges on the determination of
the surface-atom core-level shift, which may exhibit a
spurious angle dependence if determined from the separa-
tion of lines with crystal-field splitting. For measure-
ments based on d or f levels, an accurate determination
of the surface-atom core-level shift requires a check of
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the angular dependence to rule out a possible crystal-field
perturbation.

Photoemission research was carried out at the Nation-
al Synchrotron Light Source (NSLS), Brookhaven Na-
tional Laboratory, which is supported by the Department
of Energy, Division of Materials Sciences and Division of
Chemical Sciences.
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