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High-resolution core-level study of hexagonal WC(0001)

K. L. H3kansson, H. I. P. Johansson, and L. I. Johansson
Department of Physics and Measurement Technology, Linkoping University, S-581 83 Linkoping, Sweden
(Received 6 July 1993; revised manuscript received 27 September 1993)

Results from a high-resolution core-level-photoemission investigation of the (0001) surface of a WC
single crystal using synchrotron radiation are reported. Surface-shifted components were identified in
both the C 1s and the W 4f levels. A surface C 1s core-level shift of —0.66 eV and a surface W 4f core-
level shift of —0.38 eV were determined using a curve-fitting procedure. When using a thermochemical
model and accounting only for the loss of coordination at the surface a shift of —0.62 eV was predicted
for the carbon level and —0.39 eV for the tungsten level. Oxygen exposures were made for aiding in the
assignment of surface-shifted features but also for investigating the initial oxidation behavior. Two
chemically shifted W 4f components, having shifts of +0.29 and +0.66 eV, could be identified after ox-

ygen exposures in the 30-300-L range.

I. INTRODUCTION

Surface core-level shifts in the carbon and nitrogen ls
levels have recently been revealed in investigations of
different surfaces of VC, ZrC, TiC, and TiN,! ™ while no
surface shift could be observed in their metal levels.
These transition-metal carbides and nitrides crystallize in
the sodium chloride structure,* which means that the
(100) surface, which is the one that has been studied most
extensively, exposes a mixed surface layer. Observation
of surface core-level shifts in the nonmetal 1s level but
not in the metal levels of these cubic carbides was, there-
fore, somewhat surprising, although plausible explana-
tions exist.!”® A study of another carbide crystal was,
therefore, conducted for the primary purpose of revealing
surface shifts in both metal and nonmetal levels.

In this investigation, high-resolution core-level studies
of WC(0001) using synchrotron radiation have been per-
formed. One reason for choosing WC was that the W 4f
levels, which are expected to have small intrinsic
linewidths, are located at a low binding energy so a good
experimental energy resolution could be obtained. This
should increase the possibility to observe a shift in the
metal levels, particularly since this (0001) surface is polar
and believed to be metal terminated.’ The results
presented below for the clean surface show that surface-
shifted levels are observed both in the C 1s and W 4f
spectra. Effects of oxygen exposures, made for the pur-
pose of aiding in the identification of surface-shifted lev-
els and for studying initial oxidation, are also presented.

II. EXPERIMENTAL DETAILS

The experiments were performed at beam line 22 at the
synchrotron radiation facility MAX laboratory in Lund,
Sweden. The beam line utilized is equipped with a
modified SX 700 monochromator and a large hemispheri-
cal electron analyzer from Scienta.® A total instrumental
broadening of about 0.2 eV was typically chosen in the
high-resolution studies of the C 1s level and better than
0.1 eV for the W 4f level. Normal emission and an in-
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cidence angle of 40° was normally chosen as the experi-
mental geometry in the core-level studies reported below.
The electron analyzer accepts a cone of angular width
+8°.

The characterization and in situ cleaning procedure of
this crystal, which has a simple hexagonal lattice with a
two-atom basis, has been described in detail earlier.’ The
same procedure was followed this time, gentle anneals in
oxygen to remove possible carbon in form of graphite at
the surface and thereafter high-temperature flashes to re-
move the oxygen. This cleaning procedure produced a
clean and well-ordered 1X 1 surface as checked by LEED
(low-energy electron diffraction) and photoelectron spec-
troscopy.

Oxygen exposures were also made and the exposures
are given below as the total pressure read at the ion gauge
times the exposure time (I L=10"° Torrs). The base
pressure in the spectrometer was 5X 10~ !! Torr.

ITII. RESULTS AND DISCUSSION

C 1s spectra recorded at two different photon energies,
360 and 390 eV, from the WC(0001) surface are shown by
the dots in Fig. 1. A surface-shifted C 1s level is clearly
discernible. A curve-fitting procedure’ was applied and
the results are shown by the solid lines through the data
points in Fig. 1. The fitted components are shown by the
solid curves below the recorded spectra. An integrated
background has been used in the fitting procedure to
compensate for inelastically scattered electrons. To ob-
tain good fits it was necessary to include, also, a third
component, although very weak, which is further dis-
cussed below, but first we concentrate on the two strong
features. The spectrum recorded at 360 eV is expected to
be the most surface sensitive of those shown due to the
kinetic-energy dependence of the electron mean free
path.® The intensity ratio between the two stronger com-
ponents thus indicates that the component at higher
binding energy (labeled B) is bulk related and the one at
lower binding energy (labeled S) is surface related. Spec-
tra recorded at both lower and higher photon energies
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also confirmed this, although they are not shown in Fig.
1. Using all these C 1s spectra a surface core-level shift
of —0.66 eV was extracted and the spread in the extract-
ed shift was less than £0.02 eV. The binding energy of
the bulk component was determined to be 283.5 (£0.1)
eV relative the experimental Fermi level. Symmetric
peaks with a Lorentzian FWHM (full width at half max-
imum) of 0.36 eV were used as fitting parameters for both
the bulk and surface C 1s level. These parameters were
found to give good fits of the C Is spectra when keeping
the instrumental broadening similar to what was used in
the earlier experiments on VC, ZrC, and TiC.!™3 Con-
cerning the third peak, i.e., the one with low intensity
and shifted to even smaller binding energy, we are con-
vinced that it is due to contamination. It is known to be
more difficult to prepare and maintain a clean WC(0001)
surface’ than the earlier studied (100) surfaces of the cu-
bic transition-metal carbides. The spectra shown in Fig.
1 were recorded within an hour after a high-temperature
flash, i.e., when the surface was as clean as we could pos-
sibly obtain it. The intensity of this peak was observed to
increase with time. When the surface was left over night,
this feature (which exhibits a shift of —1.10 eV) in-
creased and became a visible shoulder while the strong
surface-shifted peak decreased somewhat in intensity and
moved slightly towards the bulk peak. No O 1s peak
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FIG. 1. C 1s core-level spectra, recorded from the WC(0001)
surface at two different photon energies, are shown by the dots.
The solid lines show the results of a curve-fitting procedure (see
text for details).
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could, however, be observed in the photoelectron spec-
trum although the most likely contaminant is some form
of carbonoxide. In the case of TiC(100) a second shifted
component was also observed.’ In that case, however,
the peak intensity was found to depend on the annealing
temperature and it was interpreted to be due to carbon
segregated to the surface during the cleaning procedure
since it increased with increasing annealing temperature.
In this case the second shifted peak does not show such a
behavior, i.e., it does not increase with increasing anneal-
ing temperature. It should be noticed that the surface-
to-bulk intensity ratio of this peak varies in the way ex-
pected for a surface-related feature, i.e., it exhibits a max-
imum when the photon energy is chosen to give max-
imum surface sensitivity.

When we then turn to the spin-split W 4/ doublet lev-
els we find surface-shifted components in this case also;
see Fig. 2 where spectra recorded at photon energies of
100 and 150 eV are shown. Since the 100-eV spectrum is
expected to be the most surface sensitive these two spec-
tra indicate that the doublet shifted to lower binding en-
ergy is the surface-related feature. Also in this case spec-
tra have been recorded using both higher and lower pho-
ton energies, giving further support of this assignment.
The curve-fitting procedure resulted in a surface core-
level shift of —0.38 (£0.01) eV. The binding energy of
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FIG. 2. W 4f core-level spectra, recorded from the WC(0001)
surface at two different photon energies, are shown by the dots.
The solid lines show the results of a curve-fitting procedure (see
text for details).
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the bulk 4f,,, level was determined to be 31.8 eV, rela-
tive the experimental Fermi level, and for the spin-orbit
split a value of 2.16 eV was obtained. This means that
the binding energy for the bulk W 4f level is 0.4 eV
higher than in pure tungsten while the spin-orbit split is
the same.” For pure tungsten it has previously been
shown!®!! that different fitting parameters should be
used, both for the 41/, and 4f5, levels and for the bulk
and the surface component, respectively. Since the valley
between the bulk and the surface component, in Fig. 2, is
seen to be much less pronounced for the 4f'5,, levels it is
clear that also in our case the 4f5,, levels are broader
than the 4f;,, levels. When fitting these spectra'? it be-
came obvious that the surface component must be
broader but also more asymmetric than the bulk com-
ponent. In the fits shown in Fig. 2 the asymmetry param-
eter has been chosen to be 0.16 for the surface component
and 0.02 for the bulk component. The difference in
asymmetry is considerably larger than in the case of
W(110),!! but this difference was found to be needed in
order to obtain reasonable fits over the photon energy
range investigated, 80—190 eV. One can speculate that
this large difference may indicate that the assigned sur-
face peak actually consists of two surface-shifted levels
with an energy separation so small that they are not
resolvable in this experiment. Lorentzian widths of 0.08
and 0.13 eV for the bulk and surface components, and
Gaussian widths for the 4f,,, and 4f5,, components of,
respectively, 0.20 and 0.25 eV for the bulk and 0.23 and
0.25 eV for the surface components were used to pro-
duce!? the fits shown in Fig. 2. These Gaussian widths
are larger than the instrumental broadening, which
means that other broadening effects may be present. Be-
fore considering why surface-shifted levels are observed
both in the W 4f and C 1s levels on this polar surface,
which is expected to be metal terminated,” '3 we make an
estimate of the surface shift expected for, respectively,
tungsten and carbon termination.

A thermochemical model,'*!> which accounts for the
final-state screening of the core hole, has previously been
used quite successfully to estimate core-level shifts for
metals and compounds. The total shift can, in this mod-
el, be expressed as a sum of partial shifts and the partial
shift originating from the loss of coordination is often
considered to be the dominating one.'*!* This partial
shift is given as the product of an effective concentration
parameter and a difference in cohesive energies. This
difference is taken between a compound, where the atoms
of the element investigated (a Z element) are changed to
atoms of a Z +1 element and the studied compound. No
tabulated values of cohesive energies for the compounds
of interest in the hexagonal form could, however, be
found. Therefore, recently tabulated cohesive energy
values'® for these compounds in the sodium chloride
structure had to be used as an approximation. The addi-
tional uncertainty introduced by this should be small if
the difference in cohesive energy between the hexagonal
and sodium chloride phases is similar (or very small) for
the different carbides. Using these tabulated values'® a
difference in cohesive energy between WN and WC of
—1.24 €V is obtained. If the surface atoms at the (0001)
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surface of a bulk truncated crystal are assumed to lose
half of their six nearest neighbors (a total loss of coordi-
nation corresponds to an effective concentration parame-
ter equal to 1), then a shift towards lower binding energy
of 0.62 eV is expected for the carbon level. For the
tungsten levels a negative shift of 0.39 eV is obtained
since the difference in cohesive energy between ReC and
WC is —0.78 eV. Thus the direction and size of the
shifts are for both the C 1s and the W 4f levels, predicted
very well by this model. In earlier core-level experiments
on transition-metal carbides and nitrides! 3 the model es-
timated the correct direction but a smaller size of the
shift for the nonmetal levels. For the metal levels small
shifts were predicted but could not be observed experi-
mentally. The differences, particularly for the nonmetal
levels, were suggested to depend on the rippled recon-
struction observed!”!® on (100) surfaces of carbides and
nitrides. Such a reconstruction is not expected for the
polar WC(0001) surface, where every second layer con-
sists of tungsten and every second of carbon. Relaxation
effects have, however, been observed!® on polar carbide
surfaces, which are believed to be metal terminated.!?
Since surface shifts were observed both in the carbon and
tungsten levels this surface is most probably terminated
with both carbon and tungsten areas, areas separated by
steps in the surface. It seems very unlikely that carbon in
a layer underneath a surface tungsten layer can give rise
to a shift in the C 1s level of the magnitude observed.
Effects observed upon oxygen exposures also support the
interpretation that carbon-terminated areas exist on the
surface.

In order to illustrate the effects upon oxygen exposures
core-level and valence-band spectra recorded on the clean
surface and after an oxygen dose of 30 L are shown in
Figs. 3-5. The O 1s spectra in Fig. 3 show that no oxy-
gen signal can be detected on the clean surface but that a
strong O 1s peak appears after an exposure of 30 L. A
similar observation is made in the valence-band spectra
shown in Fig. 4. For the clean surface the valence-band
spectrum is dominated by contribution from W 5d
states,” located between O and 6 eV. The weak broad
structure located around 12 eV originates from C 2s
states. After an exposure of 30 L a strong O 2p signal ap-
pears at about 6 eV and also a weak O 2s signal at about
22 eV. The structure located around 12 eV is seen to be
slightly narrower in the 30-L spectrum, which may indi-
cate the presence of some CO on the surface.>? Effects
upon oxygen exposures on the C 1s and W 4f core levels
are shown in Fig. 5. These results support the earlier as-
signment made, of the bulk component at higher binding
energy and the surface-shifted component at lower bind-
ing energy, both in the case of C 1s and W 4f. In the C
s spectrum the surface-shifted component and the ear-
lier discussed contaminant peak are both seen to become
strongly attenuated after oxygen exposure. This sensitivi-
ty is interpreted to indicate that carbon-terminated areas
do exist on the surface. If carbon should exist only in
layers underneath a surface tungsten layer this high sensi-
tivity to oxygen adsorption would not be expected. The
W 4f spectra in Fig. 5 show that the surface-shifted dou-
blet becomes strongly attenuated in the 30-L spectrum
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FIG. 3. O 1s core-level spectra recorded from the clean sur-
face and after an oxygen dose of 30 L.

but moreover that chemically shifted 4f peaks, shifted to
larger binding energy, appear after the oxygen exposure.
The curve-fitting procedure was utilized to extract the
chemical shifts. In this case only the 4f;,, components
were used in order to get a reasonable number of com-
ponents to fit. When using the same fitting parameters
for the oxygen-derived structures as used previously for
the surface-shifted component, the results shown in Fig. 6
were obtained. Two additional components, shifted to
larger binding energy and labeled C1 and C2 in Fig. 6,
were found to be needed in order to obtain reasonable
fits. Chemical shifts of +0.29 and +0.66 eV were ex-
tracted for the C1 and C2 components. For the surface
component (labeled S) the shift was found to decrease to
—0.29 eV after the oxygen exposures. The chemically
shifted components should correspond to either chem-
isorption or oxidation states. The appearance of addi-
tional 4f peaks at 0.4—1.3 eV larger binding energy than
the bulk peak was revealed upon adsorption of oxygen in
a previous study’ of tungsten surfaces. Three chemically
shifted W 4f levels were observed in investigations of oxi-
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FIG. 4. Valence-band spectra recorded from the clean sur-
face and after an oxygen dose of 30 L.
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FIG. S. (a) C 1s and (b) W 4f core-level spectra recorded
from the clean surface and after an oxygen dose of 30 L.
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FIG. 6. The dots show W 4f,,, spectra recorded from the
clean surface and after oxygen exposures of 30, 100, and 300 L.
The solid line through the data points shows the results of a
curve-fitting procedure. The curves below each spectrum show
the fitted bulk (B), surface-shifted (S), and chemically shifted
(C1 and C2) components.
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dized tungsten films?""?? and were shown to be associated
with specific formal oxidation states. For the +2 oxida-
tion state a chemical shift of 0.61-0.73 eV to larger
binding energy was determined. Based on these earlier
results®2!:22 the C1 component observed is interpreted to
originate from a chemisorption state while the C2 com-
ponent corresponds well to the +2 oxidation state. Upon
increasing the exposure both these components were
found to increase in relative intensity, with a larger rate,
for the C2 component as seen in Fig. 6. In the valence
band and O 1s spectra the only changes observed at the
larger exposures, compared to the 30-L spectra, were a
gradual increase in the oxygen-related features. These re-
sults tend to indicate that the carbon at the surface disap-
pears upon oxygen exposures, probably by CO formation
and desorption as was suggested to be the case for
ZrC(100).2 The surface saturates gradually, as in the case
of pure tungsten,’ and chemisorption and oxidation states
are formed as indicated by the chemically shifted W 4f
components and the appearance of a single O 1s peak. A
more detailed study of the initial oxidation behavior of
this surface could unfortunately not be performed due to
experimental circumstances.

IV. SUMMARY

A high-resolution core-level-photoemission investiga-
tion of hexagonal WC(0001) utilizing synchrotron radia-
tion has been reported. Surface-shifted components both
in the C 1s and W 4f level could be identified. The sur-
face shifts extracted for the C 1s and W 4f component
were —0.66 and —0.39 eV, respectively. The shifts pre-
dicted using a thermochemical model and assuming per-
fect bulk termination were in good agreement with the
observed core-level shifts, although cohesive energies
from compounds in the NaCl structure had to be used.
Upon oxygen exposures the surface-shifted W 4f com-
ponents were found to shift slightly and to be strongly at-
tenuated. Two chemically shifted W 4f components,
having shifts of +0.29 and +0.66 eV, appeared upon ox-
ygen exposures and were found to increase in relative in-
tensity with increasing exposure.
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