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Observation of a surface chemical shift in carbon ¥ core-level photoemission from highly oriented
pyrolytic graphite
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Contributions to the line shape of high-resolutionk x-ray excited carbon 4 photoemission of highly
oriented pyrolytic graphite are described and compared with previous work. A two-component system is used
to model experimental results obtained from two photoelectron takeoff angles. The splitting between the two
components is 0.470.02 eV, with a variation in the intensity ratio consistent with that expected for the two
takeoff angles. The photoemission lines are found to have a lifetime broadépinf0.128+0.006 eV full
width at half maximum(FWHM), an asymmetryr of 0.125+0.002, and additional broadening over that of the
instrumental resolution of 0.280.04 eV FWHM.
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[. INTRODUCTION was seen on the total line broadening due to Gaussian com-
ponents, which was consistentlys=0.129 eV (FWHM).
High-resolution measurements of core-level photoemis:rhey concluded that other Gaussian contributions to the line
sion lines have revealed shifts in binding energy between thghape, which might arise from phonon broadening and inho-
bulk and surface atomic environments of elemental métals mogeneous contributions from static disorder were less than
and more recently in highly oriented pyrolytic graphite 0-050-eV FWHM. _ _
(HOPG).2 In this work we report on the results obtained by A recent study on natural graphite, also employing syn-

x-ray photoelectron spectroscogXPS) on HOPG, which chrotron. radiation, was carrigd out by Prineta.al.5 (KP).
show surface and bulk contributions to the carbanlibe 1 N€ lifetime broadening obtained was determined td’pe
shape =0.165+-0.015 eV(FWHM) and the asymmetry was deter-

There have been a limited number of high-resolution stud-mine.d to lie in the rangex=0.05_6t 0.05. In a search _for a
ies of the carbon 4 photoemission line of graphife® contribution from a surface-shifted peak, they varied the

! _ photon energy from 320 to 500 eV to increase the electron
In an early study van Attekum apd WerthéifPvA) mea attenuation length, and thus depth of sample studied. KP ar-
sured the carbonslphotoelectron line of Advanced Ceram-

. X : . - gued that the increase in the carbanlihewidth observed in
ics ZYB highly ordered pyrolytic graphit¢HOPG using ;550 experiments was consistent with the energy depen-

monochromated AlKa radiation. The resolution of the gence of the resolution of the monochromator and concluded
Hewlett-Packard(HP) 5950 instrument used in that work {hat there was no surface-shifted component, as attempts to
was not quoted, but at the same tifriae instrumental con- model the data using two components showed a second,
tribution was determined to be a skewed Gaussian witlhifted contribution of negligible intensity. The geometry of
width 0.6-eV full width at half maximun{FWHM). Rather  their experiment made it impossible to check for a surface
surprisingly, given the low density of states at the Fermicomponent by increasing surface sensitivity by varying the
energyEg in graphite, they found the carbors tore-level photoelectron emission angle.
line shape to be significantly asymmetric. After allowing for  Most recently, Balasubramanian, Andersen, and Wafide
the resolution of the instrument and making no allowance fo{TB) observed a surface-shifted peak in the photoemission
a background of of inelastically scattered electrons, theypectrum of HOPG with the use of synchrotron radiation.
were able to fit a single-component Doniach-SuriS)  The photon energy was varied between 300 and 350 eV with
line’ to the spectrum over a 5-eV range. The only parametes total experimental energy resolution of about 0.050 eV. A
given from the fit is the asymmetry, given ag=0.14  second peak, identical in shape to the major component and
*+0.01. The large value af is ascribed to the effects of the seen at a binding energy 0.12 eV lower, was attributed to a
formation of an exciton close t&r in the final state. contribution from a subsurface layer. They obtained results
Setteet al* (FS) measured the carborsline of HOPG  for the core hole lifetime of', = 0.160+0.010 eV(FWHM)
using synchrotron radiation of 320 eV with a tot@laussiah ~ with an asymmetrya=0.048+0.006. TB observed varia-
instrumental resolution quoted as approximately 125-meMfions in the intensity of the subsurface feature with the en-
FWHM. After allowing for instrumental resolution and a pa- ergy of the exciting radiation, which they were able to cor-
rameterized background of inelastically scattered electronselate with the availability of final states in the band structure
they were able to fit a single-component DS line to the exfor photoelectrons excited from the bulk material. The geom-
perimental data. The lifetime broadening of the DS line wasetry of this work was fixed at emission normal to the surface,
determined to bd’ =0.212+0.010 eV (FWHM), with an  and variation of angle to acquire a spectrum with an en-
asymmetrya=0.065+0.015. Slightly differing values of | hanced surface contribution was not investigated.
and « were determined depending on the choice of param- In the work presented here we demonstrate the presence
eters used to model the inelastic background, but little effecdf surface and bulk contributions to the core-level photo-
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FIG. 1. Comparative plot of spectra of XPS acquired at 90°  F|G. 2. Plot of XP spectrum of HOPG acquired at 90° takeoff
(open circlesand 10°(crosseptakeoff angles, measured relative to angle (crosses compared with the model usedescribed in the
the graphite surface plane. Data were normalized to peak maximufigxt). The two components of the model are shown under the enve-
height after an energy-independent background subtraction. A smape of the model sum total. The background used is not shown.
shift due to x-ray dispersion was included in the 10° dataset.  Residualgdifference between experimental value and model yalue

o ) ) ) are shown beneath the main plot.
emission line shape of HOPG. This has been achieved by

measuring spectra at takeoff angles of 90° and 10° relative tQ-ray energy for the two measurements
the specimen surface to vary the relative intensity of a pos- It is apparent from Fig. 1 that the spectrum obtained at

S:qble Surfﬁcil'lih'fted componenthan(:].b?/] thhe use of a mor]:qbw takeoff angles is broader than that obtained at normal
chromated AlKa x-ray source, the high photon energy of o isqion The difference in linewidth of the spectra obtained
which resglts n a .Iarg.e electron escape depth and hence:ﬂthe two takeoff angles suggests that there are two compo-
large relative contribution from the bulk at normal emission s present in the spectrum, namely, a bulk peak and a
compared to that obtained in the synchrotron studies of FSy itace peak, occurring at slightly different kinetic energies

KP, and TB. and with relative intensities which change markedly between
the two takeoff angles. Inspection of the peaks indicates an

Il. EXPERIMENT increase in intensity on the low-kinetic-energy side of the
egpectrum using a low takeoff angle. This suggests a surface

Measurements were made on a specimen of Advanc . g
Ceramics ZYA grade HOPG, cleaved in vacuum in a pres_component at a higher binding energy than the bulk compo-

sure less than I¢ mbar and immediately transferred to the nent, in agreement with tI'_1e findings of TB. .
UHV of the measurement chamber. Any oxygen contamina- To check the hypothesis that the spectra included surface

tion was below detectable limits at either emission angle. and bulk components and in order to identify the_se compo-

The photoemission studies were carried out with a 15 ents, t_he spectra were ”_‘Od?'eo' using two DS_Ilnes convo-
mm mean radius hemispherical analyzer with multichanne uted with Gaussian distributions to represent instrumental
detection using monochromated Kl exciting radiation at and other effects. A background of inelastically scattered

1486.6 eV. Carbon 4 photoelectron spectra were acquired el_ectrons was incIuded by Shirley's specificatidnalong
using a pass energy of 22 eV over the kinetic-energy rang)éy'th a small energy-mc_]ependent background.
11801216 eV with a channel width of 0.05 eV. The contri-__ ' Produce a consistent explanation of the results, the

bution to the total instrumental broadening from the mono-SPectra obtained at the two takeoff angles were fitted simul-

chromated AlKa source was estimated to be o_42_9\/temeously. Each spectrum was modeled by two components,

FWHM from measurement of the Fermi edge of silver with the parameters for lifetime, asymmetry, Gaussian broad-

Spectra were acquired at two takeoff angles: normal emisEning, and line positions varied but constrained to take the

sion and 10° emission relative to the specimen surface Thaame values in the fit to each spectrum. The intensities of the
" two components and the inelastic and constant backgrounds

sample rotation produced a small relative shift of approxi- ere allowed to varv freelv in the fiting procedure. Two
mately 0.08 eV in the energy scales of the measurements at_.~ .=~ y y g pr :
optimization tools were used and gave similar results. The

the two angles, arising from the dispersion of x rays in the; ) LT

focus from the monochromator. This was taken into accoun ts obtained to the two Set? of data are shoyvn in Figs. 2 and

in the analysis. and th_e parameters obtained from the fitting procedure are
summarized in Table I.

Ill. RESULTS

. . IV. DISCUSSION
The two carbon & spectra acquired at 90° and 10° emis-

sions relative to the surface are shown in Fig. 1. The spectra We note that whereas the experiments of PVA, FS, KP,
have been normalized to the same peak height and correctedd this work were conducted on cleaved specimens those of
for the small shift in energy scales due to the slight change iTB were carried out on specimens cleaned by heating. We do
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~30-eV photoelectrons. Consequently, in our work the bulk
component makes the dominant contribution to the spectrum
whereas in TB’s work the surface peak dominates. The rela-
tive intensity of the bulk peak observed by TB follows the
exponential photocurrent attenuation expected for suitable
estimates of inelastic mean free pAtlIMFP) or effective
attenuation lengthfor the photon energies used in their ex-
periments. We have examined the sensitivity of our determi-
nation of the component separation to the values of other
parameters used in the fitting procedure; and while we find
that the total Gaussian broadening, the asymmetry and the
Lorentzian contributions are not completely independent pa-
Kineti rameters, none of these parameters interact at all significantly
et eney € ith the value determined for the surface to bulk shift. Fur-
FIG. 3. Plot of XP spectrum of HOPG acquired at 10° takec’ﬁ}[/;?ermore the value found for the surface to bulk sﬁift is
angle (crosses compared with the model usedescribed in the ! ]
text). The two components of the model are shown under the envestrongly influenced by the COﬂStI’aII"lt thaF the spectra ob-
lope of the model sum total. The background used is not showrtained at the two takeoff angles are fitted simultaneously. We
Residualgdifference between experimental value and model yalue conclude that there is a significant difference between our
are shown beneath the main plot. results and those of TB for the surface to bulk shift.

TB conclude that KP were unable to resolve a bulk com-
not think that this difference can account for the differencegponent in their experiments due to the absence of appropriate
in the results obtained in these studies but it should be notedinal states in the band structure when using a photon energy

The most notable difference between our resilgble Il)  which gave a sufficiently resolved spectrum. Since FS used a
and those of TB, the only other work to show a surfacephoton energy similar to KP, we conclude that the results of
core-level shifted component to the G fthotoemission line  both these groups are effectively high resolution studies of
of graphite, is our finding of a larger shift of 0.46 eV as the surface component alone. We were unable to improve the
compared to the value of 0.12 eV of TB. The main experi-quality of simultaneous fits to our two sets of data by con-
mental differences between the two studies are the fixed getraining the parameters describing the surface component to
ometry and the higher resolution of the low-energy photonvalues determined by FS, KP, or TB, and our results are not
source employed by TB and the variable geometry and lowetonsistent with the surface-bulk splitting determined by the
resolution of the high-energy AL, source employed in our latter authors. Since we found a significant interdependence
work. These differences mean that our results sample a cowf the values for the asymmetry parameters of the bulk and
siderably greater depth of material than those of TB, thesurface components in our data in less constrained fits, we
difference in the kinetic energies of the G lines excited in  have restricted this parameter and the Lorentzian and total
the two studies giving rise to expected attenuation lefigihs Gaussian parameters to a common value for each compo-
~2.5 nm for 1200-eV photoelectrons anrd0.25 nm for nent. There is noa priori reason why these parameters

Intensity (arbitrary units)
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TABLE I. C 1s line-shape parameters determined from simultaneous fit to experimental data at two
emission angles.

Fitted parameters

90° spectrum

10° spectrum

Surface component Lorentzian lifetime 0.128+0.008 0.128+0.006'
(T, eV, FWHM)
Asymmetry indexa 0.125+0.002 0.125+0.002
Gaussian broadening 0.616+0.008 0.616+0.008
(T'g, eV, FWHM)
Fractional intensityl 0.052+0.008 0.246+0.007
Bulk component Lorentzian lifetime 0.128+0.008 0.128+0.006'
(T, eV, FWHM)
Asymmetry index(a) 0.125+-0.002 0.125+0.002
Gaussian broadening 0.616+0.008 0.616+0.008
(T'g, eV, FWHM)
Fractional intensityl |, 0.948+0.008 0.754+0.007
Surface-bulk shif(eV) 0.47+0.0ZF 0.47+0.0ZF

3 ifetime, asymmetry, and broadening; each common to both peaks and both spectra.

b|ntensities freely variable within and between spectra.

Shift is variable between peaks but common to both spectra.
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TABLE II. Comparison of C ¥ line-shape parameters determined by other workers with those deter-
mined in this work.

PVA FS KP TB® This work

Surface or r.® 0.212 0.165 0.160 0.128
ig‘ra'son ot @ 0.14 0074  0.056 0.048 0.125

Total FGb 0.129 0.08-0.1 ~0.065 0.616

Instrumentl“Gb ~0.6 0.125 ~0.08 ~0.05 0.55
Bulk r.® 0.160 0.128
component

a 0.048 0.125

Total T'g° ~0.065 0.616

Instrumentl” g° ~0.05 0.55
Surface-bulk shif{eV) 0.120 0.47

4f only one line is used in a model, the results are given under “surface component.”

", andI'g values are FWHM in eV.

“Values for KP and TB are best estimates given in those papers. Valligsark not directly comparable due

to the large variation seen with photon energy in synchrotron work; values quoted are those from a “best
estimate” determination.

should have a common value. We found that adding a thirdhe density of excited states accessible with low-energy pho-
identical component in our fitting procedure did not greatlytons reduces the probability of exciton formation.
improve the quality of simultaneous fits to the two datasets. In our results the total Gaussian broadening of the ob-
From this we infer that it is the line shape rather than theserved line shapes is increased from that expected from the
number of components that is most important. Within themonochromator and analyzer by an additional contribution
constraint that the two components have the same line shapef 0.28-eV FWHM. As discussed by FS and KP, it is unlikely
we found little interdependence of the results for the Lorentthat this contribution arises from phonon broadening; and KP
zian and Gaussian contributions, and neither parameter wadso conclude that contributions from G band-structure
significantly dependent on the value found for the commorformation is negligibly small. Given the larger escape depths
asymmetry. in our experiments it is possible that this additional broaden-
The lifetime broadening determined from the analysis ofing arises from crystal imperfections from lower layers. ZYA
our results is slightly lower than that obtained in the studieHOPG is produced as a neutron or x-ray monochromator
using synchrotron radiatio(lable 1l) but is larger than that component, requiring good basal plane alignment throughout
obtained for methane in the gas phaseSchigl and its structure with few defects. Theoretical valtiefor the
Boehnt? have indicated that Cslbinding energies and line- graphite lattice are a density of 2.265 g/m and a layer spac-
widths vary for different graphite specimens as a result oing of 3.3539-0.0001 A. The Advanced Ceramics specifi-
differences in crystalline perfection. This observation couldcations for ZYA are a density of 2.255-2.265 gchand a
account for the differences in the Lorentzian contributionlayer spacing of 3.355-3.359 A with a mosaic spread—
found by FS, KP, TB, and ourselves. FWHM of the distribution of offe-axis alignment about a
We have noted that in unconstrained fits the values foundhean—of 0.4-0.1°, indicating a very high degree of layer
for the asymmetry parameters of the two lines are stronglprdering** The density of graphite is known to decrease
coupled and also depend weakly on the strength of thenarkedly with the introduction of defects into the structtite,
Shirley-type background. The tendency in simultaneous unso the implication of the stated values is of a very well crys-
constrained fits to the two datasets is for the asymmetry ofallized material. Photoelectrons at about 1200 eV would be
the surface component to increase and that of the bulk consubject to practically complete attenuation within 10 nm in
ponent to decrease. This may just be a reflection of the faaraphite. Poorly ordered HOPG is composed of crystallites
that the surface peak, as the lower-energy component, isf 1 um width and about 10 nm thickness; well-ordered
more sensitive to inadequacies in the treatment of the backHOPG is comprised of crystallites approximately &fn
ground of scattered electrons. It is interesting that even aftewide and 500 nm thick® Thus, with respect to traversal
allowing for the uncertainty of the fitting procedure we find a along thec axis, all photoelectrons originate in single crys-
significantly higher value of the asymmetry parameter thanals. Additionally, the effects of sample preparation, such as
found in any of the studies using synchrotron radiation. Ourandom structural disorder caused by the tape-cleaving
results fora are similar to the early results of PvA who also method, should manifest at least equally in the surface layer
used AlK a x-ray excitation. Given the low density of states in comparison with underlying layers. The works of FS, KP,
at the Fermi energy in graphite, PvA attributed the largeand TB show no appreciable statistical broadening above that
value of & to the formation of excitons. It is possible that in contributed by the instrument used, so we believe no addi-
the studies using synchrotron radiation that the restriction itional statistical broadening should be seen for lower layers.
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This view is supported by the similarity of the experimental V=Kkaq, 2)
data of PvA to our own results; a mechanical-cleaving . )
method would be expected to produce somewhat more rarfvhereq is the negative of the number of valence electrons,
dom results. This in turn would give a varying statistical Which is 4 for C, andis given to an accurate approximation
broadening effect which is not, in fact, seen.

Th'e rglative intensities of' the surfaqleg, and bulk,lg, k=a+bN+dg, %)
contributions to the carbonsliine shape is expect&tb vary
as with N defined as the negative of the number of core holes.
The values ofa, b, andd for C have been determined as
32.90, 6.77, and 5.05 eV, respectivélyThe difference in
binding energy between two atomic sites can be expanded as

I
) ) a Taylor series in the derivatives of the potential with respect
whered is the thickness of the surface laykrthe IMFP, and ;0 ihe number of core hol@3.Keeping terms up to the first

0 tl?.e tarljeoffﬁangle mears]urfei relatifve tci the surface p'ﬁnf‘gerivative we arrive at an expression for the difference in
Taking the effective depth of the surface layer to be one-hal;,qing energy of the surface and bulk C environments in

of the interplanar spacing and using the estimated electrop, ...« ¢ the charges on the surface and bulk at nd
IMFP of 2.79 nm in glassy carbdhequation(1) yields ex- g s

| :
_S:eld/)\ sme\_l' (1)

pected values df; andl, of 0.043 and 0.959, respectively, at Ao, of

normal emission and 0.237 and 0.763, respectively, at 10° AE,=a(gs—0p) +bN(gs—qp)

takeoff angle. These values are in reasonably good agree-

ment with the experimental results given in Table I. Perfect +d(92—qp) —0.50(qs— 0y (4)

agreement would not be expected as the approach ignores the i h Ik h ull |
effects of elastic scattering, and the estimated IMFP may not ASSuming the bulk carbon atoms to have a full comple-
be accurate for the surface layers of HOPG. Nevertheles@ient of valence electrons, the value obtained Adg, of

the agreement lends support to the identification of the tw-46 eV yields a loss 0f-0.14 electron by a surface C.a.fbo"‘
components as originating from surface and bulk contribu&{oM. Using the results of TB and assuming the splitting of
tions to the spectra. 0.12 eV corresponds to a difference between the first and

The main difference between our experiments and thos88¢0nd layers equatiot) predicts a difference in local
of TB is the order of magnitude increase in effective electrortNarge in the initial state of0.04 electrons between the two

attenuation lengths;-2.5 nm in our experiments compared '@Y€rs- . , . .
with ~0.25 nm in those of TB. Given the low value of the  1hese estimates of the difference in electron population of

IMFP and thus sampling depth in their experiments, it isSurface C atoms are larger than those estimated from core-

- : 1 22
possible that TB were essentially measuring the difference iffVe! shifts for K adsorbed on graphite by Bennietal:
binding energy of C & levels from the surface layer and the

first subsurface layer. We have examined the effect of simul- V. CONCLUSIONS

taneously fitting the spectra obtained at 10° and 90° takeoff \yg haye resolved the surface to bulk core-level shift in
angles to three peaks Wlth the parameters of the first tW%raphite in photoelectron experiments using a high-
surface” peaks constrained to the values found by TB. esqiution monochromated A« x-ray photoelectron spec-

Good fits to the spectra could be obtained with the principayometer together with angular rotation of the specimen. The
result being that the separation of the bulk peak from thg e obtained for this shift in our bulk ;

L . V, which is nearly four times greater than that
the relative intensity of the surface components was very)pi-inaq by Balasubramanian, Andersen, and Vifide
sensitive to the precise details of the peak fit parameters. g tace-sensitive measurements excited by photons in the
It is well known that there are two contributions to the range 300—350 eV. We believe the differences between our
difference in core-level binding energies between two atomiGag it and that of Balasubramanian, Andersen, and Waflde

. 6 . . . .
environments® One arises from differences in the atomic 5 the differences between the various other data reported

valence charge in the initial states, and the second from dife;, HopPG arise from a combination of factors including

ferences in the electron screerjing of the core hqle in the ﬁn%ampling depths, availability of final states, and the specific
state. Unfortunately, the classic way of separating these Whay e of the HOPG specimens used. This last factor, in par-

contributions by combining measurement of core-level shifts;c, 5y, is known to have potentially significant effééand
and Auger shifts in the Auger paraméfer®is not available requires further investigation.

for carbon since the electronic structure of this element is too
shallow to allow Auger transitions that only involve core
levels. In this circumstance, the final-state contribution can-

not be assessed and we restrict the analysis of the surface toR.A.P.S. would like to thank EPSRC and Shell Global
bulk shift to a consideration of the initial-state effect employ- Solutions (UK) for financial support. Technical assistance
ing a frequently used potential modé&%?'The potential in  from S. Hag, J. Murray, and P. Unsworth, and discussion
the core of an atom is representat! by with S. D. Barrett is gratefully acknowledged.
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