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ABSTRACT 

We report absorption and extended fine structure studies 

on the carbon K-edge in microcrystalline, polycrystalline and 

oriented crystalline (monochromator} graphite. On the basis 

of a density-of-states analysis, strong excitonic effects 

about the core hole are inferred. The fine structure at the 

absorption edge is found to differ for the three materials. 

This is explained by the orientational dependence of the 

polarization selection rules for electric dipole transitions 

from an s-core to cr and TI conduction band states. The 

extended fine structure {EXAFS) above the edge exhibits 

similar oscillations for the bulk crystalline samples 

{polycrystalline and monochromator graphite) but 
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considerably weaker structure is observed for the micro

crystalline sample. A Fourier analysis of the oscillations 

yields the nearest neighbor shell separations. Finally, it • 

is shown that the intensity modulations caused by carbon 

contamination on optical Au and Pt mirror surfaces that are 

exposed to high intensity synchrotron radiation closely 

resemble those above the C K-edge in bulk crystalline graphite. 

This indicates the formation of graphitic overlayers on such 

mirrors even under ultrahigh vacuum (<1 x 10-9 torr) condi-

tions. These findings furthermore demonstrate the feasibility 

of EXAFS studies of adsorbates on surfaces by monitoring 

the (totally) reflected radiation off the substrate. 
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I. Introduction 

Measurements from core-level excitations in solids can 

provide information that is otherwise difficult to obtain. 

In the initial ~so ev above the onset for absorption from a 

core-level, initial-state band effects dominate the absorption 

so that the spectra yield information on the electronic 

structure of the material immediately above the Fermi level. 

The effect of the optical dipole selection rules is to cause 

spectra to represent a symmetry-projected density of states, 

since the initial state is of good angular momentum. This 

was demonstrated for absorption from the K-edge in the 4d 

transition metals by MUller et al. 1 In some cases many-body 

2 3 4 
effects, ' low cross-section due to final-state effects, 

and multiplet splitting5 can interfere with simple inter-

pretations. 

For higher final-state energies the remaining features 

arise mainly fro~ the local arrangement of atoms in the 

~ material. This extended x-ray absorption fine structure 

(EXAFSl has proved valuable for structural analysis in the 

moderate x-ray energy regime 3-25 keV, but only recently 

have absorption measurements been made on the important low-Z 

elements c 7 ' 8 and F. 8 In addition, c, 9 N, 10 and olO,ll have 

been studied by the related techniques of electron energy 

loss and photoyield spectroscopy. 
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In this paper we report the first absorption measure-

ments taken above the carbon K-edge in a series of graphite 

samples. Figure la shows the graphite lattice. The lattice 

+ + . {i 
translation vectors a and b l1e in the basal plane, while the 

+ 
vector c represents translation perpendicular to the plane. 

The Brillouin zone is a right hexagonal prism, shown in 

Fig. lb with the symmetry points labeled. 

In the following section the experiments are described. 

Results are given in Section III. Section IV is devoted to 

a discussion of the absorption in the band structure (near-

edge) region, and Section V analyzes the morphology (extended

edge) data. Section VI reports our observation of EXAFS 

structure in reflection from thin films contaminating metal 

surfaces. Conclusions are given in Section VII. 

II. Experimental 

12 The experiments were performed on the 4o. port of 

Beam Line I at the Stanford Synchrotron Radiation Laboratory 

(SSRL}. Before the measurements were made, new optical 

elements were installed to minimize carbon buildup on the 

optical surfaces of the grazing incidence ''grasshopper" 

12 
monochromator that occurs on exposure to high fluxes of 

synchrotron radiation. 13 These included a new 600 lines,lmm 

. grating blazed to 220. ev. At the time of these measurements 

the bandpass of the monochromator was 0.2 R, and measurements 

of the monochromator transmission indicated the presence of 
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monochromator radiation up to at least 1400 ev. The experi

mental apparatus has been described in detail elsewhere. 14
r
15 

Because of the vacuum restriction of the radiation 

source and the short photon attenuation lengths in the XUV 

photon energy regime, the sample and detector were maintained 

in an ultrahigh vacuum environment of 3 x 10-9 for these 

experiments. The radiation first passed through a collimator 

to define the beam and eliminate scattered-light background. 

Next, the light struck the sample holder on which samples 

and reference blanks were arranged in alternate positions. 

A microprocessor/controller drove a stepping motor-and-cam 

arrangement that allowed the sample and the reference blank 

to intercept the beam before advancing the monochromator, 

thus allowing the immediate calculation of the optical 

density, ln I 0/I. The remaining radiation was detected by 

a ZnS or Au photocathode. The resulting photoelectrons were 

extracted by a bias voltage to a high-current channeltron 

electron multiplier. This overall detection scheme yielded 

a good signal level (10-S - 10-7 Rl with a low background 

(<lo-11 R). By selecting the optimal photocathode material 

for the particular photon energy range of interest, the 

ratio of first-order to second-order light from the mono-

chromator could be enhanced. 

The absorption spectra were taken for three graphitic 

1 t d b f '1 16 . h th' k samp es: evapora e car on 01 s w1t a 1c ness approx-
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imately 50 mg/cm
2 

- (2500 R>, evaporated carbon foils that 

were subseque~tly annealed in vacuum for three minutes at 

1100°C, and a thin sample cleaved from a crystal of stress

annealed monochromator graphite. 17 The three samples differ 

in crystallite size and orientation. The evaporated foils 

generally have a crystalline size of ~10-15 R and no discern-

"bl . . 18 1 e or1entat1on. For the purposes of our discussion, they 

will be referred to as microcrystalline. The foils that were 

subsequently annealed have a crystallite size of ~2500 R as 

determined by transmission electron microscopy, and are known 

to show preferential ordering with the c-axis becoming normal 

19 to the surface plane. These samples will be referred to 

as polycrystalline. The monochromator graphite is a well-

ordered mosaic of crystallites, with the basal planes parallel 

h f 1 "1 h -+ -+ • 1 to t e sur ace p ane. Wh1 e ,t e a and b 1n-p ane crystal 

axes do not maintain their rotational orientation about the 

t direction throughout the sample, monochromator graphite is 

otherwise quite similar to single crystal graphite. 20 

III. Results 

Spectra near the carbon K-edge are displayed in Fig. 2, 

and energies of characteristic features A-I are set out in 

Table I. Features in the polycrystalline and monochromator 

graphite spectra show a one-to-one correspondence, the edge 

jump ratio is much smaller in the monochromator graphite case, 

and absorption above the edge shows nearly zero overall 
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slope. This results from nonuniformities in the thickness of 

the monochromator graphite, which we were unable to eliminate 

for a sample of the required dimensions c~smm diameter} • 

There are also differences between the microcrystalline 

sample and the other two. For this sample, all the features 

are weakened or broadened, as might be expected in a highly 

disordered system. In the extended region, the features E 

and I, which are higher-frequency components of the spectra 

characteristic of longer-range neighbors, are greatly reduced 

in amplitude. A more detailed analysis of the EXAFS structure 

is given in Section V. 

IV. The Near-Edge Region 

The absorption immediately above the edge is shown in 

Fig. 3. A peak appears at 285 eV in the polycrystalline and 

microcrystalline samples, and a sharp edge rises to a 3Gccnc 

peak at 293 eV in the polycrystalline case. For the mono

chromator sample the first peak is replaced by a low plateau 

and the sharp edge is rounded at the top, yielding no distinct 

peak. The intensity of the low-energy peak decreases in the 

o~der 

(microcrystalline foil) > (polychrystalline foil) 

> (monochromator graphite}. 

We attribute this to a polarization effect arising from the 

crystalline anisotropy of graphite. The band structure21
r

22 
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of graphite is quasi-two-dimensional because of the weakness 

of the interactions between planes, and most dispersive effects 

occur in the basal-plane directions. 

The first states above the Fermi level have the charac-

ter of n bonds arising from Pz orbitals directed out of the 

plane. This band starts near EF where the density of states 

has a shallow minimum. It has a rather flat saddle point 

about 2 eV above EF and at the zone face Q (see Fig. 4). 

Because the band structure is quasi-two-dimensional, the saddle 

point should contribute a near-logarithmic Van Hove singularity 

to the density of states. We therefore assign the peak at 

285 eV to transitions to that critical point of n
0 

at Q 

(labeled Q;g in Ref. 21) and the second peak at 293 eV to the 

peak in the density of states calculated to lie at 8.5 eV in 

Ref. 22. The latter is mainly sp2o in character and due to 

+ the bands labeled o 1 and o 2 at Q (Qlg in Ref. 21). From the 

band symmetries, transitions from the ls core level to the 

o bands are forbidden for the light polarization vector t 
-+ 

parallel to c, and transitions to the n bands are forbidden 

-+ -+ 
for £ lc. Our results are explained by noting that, as the 

c-axis of the crystallites becomes progressively more aligned 

with the foil surface plane, the ls -+ o transition remains 

allowed, while the ls -+ n transition becomes forbidden. 

The separation of the ·first and second peaks (8 eV) is 

1-3 eV larger than is calculated. 22 This effect can be 

explained by comparison with the XPS measurements of the 
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carbon ls binding energy.
23 

Because the measured binding 

energy is 284.7 eV, the saddle point at Q would not be 

expected below 287 ev in a simple one-electron picture. 

Relaxation effects arising from the attraction of the low-

energy electron to the core hole must account for the 2 eV 

shift of the n-peak. A rigid shift of the density of states 

above the Fermi level would place the absorption onset at 

approximately 283 eV and indicate the formation of bound 

excitonic states in graphite, although a complete distortion 

of the density of states is possible. The very recent high

resolution ELS results of Mele and Ritsko24 indicate that 

such a distortion is probably correct--the observed onset 

in their data is no more than 0.2 eV below the carbon ls 

binding energy and a model calculation gives a good fit to 

the distortion in the density of states at the n-peak. 

For Peak B and all those at higher energies, our 

results can also be compared to the secondary electron emis

sion (SEE) spectra reported by Willis, Fitton, and Painter
22 

(see Table I). In addition, one feature (peak D) has been 

observed in a photoemission study. 25 Peak Bin Fig. 2, at 

293 eV, corresponds well to a feature reported in the SEE 

measurements at 9 eV above the Fermi level (i.e., at 29 eV) 

as well as to the peak at 292 eV in the ELS spectrum. Peak C 

has no analogue in the ELS spectrum, but it does correspond 

to a feature at 19.2 eV in the SEE results and a peak in 
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the calculated density of states due mainly to critical 

points in the a bands at Q. All three results show that 

there is a broad peak at 41 eV above EF where the theoretical 

calculation predicts a broad peak due mainly to a bands. 

There is an important byproduct of this observation. 

Peak D occurs at EF + 40 eV, on the threshold of the conven

tional extended x-ray absorption (EXAFS) regime, and might 

ordinarily be included in the EXAFS analysis. In fact, 

Peak D probably arises at least in part from simple struc-

tural effects, as evidenced by the continued presence of this 

feature in a weakened form in the ELS results for which the 

geometry forbids transitions to a bands. Of course, band 

structure effects do not preclude obtaining structural infer-

mation if they are properly accounted for. However, if the 

final-state energy is high enough (at least above Peak C), 

detailed band structure effects become less important and 

the single scattering theory generally holds,
26

'
6 

in which 

it is sufficient to treat the solid as a collection of atomic 

potentials. In this case, the relation 

jJ - jJ 
0 

).10 
X (k) 

1 
= k 

N. 
-2~ A(k) sin(2kR. + ¢(k}) 
Rj J 

(1) 
li 
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describes the EXAFS oscillations xCk} that occur about a 

slowly varying absorption llo· The electron wavevector is 

given by 

1/2 o-1 
k = 0.5123 (hw - E0 + Ei} A , (2) 

with energies expressed in eV, where the onset of absorption 

E
0

, and the inner potential Ei' set the zero of electron 

kinetic energy. The sum is taken over shells of jth neighbor 

atoms consisting of N. atoms at a distance R. from a central 
J J 

atom. The backscattering strength is A(k), and cp is the 

total energy-dependent phase shift that an electron experiences 

upon returning to the central site after backscattering. 

Thermal oscillations from the equilibrium lattice positions 

are described by a, and A is the mean electron attenuation 

length. 

In general, a radial distribution function can be deduced 

from the EXAFS data if the effects of phase shifts due to the 

atomic potentials are compens~ted. Figures 5 and 6 give 

plots of the radial distribution function 

R(r} = IF (r) I 
-i"' (k} e '*' . 

A (kl · k X (kll 

for polycrystalline and monochromator graphite. The back-
,_ 28 

scattering amplitude 27 and the phase shift are taken from 

calculated values. As in the work of Lee and Beni, 26 the 

i 
I 

I 
I 
I 
l 

I 
i 

I 
I 

i 
i 

I 
' 
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inner potential Ei is adjusted until the peaks in R(r) and 

Im F(r) coincide. The best results were obtained in poly-

crystalline graphite with Ei set 24 eV above the absorption 

threshold and 19 eV in monochromator graphite. Both curves ~ 

show residual amplitude near r = 0. This is an artifact 

arising from the limited data range, causing the degree of 

noncancellation between positive and negative excursions to 

become serious. The problem is aggravated by the short band 

length in graphite. 

Table II gives the distances of the different shells in 

the graphite lattice, together with the number of atoms in 

2 2 
each shell. The quality factor Q = N. R1/R. serves as a rough 

J J 

measure of the expected weight of a given shell; Q neglects 

polarization effects, which can be important for oriented 

29 samples. 

The results for R(r) in polycrystalline graphite show 

a main peak at 1.41 ± 0.04 R and three smaller peaks of 

similar strength above the main peak at 2.54, 3.84, and 4.90 

R. The first peak corresponds quite well to the first nearest 

neighbor (NN) distance in graphite. The second is clearly 

a weighted mean of the second and third NN in the basal plane. 

At higher distances the neighbors on the first "neighbor 

plane" (NPNN) to the basal plane containing the central atom 

begin to occur in addition to the in-plane nearest neighbors 

(IPNN). The third peak is expected to be a mean of the 

fourth through ninth NN, which form a fairly separate group-
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ing of two IPNN and four NPNN. The (unknown) weighting 

between these two classes of neighbors is dependent upon 

the degree of crystalline orientation, although the polariza-

tion effect between the in-plane and nearest-plane neighbors 

will be less significant for distances greater than ~4.7 R. 
The final peak may contain components from as far as the 

thirteenth NN. 

The radial distribution function for monochromator 

graphite is shown in Figure 6. In this case, a somewhat 

shorter data set was obtained, which resulted in poorer 

resolution. Nonetheless, the first NN peak ( 1. 39 :!.: 0. 06 R) 

is obvious and there is a second peak at 3.36 R which may 

result from a combination of the second through the ninth NN. 

In fact, the peak occurs at a value intermediate between a 

mean weighted simply by the factor q. in Table II and one 
1 

neglecting the NPNN altogether. However, the deep minimum 

between the first and second peaks gives clear evidence 

of interference of the higher neighbors with the broadened 

peak from the first NN, which makes further interpretation 

difficult. 

In the microcrystalline spectrum, Fig. 2, two effects 

appear. All features are considerably lower in amplitude 

and from the disappearance of peaks E and H together with 

the removal of the minima between F and G, it is clear that 

the higher spatial frequencies are no longer present. In 

fact, a plot of the remaining maxima and minima in the 
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remaining features clearly suggest that the first NN is 

virtually the only remaining component. 

VI. EXAFS in Reflection (REXAFS) 

One obstacle to making structural measurements from 

the carbon K-edge is the proximity of absorption edges of 

other common materials. In particular, 0 ls (532 eV) and 

Ti 2p (455 eV) contamination can be troublesome. Another is 

the degradation of the reflecting elements of monochromators 

above 280 ev due to carbon contamination. , The resulting 

loss of intensity is obvious in the plot of monochromator 

throughput (Fig. 7). 

A blow-up of the monochromator O';'-tput (Fig. 8) merits 

discussion. The inverted figure' shows fine structure for 

at least 100 eV above threshold and compares feature-for

feature with the polycrystalline graphite absorption spectrum. 

What is being observed here is EXAFS from the carbon contam

ination of the optical elements in reflection (REXAFS). In 

fact, from the considerable correspondence of the REXAFS 

with the polycrystalline and monochromator graphite EXAFS 

we conclude that the carbon contamination common to soft 

x-ray monochromators and other surfaces of accelerators may 

be a well-.ordered graphitic material. We have no measure 

of the background signal that was present, so we can only 

estimate a lower limit to the thickness of the total carbon 

layer on the five reflecting surfaces as 25 R. It seems 
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possible, then, that EXAFS measurements in the reflection 

mode can serve as a surface-analytical tool for adsorbate 

systems. Although the technique may be more sensitive to 

bulk contaminants than the more common low-energy electron 

spectroscopies due to the longer absorption lengths of soft-

x-ray photons, this effect can be minimized by going to 

grazing angles of incidence. 

A rough estimate of the magnitude of the effect can 

be made by modeling the absorbate system (e.g., a monolayer 

of CO on platinum or gold) by a thin dielectric layer of one 

monolayer depth on a thick substrate. One can then calculate 

the reflectivity 30 for the surface with (R b ) and without a s 

(R
0

) the monolayer-thick dielectric film from published 

31 
values. A plot of the differential reflectivity 

(R
0

- Rabs)/R
0 

in Fig. 9 show two effects. There is a jump 

at the threshold of ~5% that is comparable to the results of 

32 . 10 either Auger or y1eld electron spectroscopies for mono-

layer adsorbate systems, and the function (R - R b )/R does o a s o 

image the features that would be expected in absorption. 

VII. Conclusions 

The results obtained on the C K-edge in graphite fall 

into two groups. In the first forty electron volts of 

absorption, information is obtained regarding the £ = 1 

projected density of states. Good agreement was found with 

the structure in electron energy loss9 and secondary electron 
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emission22 although not all features found were represented 

in our spectra, with most of the differences ascribable to 

polarization effects. In addition to providing support for 

the predicted band structure, it confirms the reorientation 

of the microstructure19 as reported previously. Band 

structure effects were found to be quite strong for over 

40 eV above the absorption threshold. 

The remaining features at higher energies were found 

to yield good structural information in graphite by applica

tion of simple single-scattering EXAFS theory. The annealed/ 

polycrystalline sample was found quite similar to monochroma

tor graphite and neighbor shells out to 'V5 R were measured. 

The microcrystalline sample shows a large attenuation for 

all shell distances beyond the first, which presumably 

results from short-range disorder. 

We have observed and analyzed EXAFS oscillations in 

reflection (REXAFS) for the first time form the contaminant 

layers that plague soft-x-ray and particle accelerator equip

ment and determined it to be graphitic in nature. This 

observation should be useful in future attempts at improving 

such equipment. 
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Table I. Comparison of Carbon K-edge Absorption 
to ELS and SEE Measurements and to the 
Calculated Density of States 

Feature Absorption ELS SEE a Calced 

(eV) (eV) (eV) DOS 
(eV) 

A 285. 285. 2.0 

B 293. 293. 9.5 9.9 

c 302. 304. 19.2 18.3 

D 325. 325. 40.7 42.0 

E 344. 

F 362. 356. 

G 381. 380. 

H 403. 400. 

I 423. 422. 

a The SEE results and the calculated density 
of states should be compared by adding the 
threshold energy (285 eV). 

.• 

.... 
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I 
Table II. Parameters for Neighbor Shells of Atoms i 

in Graphite i 

I Neighbor a Occupancy Quali tyb Distance 
of shell factor 

j N. Q R. <R> 
J J 

I 1 3 3.0 1. 421 
t 

2 6 2.0 2.461 i 
I 

3 3 0.75 2.842 I 4* 1 0.18 3.354 

5* 9 1. 37 3.642 I 
' 6 6 0.86 3.750 
j 

7* 6 0.70 4.160 

8 6 0.50 4.263 
7 

9* 9 0.94 4.396 t 
i 

10 6 0.50 4.922 : 
' I 

11* 18 1. 43 5.038 j 

I 
12 6 0.46 5.123 

l 13* 6 0.41 5.424 

14 3 0.19 5.684 I 
.. t 

a starred entries indicate out-of-plane neighbor I shells. 
I 

bN (R /R ) 2 ~ 

Rl = 1. 421. $ 
shell 1 shell ; t 

i 

I 
• j 
• 
l 
i 

l 
~ • ~ 
! 
I 
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Figure Captions 

Figure 1. The structure of graphite (a} in real space show

ing the crystal translation vectors and (b) the 

reciprocal space Brillouin zone with the labels 

of the symmetry points. 

Figure 2. Absorption spectra for graphite in the (top) mono

chromator, (middle) polycrystalline, and (bottom} 

microcrystalline forms. 

Figure 3. The near-edge absorption spectra for (a) micro

crystalline, (b) polycrystalline, and (c) mono

chromator graphite showing to polarization effect 

for the first TI band. 

Figure 4. Band scheme for graphite, after Ref. 22. The bands 

are labeled as to TI or a character. 

Figure 5. The radial distribution function from the poly

crystalline graphite EXAFS data. 

Figure 6. The radial distribution function from the mono

chromatic graphite EXAFS data. 

Figure 7. A monochromator transmission measurement from the 

4° line "grasshopper" monochromator as measured 

by a NBS calibrated photodiode. At the time of 

the measurement, the optical surfaces had been 

exposed to synchrotron radiation for approximately 

two years. The region above the carbon K-edge is· 

expanded and the boxed portion is reproduced in 

Fig. 8. 
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Figure 8. A portion of the transmission function from 

Fig. 7 is inverted (full line} as·compared to the 

absorption spectrum of the polycrystalline 

graphite foil (dashed line}. All features of the 

graphite spectrum are found in the monochromator 

transmission function. 

Figure 9. Absorption coefficient for carbon (dash_ed lines) 

from Ref. 29, and relative reflectivity· 

(R
0 

- Radsl/R
0 

Csolid line}. ]\lso i,ncluded as 

bars on the data are calculations for which the 

absorption coefficient of the overlayer has been 

modulated by :!::10%. 
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