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Surface-bulk core-level splitting in graphite
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Photoemission from highly oriented pyrolytic graphite reveals twosGdmponents separated in binding
energy by 120 meV. The high binding-energy component is ascribed to atoms in the outermost atomic layer
and the other to deeper layers. The interpretation is based on the low relative intensity observed for the low
binding-energy line at photon energies chosen such that excitation beneath the surface layer is suppressed by
a bulk band gap at the energy of the final state. The surface emission line, which dominates, is slightly
asymmetric and has a Lorentzian width of 160 m@Jl width at half maximun).
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Recent advances in synchrotron light sources and devemicrocrystals that have a commaraxis but are azimuthally
opment of high-resolution beam lines has stimulated interesdisordered. For cleaning, the sample was heated to 1000 K.
in long-standing questions concerning the shape and width dfhe light isp polarized and made incident at an angle of 55°
core-level photoemission lines. Graphite is of interest in thiswith respect to the sample normal. In this geometry, the
respect. While metals typically show asymmetric emissiorelectron-energy analyzer accepts electrons emitted in direc-
lines due to a multitude of low-energy excitations as the holdgions near the surface normal. All measurements reported
is created, the asymmetry is less pronounced for treldvel  here were taken with the sample held at a temperature of
in graphite, which is expected for a semimetal with a neamaround 100 K.
vanishing density of electrons at the Fermi level. The line C 1s emission lines recorded hAtv=313 eV and 328 eV
was, however, found to be unexpectedly wi0 meV are shown in Fig. 1. The total experimental energy resolution
Lorentzian width when compared to the Csispectra re- is about 50 meV. The doublet character is obvioushat
corded for small molecules<(100 meV)?3 A recent high- =328 eV but less so at 313 eV. We argue below that the
resolution study of graphite has narrowed the gap substarcomponent with lower binding energy is due to bulk atoms
tially. At hy=320 eV, Princeet al found a total width of and the one with higher binding energy is due to the surface.
200 meV, and estimated the Lorentzian contribution to beThe C 1s spectra shown in Fig. 1 and those measured at
165+15 meV. No line-shape details were resolved thatother photon energies were fitted using the Doniach-Sunjic
could explain this still comparatively large width or allow line shap& convoluted with a Gaussian that accounts for
the core-level binding-energy difference between surface andther sources of broadening. The same parameters are used
bulk to be measured. An upper limit of 20 meV was esti-for both components of the doublet. The doublet is super-
mated for this difference. posed on a background, which is nearly constant near the

Here we show that the Cslphotoemission line is a dou- emission line for spectra taken at photon energies in the up-
blet. The relative intensity for the components varies rapidlyper range of the probed range. A flat background is favorable
as the photon energy is changed in the probed range, whidor getting an accurate value of the asymmetry index. As the
is 10-60 eV above the excitation threshold. This variationfirst step in the fitting procedure this index was determined to
which can be understood with reference to the bulk bandbe «=0.048+0.006 using spectra recorded at photon ener-
structure, allows us to explain the doublet in terms of a 1204gies in the range 340—360 eV. The value toragrees well
meV-higher & binding energy for atoms in the surface layer. with the two values, 0.052 and 0.056, obtained in Ref. 3.
A likely reason why the doublet was not resolved by PrinceWith this value fora all other spectra were fitted. We ob-
et al. is that their measurement was made with sufficienttained a Lorentzian width of 16010 meV and a peak sepa-
resolution only at one photon energy, 320 eV. This energyation of 1203 meV. The Gaussian widths ahv
turns out to be an unfortunate choice for resolving the dou=313 eV and 328 eV are 60 and 68 meV, respectively. It
blet since one component is quite weak. Assuming that thehould be pointed out that even though the surface emission
widths are the same for the bulk and surface emission linene is well reproduced by a Lorentzian of 160 meV full
we obtain an upper limit on the Lorentzian width to be 160width at half maximum, this merely gives an upper limit to
+10 meV. the lifetime width. One reason is that there are two different

The experiments were performed at beamline 1311 in thesites in graphite and the binding-energy difference between
MAX synchrotron radiation laboratory at Lund University. these is not resolved in our measurement. The bulk compo-
The beamline is equipped with a modified SX-700 planenent is not sufficiently strong compared to the surface peak
grating monochromator with a movable exit slit and a spherito allow an accurate determination of its width and line
cal refocusing mirror. The end station houses a Scienta 208hape. Also for this line one expects a splitting due to layer-
electron-energy analyzer. The spectra are obtained from @ependent binding energies for a few uppermost atomic lay-
sample of highly oriented pyrolytic graphite. This consists ofers that contribute significantly to the emission. Regarding
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FIG. 1. C 1s photoelectron energy specttapen circley re-
corded along the surface normal of graphitehat=313 eV and
328 eV. The light ig polarized and the incidence angle is 55°. The  FIG. 2. C Is spectra recorded along the surface normal of
sample temperature was held at around 100 K. The full drawrgraphite at various photon energies. The temperature of the sample
curves are obtained from a peak-fitting procedure used to determingas held at around 100 K.
the splitting of the doublet and emission line-shape characteristics.
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the core-hole lifetime our result is that the Lorentzian width e
is less than 160 meV for the surface layer. 04 195 25 5 493 55 %

After noting a strong variation with photon energy of the } b } !
relative intensity of the two 4 components, we recorded
spectra betweehr=300 eV and 350 eV in steps of 1 eV.
These spectra were obtained with slightly lower resolution 0.3
than those used for a detailed line-shape analysis. Figure 2
shows a sample of the spectra from which the ratio between
the intensity of the low and high binding-energy peaks, plot-
ted in Fig. 3, is obtained. For this analysis the Lorentzian
width, peak separation, and asymmetry index were set to 160
meV, 120 meV, and 0.048, respectively, while the Gaussian
width was allowed to vary. As mentioned above the measure-
ments reported by Princet al® were made with high reso-
lution only at 320 eV. Since the intensity ratio is near a 0.1
minimum at this photon energy, it is not surprising that the
splitting of the C & level escaped notice.

In qualitative terms it is straightforward to explain the
relative intensity variation shown in Fig. 3 if one component
is due to atoms in the surface layer and the other is due to
atoms in deeper layers. For bulk atoms to be represented in g, 3. The ratio between the intensities of the low and high
the spectra there must be bulk final states. Bulk emission Wilhinging-energy components of the @ doublet plotted versus pho-
thus be suppressed at photon energies for which the fin@gn energy(lower scal¢ and energy abov&g (upper scalg The
energy falls within a bulk band gap where only the lifetime filled circles are the experimental points and the lines are to guide
tails of the states at the gap edges are available for the exse eye. The arrows indicate the energies atByvat the midpoint
cited electrons. For estimates of this suppression one mayf band gaps in graphite. These energies are obtained from TCS
describe the final state in the solid with a damped wave in{Ref. 7 and electron-reflectivityRef. 8 data.
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side the gap and a propagating one outside the gap adding @i Bragg peaks is observed, which fall at energies predicted
both cases a damping due to the limited lifetime in the finalby a simple kinematic expression. The two sets of data agree
state>® The stronger damping inside the gap will enhancewell when accounted for the different angles used. This gives
the surface sensitivity. For many solids the gaps are smaliredibility to the low-energy data, which in the energy range
and the lifetimes sufficiently short enough to effectively of our interest shows a reflectivity maximum at 60 eV for
mask the gaps thereby making the intensity reduction modnear-normal incidence. The good agreement between the en-
est. In graphite, however, there are a number of band gapggies at the minima observed for the intensity ratio and the
that are wide compared to the In‘et|7me W|dth of the states ahosition of bulk band gaps leaves little doubt about the as-
the gap edges. Recently Strocetval.” determined the ener-  gignment of the low-energy component to bulk atoms and the

gies of band extrema by using total current Spectroscopigh energy component of the doublet to surface-layer
(TC9 for electron energies between 8 eV and 50 eV above;joms.

the Fermi level. In TCS one measures the current accepted pjq strong structure caused by intrinsic excitation of vi-

by the sample from an incident beam of electrons. Theifyagions is present in graphite G spectra. This indicates a
results show that in the direction normal to the surface there, ,cn weaker coupling between the core hole and phonons
are gaps between 11 eV and 18 eV and between 26 eV ang, graphite than for Be where prominent structures due to
31 eV above the Fermi level. These are both well defineqyycitation of phonons was recently found experimentdlly.
since the lifetime width at these energies is around 0.63 e\ype speculation is that the atom in its final state disturbs the
and 0.95 eV, respectively. At higher energy there is a narrow,rrounding lattice less for graphite than for Be. Within the
gap at 33 eV, another between 37 eV and 42 eV and Y&y 1 1 approximation for the final stateBe transforms to B,

another between 44 eV and 50 eV. These gaps appear Mafgich means that another subshell becomes populated while

diffuse in the TCS spectra, which is partly due to Shorternothing as dramatic happens as C transforms to N.

lifetimes and partly due to the angular spread of the electron |, <onclusion we find that the Cslphotoemission line of

beam. While the angular spread was not specified in Ref. 7graphite is a doublet, split by 120 meV, and ascribe this to a

it is probably smaller than the 14° acceptance angle of OUpigher binding energy for atoms in the outermost layer than
detector. At higher energies this difference in angles may bg,; atoms in deeper layers. The assignment is made via the
expected to hqve some influence on the energies _obtqined Ybservation of a strong photon-energy dependence for the
the two experiments. All but one of the arrows in Fig. 3 g|ative intensity of the two components. One component,
indicate the midpoints of gaps determined by TCS. The exagcribed to the bulk, becomes weak at photon energies for
ception is the arrow at 60 eV, which is outside the rangypich there is a lack of final states in the bulk. No vibra-

probed by TCS. The position of this arrow is obtained fromjong) fine structure is observed and the binding-energy dif-

the electron reflectivity data of Lander and Morrisowho  terence between inequivalent carbon sites is not resolved.
measured the reflectivity at different incidence angles from

low energies to 240 eV abové:. Recently Ruoccet al’® We gratefully acknowledge the support of the MAX-lab
reported reflectivity spectra at 34° incidence angle for kineticstaff and the financial support by the Swedish Natural Sci-
energies in the range 90-500 eV. In this range a successi@nce Research Council.
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