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Photoelectron diffraction determination of the geometry of a clean metal surface: Ta(100)
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The ratio of photoemission intensities from the bulk- and surface-shifted 4f core levels of the
clean TaI;100) surface was measured in two different modes: as a function of photon energy at nor-
mal emission and as a function of polar angle near the [011]azimuth at fico=65 eV. We have also
performed a multiple-scattering photoemission calculation for several first interlayer spacings rang-
ing from the bulk value to a 15% contraction. The best agreement with experiment was obtained
for a (10+5)% contraction of the first interlayer spacing.

Currently, the use of photoelectron diffraction (PD) to
quantitatively determine surface geometric structure has
been limited to adsorbed overlayers on single crystals. '

This is because the adsorbate core level provides a simple
means of obtaining surface sensitivity. However, by em-
ploying surface-shifted core levels, the applications of PD
could be expanded to include structural studies of clean
surfaces. This would greatly enhance the utility of
this technique, while also offering several advantages over
other structural probes of surfaces. The sensitivity of
surface core levels to common contaminants such as hy-
drogen and oxygen allows the chemical state of the sur-
face to be monitored while the geometric structure is
determined by PD. With techniques such as low-energy
electron diffraction (LEED) or ion scattering, such moni-
toring is extremely dificult. In addition, if the surface
core level is shifted by either an adsorbed overlayer or the
formation of an interface, PD can be used to determine
the geometric structure of the underlying substrate. By
this method one can easily discern whether structural
changes accompany surface core-level shifts.

In this paper we describe a photoelectron diffraction
experiment in which we have quantitatively determined
the first interlayer spacing of the clean Ta(100) surface.
The 4f core levels of this surface have relatively low
binding energies (about 22 eV below E~), narrow
linewidths [about 0.3 eV for the bulk and 0.5 eV full
width half maximuin (FWHM) for the surface], and a
large surface core-level shift (0.75 eV). Consequently,
the surface and bulk core levels are easily resolved in
photoemission spectra and the ratio -of their peak areas
determined. Data were acquired in two modes: at nor-
mal emission as a function of photon energy and at a
fixed photon energy (65 eV) as a function of polar angle
near the [011] azimuth. We performed a multiple-
scattering calculation for a range of Grst interlayer spac-
ings. The best agreement with the experimental results
was obtained for the theoretical calculation assuming a
first interlayer spacing (d, z) of 1.49+0.08 A, which is a
(10+5)%%uo contraction from the bulk value. Qther off-
normal measurements, to be reported elsewhere, support
this conclusion. ' To our knowledge, this is the first
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quantitative determination of geometric structure for a
clean surface using the photoelectron diffraction tech-
nique. The results obtained here are in excellent agree-
ment with those of a low-energy electron diffraction
(LEED) study by Titov and Moritz. "

The Ta(100) sample was cut from a single-crystal rod
(99.999% pure) oriented by Laue backdiffraction to
within 0.2' of the (100) plane and spark cut. Sample
preparation is discussed elsewhere. ' The data were ac-
quired at the National Synchrotron Light Source (NSLS)
at Brookhaven National Laboratory with the 15'
toroidal-grating monochromator on the U12 beam line. '

Monochromatized synchrotron radiation in the photon-
energy range 50—150 eV was used to excite the photo-
electrons. The electrons were collected by a 25-mm mean
radius hemispherical electron-energy analyzer' with an
angular acceptance of +2'. The analyzer was mounted
on a two-axis goniometer so that the polar angle (mea-
sured from the surface normal) and azimuthal angle
(referenced to the crystallographic directions of the sur-
face) of the detected photoelectrons could be varied in-

dependently. Experimental constraints dictated an az-
imuthal angle 15' away from the [Oll] azimuth. In all
the spectra reported here, the A-vector of the light and
the electron analyzer were in the plane formed by the in-
cident radiation and the surface normal. The total-
energy resolution of the apparatus (electrons plus pho-
tons) ranged from 0.1 to 0.5 eV over the photon energies
spanned in this study.

Theoretical calculations of the angle-resolved photo-
emission cross sections of the Ta 4f levels were per-
formed within a multiple-scattering formalism. The ini-
tial state was determined for a Ta cluster using the Xe
scattered-wave method. The final state was written in
terms of a multiple-scattering T matrix which propagates
the photoelectron through the crystal and out of the sur-
face. Photoelectric excitation matrix elements were cal-
culated within the dipole approximation where only the
(1+1) and (1 —1) channels contribute. The potential
sensed by the photoelectron was determined by an
augmented-plane-wave (APW) calculation which assumes
spherical averaging within the muf5n-tin approximation.
Strong inelastic scattering led to a mean free path of
about 4.5 A at an electron energy of 100 eV so that only
the emission from the first three atomic layers had a
significant contribution to the photocurrent. To obtain
the theoretical surface to bulk-intensity ratio, the flux
from the surface layer was divided by the sum of the
cruxes from the second and third layers. The Arst inter-
planar spacing was the only surface structural parameter
which was varied. Multilayer oscillatory relaxations were
not considered and all other parameters were assigned
their bulk values.

In this study, the ratio of the surface and bulk 4f
core-level areas was determined for each spectrum, thus
ehminating the need for normalization to the incident
photon flux or the electron-analyzer transmission func-
tion. Other studies employing such intensity ratios
have been unable to quantitatively determine surface
geometric structure. Although we are taking the ratio of
photoelectron features occurring at slightly different ki-
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FIG. 1. Normal-emission angle-resolved photoemission spec-
tra from Ta(100) in the binding-energy region of the 4f levels
obtained at several photon energies with the light incident at 60
from the surface normal. The bulk- and surface-shifted peaks
(B and S, respectively) are clearly resolved for each of the spin-
orbit-split components in each spectrum. The dashed line in the
57-eV spectrum illustrates a typical linear background assumed
for the secondary-electron spectrum.

netic energies, no structure in the calculated or measured
results varied on an energy scale as small as 0.75 eV.
Furthermore, using intensity ratios eliminates the neces-
sity of assuming a form for the atomic cross section.

Figure 1 shows several normal-emission photoelectron
spectra in the binding-energy region of the Ta 4f levels.
In each spectrum, four large, well-resolved peaks are ob-
served. These are the 4f, &2 bulk and surface, and the
4f&&& bulk and surface core levels of Ta(100) occurring at
binding energies of 21.7, 22.4, 23.6, and 24.3 eV, respec-
tively. To quantitatively determine the surface- to bulk-
intensity ratio, the following procedure was used: A
linear background due to secondary electrons was sub-
tracted from each spectrum and the area of each peak
was determined by a least-squares At to a Gaussian line
shape and the surface- to bulk-ratio calculated. A typical
background is illustrated by the dashed line in the 57-eV
curve of Fig. 1. In a detailed study of Ta(100), Spanjaard
et al. performed a careful examination of the 4f core
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levels, fitting each core with a Doniach-Sunjic line shape.
We found that assuming a simple Gaussian form did not
significantly change the surface- to bulk-intensity ratio.

In Fig. 2, the experimentally determined 4f7/2 (open
squares) and 4f»2 (solid squares) surface- to bulk-
intensity ratio (vertical scale) at normal emission is plot-
ted as a function of photon energy. The data show a
mini~urn near 55 eV followed by a sharp maximum at 65
eV. This main peak at 65 eV is the most pronounced
feature observed in this data. Above Ace=65 eV, the ra-
tio exhibits an overall decrease with a broad maximum at
83 eV and a valley at 95 eV. This is followed by two
broad but distinct peaks at %co=105 and 125 eV. The
solid lines in Fig. 2 are the theoretically predicted ratios
of the surface- to bulk-intensity at normal emission ob-
tained from the multiple-scattering calculation. The cal-
culation was performed for a series of first interlayer
spacings ranging from the bulk value (d, z

= 1.6550 A) to
15% contraction (dt2=1. 4068 A) in 5% (0.0828 A) in-
crements.

By comparing the normal-emission data to the four
theoretical calculations shown in Fig. 2, we 6nd that the
best agreement is obtained for the calculation assuming
that d &2

=1.4894 A, corresponding to a 10% contraction
of the erst interlayer spacing. This calculation correctly
predicts the large maximum occurring at 65 eV. In addi-
tion, the smaller features seen at higher photon energies
occur in this theoretical curve. The peak at 83 eV and
the minimum at 95 eV are somewhat stronger in the ex-
perimental data, but the energy positions of all the
features are correctly predicted. Although large peaks
appear in the d,2=1.5723 and 1.4068 A calculations,

they occur at somewhat diFerent energies than those ob-
served in the experiment. Furthermore, the next feature
is seen at Ace=77 eV in the d&2=1.5723 A calculation,
and at fico=90 eV for the d&2=1.4068 A calculation. In
contrast, this feature occurs at 83 eV in both the data and
the d &2

= 1.4894 A calculation. In addition, there is poor
agreement between higher-energy experimental features
at 105 and 125 eV and these other calculations. From the
considerable disagreement between the experimental data
and the calculations assuming only a 5% difFerence from
d, 2=1.4894 A, we estimate that the Ta(100) surface is
contracted (10+5)%.

In Fig. 3 we show the experimental surface- to bulk-
intensity ratio for both the 4f7/2 and 4fs/2 core levels
plotted as a function of polar angle for Ace=65 eV, the
energy of the maximum in Fig. 2. The data exhibit a
large, sharp peak at normal emission. The narrow angu-
lar spread of this feature permitted alignment of the
analyzer to within 1' of the normal for the energy-
dependent measurement. Away from normal, a second
maximum occurs near 32 with a gradual increase in the
intensity ratio at larger angles. A small shoulder also
occurs near 15 . The solid lines in this 6gure are the re-
sult of the multiple-scattering calculation for 5%, 10%,
and 15% contractions. These calculations show less sen-
sitivity to interplanar spacing; however, the results for
10% contraction show best agreement with the data.
The large feature at normal emission as well as the
second maximum near 32' are well reproduced by the cal-
culation. Even the shoulder at 15 is seen. We attribute
the more rapid increase of the calculated ratio at larger
angles to an underestimate of the mean free path. The
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FIG. 2. The ratio of the photoemission intensity of the bulk-
and surface-shifted 4f7/2 {open squares) and 4f5/g (solid
squares) core levels at normal emission (cf. Fig. 1). The vertical
scale refers to the experimentally determined ratio. The solid
curves are the results of a multiple-scattering calculation assum-
ing difFerent first interplanar spacings. The calculations were
multiplied by a factor of 0.4 to appear on the same scale as the
data.

FIG. 3. The surface- to bulk-intensity ratio of the 4f7/2 (open
squares) and 4f5/z (solid squares) core levels as a function of po-
lar angle in a plane 15' o6' the [011] azimuthal direction. The
light was incident at 60 from the surface normal. The A vector
and the electron analyzer in the plane defined by the incident ra-
diation and the surface normal. The solid curve is the result of
a multiple-scattering calculation assuming a 10%%uo contracted
first interplanar spacing. The calculations were multiplied by a
factor of 0.4 to appear on the same scale as the data.
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good agreement between these data sets and the
d, 2=1.4894 A calculations, obtained for two different
experimental modes, provides strong evidence in support
of a 10% first interlayer contraction.

The only other published structural study of the
Ta(100) surface is a LEED study by Titov and Moritz. "
Measured I-V curves for six inequivalent beams were
compared to calculated spectra where both the first and
second interlayer spacings were allowed to vary. A
minimum reliability factor of 0.21 was obtained for an
11% contraction of the first interlayer spacing accom-
panied by a 1% expansion of the second interlayer spac-
ing. In our calculation, only the first interlayer spacing
was allowed to vary and our result of a (10+5)% con-
traction agrees with the LEED study well within the es-
timated errors of each experiment. In addition, the re-
sults from calculations of surface core-level shifts (SCS)'s
are also consistent with a first interplanar contraction.
Spanjaard et al. calculated a SCS of 0.9 eV for Ta(100)
using a tight-binding method to determine the local
valence-band density of states at the first atomic layer.
By adding spin-orbit coupling and a 10% contraction,
this was reduced to 0.8 eV, improving agreement with ex-
periment. In a slab calculation of Ta(100), performed by
Krakauer' within a surface linearized augmented-plane-
wave (LAPW) framework, a SCS of 0.95 eV was obtained
for the unrelaxed surface. It was pointed out in the dis-
cussion of those results that the assumption of a bulk
value for the first interplanar spacing may account for
this overestimate of the SCS.

In conclusion, we have adapted the technique of photo-
electron diffraction to study- the geometry of a clean met-
al surface. Application of PD to clean surfaces allows
one to simultaneously monitor surface cleanliness and

surface core-level shifts while determining surface
geometry. By comparing the energy dependence of the
surface- to bulk-intensity ratio of the 4f core levels to a
multiple-scattering calculation, we have quantitatively
determined the first interplanar spacing of the clean sur-
face of Ta(100). It is found that d, 2 =1.49+0.08 A cor-
responding to a, contraction of this spacing by (10+5)%
compared to the bulk value. This spacing is consistent
with that found in a LEED study by Titov and Moritz. "
Further experiments to determine the first interlayer
spacing of the hydrogen-covered Ta(100) surface and oth-
er 4f metals are underway.
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