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Extended x-ray-absorption fine-structure studies of diamond and graphite
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We have recorded the extended x-ray-absorption fine structure (EXAFS) above the carbon E edge
for diamond and highly oriented crystalline graphite using 250-800-eV synchrotron radiation. The
spectra are used to test phase and amplitude transferability of the C—C EXAFS signal between the
two bonding forms of carbon. %'e find excellent phaseshift transferability with errors in distances
less than 0.01 A. Amphtude transferability is worse but better than 20%. Implications of our re-
sults for structural determinations of C—C bonds in molecules and solids are discussed.

I. INTRODUCTION

The extended x-ray-absorption fine-structure (EXAFS)
technique has been known and widely used for many
years for determining the local structure around specific
atomic species. ' Until now, however, most EXAFS ex-
periments have been carried out on samples in which ei-
ther or both the absorbing and backscattering atoms were
of intermediate- or high-atomic-number Z. This is due to
the fact that the soft x-rays region, which contains the K
edges of low-Z absorbers such as carbon, nitrogen, and
oxygen, has historically been plagued with experimental
problems, and that the backscattering amplitude for
low-Z elements rapidly decays above the absorption edge
such that the EXAFS oscillations are less pronounced
than for high-Z backscatterers. In addition, bonds in-
volving low-Z atoms are shorter and therefore fewer EX-
AFS oscillations are observed.

From a theoretical point of view there are some in-
teresting questions associated with the EXAFS signal
from low-Z atoms. The fundamental phase3 and ampli-
tude transferability concepts which underlie modern EX-
AFS analysis have their theoretical justi6cation in the as-
sumption that the photoelectron scattering process is
dominated by the core electrons of the absorbing and/or
the backscattering atoms. For low-Z atoms the total
electron density is low, and the valence electrons are a
large fraction of the total number of electrons. Hence
one might expect the largest valence electron c6ects on
the scattering potentials for low-Z atoms resulting in a
possible breakdown of the simple EXAFS theory. Other
questions regard the observability and practical usability
of EXAFS for samples where both thc absorbing and
backscattering atoms are of low-atomic number. This is
clearly the most diScult case to be studied by EXAFS.
First, for low-Z backscattercrs, the decreasing EXAFS
amplitude above the edge limits the usable data range
and, secondly, the short bond lengths between low-Z
atoms minimize the number of observable EXAFS wig-
gles. In order to address the above-mentioned problems

and because of the singular importance of carbon in fields
like chemistry and surface science, we present here EX-
AFS studies of the C—C bonding in the two fundamental
forms of carbon, diamond and graphite.

The EXAFS of crystalline and amorphous graphite has
been recorded and analyzed before using electron energy
loss spectroscopy (EELS) up to 250 eV above the C K
edge or x-ray absorption data up to 170 eV above the
edge. For diamond, EXAFS data have also been ob-
tained up to 110eV above the edge with EELS and up to
250 eV above the edge with x-ray absorption but were
not analyzed in detail. The detailed near-edge x-ray-
absorption fine structure (NEXAFS) has also been
recorded for graphite " and diamond. " ' Besides ex-
tending the data range to a photon energy of 800 eV, i.e.,
g500 eV above the carbon It' edge, the present study
presents the first analysis of the EXAFS of diamond and
compares it in detail to that of graphite.

Our study establishes rehability limits for EXAFS mea-
surements above the C E edge. Even for the unfavorable
case of C—C bonding studied here EXAFS is found to be
a valuable tool. For nearest-neighbor C—C bonds
phase-shift transferability is found to work extremely well
with error bars of less than 1% for the derived distances,
similar as for intermediate and high-Z atoms. Amplitude
transferability is less reliable. It is found to be better
than 20% which is slightly worse than the 15% value
typically found for higher Z elements. ' ' Using the
nearest-neighbor shell EXAFS signal as a reference we
have calculated the EXAFS of more distant shells, and
we 6nd good agreement between the observed and calcu-
lated signal of all neighbor shells within 4 A of the cen-
tral atom. For more distant shells multiple scattering
effects are found to be important.

II. EXPERIMENT

The measurements were performed on beam line I-1 at
the Stanford Synchrotron Radiation Laboratory. This
beam 1ine is equipped with a grasshopper monochroma-
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tor (1200 lines/mm holographic grating). The EXAFS
spectra were obtained by total-electron-yield (TEY) detec-
tion. ' Our "graphite" sample was a highly oriented py-
rolytic material (monochromator graphite) which was
cleaved with Scotch tape before insertion into the sample
chamber. It was mounted such that the E vector of the
x-rays was parallel to the ring planes (i.e., perpendicular
to the crystallographic c axis). Before the measurements
the sample was heated in UHV in order to remove any
adsorbates. The natural type IIb diamond crystal (B
doped, semiconducting) had a (111) surface orientation.
The crystal was polished using standard procedures' and
was measured without any processing in UHV. The pho-
ton energy was calibrated using the positions of two mini-
ma (284.7 and 291.0 eV) in the monochromator transmis-
sion function. In order to correct for this structure and
to eliminate intensity glitches arising from possible insta-
bilities of the storage ring a double-normalization pro-
cedure was employed. Intensity glitches were eliminated
by dividing the signal from the sample by the simultane-
ously recorded TEY signal from a gold grid reference
monitor. The so-obtained ratio still contains some EX-
AFS unrelated structures arising from the energy depen-
dence of the gold quantum yield (N edges) in the
250-1000 eV range. These are eliminated by dividing the
ratio spectrum a second time by the THY spectrum of a
clean Si(111)wafer, also normalized to the gold grid mon-
itor. Si has a structureless response function over the en-

ergy range of interest, and its spectrum is recorded with
the same detector as used for the sample. This insures
optimum cancellation of all non-EXAFS structures. '
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PIG. 1. Total-electron-yield spectra [(a) and (c)] and
background-subtracted EXAFS signals [(b) and (d)] for single-
crystal diamond and highly oriented pyrolytic graphite. The
data were taken at 300 K. For graphite the E vector was paral-
lel to the basal plane such that only the EXAFS from in-plane
distances is observed.

III. EXPERIMENTAL RESULTS AND DATA ANALYSIS

A. Distance and coordination number

of ilrst-neighbor shell

In Fig. 1 we show the TEY spectra of diamond and
graphite, together with the EXAFS signal obtained after
background subtraction. The good signal-to-noise ratio
of the data allowed us to Ineasure the EXAFS extending
to about 500 eV above the edge. In order to check the
validity of the phase and amplitude transferability tech-
nique, we used graphite as the "standard" model and dia-
mond as the "unknown" system. %e 6rst extracted the
C—C phase shift and amplitude from the first Fourier
transform peak of the graphite data, corresponding to
three carbon nearest neighbors (NN) at the known C—C
distance of 1.421 A. %e then used the so-determined
phase and amplitude functions to determine the C—C
distance and coordination number for the first NN shell
ln diamond.

The EXAFS signal is given by the familiar single-
scattering formula

g(k) = —g F, (k)e ' e
kg 2

Xsin[2ka, +y, (k)],
~here the summation extends over all neighbor shells i
separated from the absorbing atom by a distance R; and

effective coordination number N given by

X,'=3 g cos'a, ,j=l
(2)

where a;~ is the angle between the E vector and the vec-
tor r,j from the central atom to the jth atom in the ith
shell. For our experimental graphite geometry
N;*=1.5N; =4.5 and for diamond N =N,. =4, indepen-
dent of crystal orientation. '

P, is the phase shift which
the photoelectron wave experiences from the absorbing
and scattering atoms, F;(k) is the backscattering ampli-
tude of the neighbor atoms, and the exponential terms
are, respectively, the Debye-%aller-like term and the
damping term due to inelastic scattering [mean free path
A,(k)] of the photoelectrons.

The data analysis proceeded along mell-established
steps, extraction of the EXAFS signal from the normal-
ized TEY spectrum by subtracting a spline polynomial,
normalization of the signal to the edge jurnp, ' and finally
conversion af energy to wave-vector scale. As the energy
"zero" we chose the absorption edge of the graphite spec-
trum Eo =284 eV. We then calculated the Fourier trans-
form I' (r) of the graphite EXAFS signal X(k)k over the
range 4.5&k & 11 A, as shown in Fig. 2, and used a
window function to minimize the e6'ects due to data trun-
cation. In order to isolate the contribution to X(k) of the
first shell, we transformed the first peak in

~

I' (r)
~

back
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into k space. Using the 6rst shell of graphite we found
(k) to be approximately a linear function of k in the

range investigated. The derived experimental C—C
phase shift together with the linear fit

yc c=4.26—0.400k (3)

are shown in Fig. 3, and they are compared with an
ab initio calculated curve that can be written in
parameterized form as

Pc c= —2.618—1.333k+0.0475k' . (4)

There is a substantial disagreement between the experi-
mental and the theoretical phase shifts. This is surprising
since in the case of another low-Z element, oxygen, the
experimental phase shift derived from the 0—0 distance
in ice (2.76 A) has been found to agree very well with the

theoretical one. A possible explanation is that the bond
lengths involved in our case are much shorter (1.4—1.5
0
A). This makes more questionable one of the approxima-
tions used for the calculation of the theoretical phase
shift, namely the use of plane rather than of spherical
waves. A similar disagreement between theoretical and
experimental phase shifts for low-Z molecules has also
been reported by Yang, Kirz, and Sham although their
experimental results have been questioned by Hitchcock
and Ishii. %e have analyzed the graphite data using
the theoretical phase shift in order to estimate the error
that it causes in the determination of the bond length. As
usual in the EXAFS analysis, z we introduced an "inner
potential" b,(eV) such that the true-energy value for
which the photoelectron has zero momentum is given by
hv=Eo+4. b, is treated as an adjustable parameter,
compensating for the arbitrary choice of Eo. The result

40

C

4

CC$

I

(e)

I

(c)

I

3

I I I I I I I I

II

I
I

tl
I

I

, I I
I I

Ii

I
I

I
II

(
I II
I z i II

I I

I

"i, it

I I

I]

)
lI

~ 's

I e r I I
r t l t I I I e

ri

II

I ~ t' I'

I

II f I

l~~ ~IH

I I I I I I I I

4 5 6 I 8 9 10

Wave Vector k(A ')

I
)

1

0 I+Non cl
tI
II
I I

I

II I

Graphite

I

l

I

I

I

I

I

I I I

12 1 2 3

(b)

Experiment

Theory

— 100

50

0
r t

200

ILla

C5
CO

tA

CO

I

I ~
4a- 150

100

50

5 6 7 8

Distance A{A)

FIG. 2. Comparison between experimental EXAFS signal (solid curves) and single-scattering simulations (dashed curves) for dia-
mond (a) and graphite (b). The simulations were calculated according to Eq. (1) neglecting the exponential terms with use of the
phase shift given by Eq. (3) and the amplitude function given by Eq. (6). All neighbor shells hated in Table I were included. The cal-
culated EXAFS signal was scaled by eye to best match the overall size of the experimental oscillations. For graphite the calculated
signal was multiplied by a factor 0.6, for diamond by 0.67. (b) and (d) The magnitudes of the Fourier transforms of the data shown in
(a) and (cI), respectively. The calculated transforms were scaled to the height of the Srst peak in the experimental transforms.
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FIG. 3. Comparison between the theoretical C—C phase
shift calculated by Teo and I.ee (Ref. 22) and that derived from
the C—C nearest-neighbor distance in graphite. A fit of the ex-
perimental phase shift to a linear function (see text) is also
shown.

ln =In, +2k (own —n~iG }

provided that the backscattering amplitude F(k) is the
same for diamond and graphite. Plotting the natural log-
arithm of the ratio versus k one can determine the
difference of the Debye-Wailer factors from the slope,

0
for the C—C distance in graphite was 1.43 A, still in
good agreement with the known value 1.421 A, but it was
necessary to use a very large value of 5=39 eV. This is
in qualitative agreement with the results of Denley et al.
who also had to use an unusually large value of b, =24 eV
in their early EXAFS work on graphite.

We then used the experimental graphite phase shift to
determine the C—C distance in diamond. %e analyzed
the diamond data with the same procedure and parame-
ters used for graphite. In our case, the best result was ob-
tained with b = —2 eV. The distance obtained for the
C—C 5rst-neighbor distance in diamond was 1.54%0.01
A, in excellent agreement with the known distance of
1.544 A.2o This demonstrates the applicability of the
phase-shift-transferability concept even for a low-Z ele-
ment in two dilerent chemical bonding configurations.

Another aspect of our investigation is the question of
amplitude transferability in order to obtain coordination
numbers and Debye-Wailer factors. The amplitudes

~
X,G(k)

~

and
~
X,z, (k)

~
corresponding to the first-shell

signals of graphite and diamond, respectively, are linked
by the equation

and the ratio of the coordination numbers from the inter-
cept at k =0. Using graphite with X&6 ——4. 5 as our
model we can use Eq. (5) to determine N', D for diamond
and compare it to the known value X» ——4. It is clear
that care has to be exercised in analyzing EXAFS data
involving low-Z absorbers and backscatterers. Since the
bond lengths involved are very short, only few EXAFS
oscillations are observed. Moreover, the C—C back-
scattering am~1itude is very weak and drops rapidly with
increasing k. In order to check the dependence of the
results on the analysis procedure we analyzed the graph-
ite and diamond data in di8'erent ways, involving varia-
tions in background subtraction procedures and use of
different window functions both in wave vector and dis-
tance space. %e found that the amplitude ratio was
indeed sensitive to the analysis procedure. Using the
same procedures for the analysis of both the graphite and
diamond data the NN coordination number in diamond
could be predicted to better than 20% using graphite as a
model. It is interesting to note that the diamond coordi-
nation number was always determined to be too small.
The reliable determination of the coordination number of
diamond may be impeded not by limitations of' the
amplitude-transferability concept, but rather, by the fact
that the total measured EXAFS signal is dominated by
higher shell contributions. In fact, it is hard to directly
see the first-shell oscillations in the measured signal. Be-
cause of the limited data range used in the EXAFS
analysis the presence of strong signals from higher shells
will have an effect on the first-shell signal even if the
difFerent shell contributions are separated in the trans-
form. In this light and the 15% coordination number ac-
curacies typically quoted for intermediate- and high-Z
atoms' our results are not surprising. In fact, they show
that EXAFS can also serve as a valuable structural tech-
nique for the investigation of bonds between low-Z
atoms.

B. Analysis of higher-neighbor shells

In order to investigate whether the peaks beyond the
Srst in the Fourier transforms shown in Fig. 2 may be ex-
plained by the simple single-scattering picture, we gen-
erated theoretical spectra for diamond and graphite using
Eq. (1}. For F(k) of carbon we used the theoretical am-
plitude curve proposed by Teo and co-workers, which
in parametrized form is given by

F ( k )
2. 122

1+0.3999(k —0.876)'

For P we used the experimental phase shift given by
Eq. (3). The summation in Eq. (1) was extended over all
atoms within about 7 A of the absorber listed in Table I.
In our simulation we neglected the exponentia1 terms in
Eq. (1). The Debye-Wailer-like term is expected to be rel-
atively unimportant, since the mean-square amplitudes of
vibration are very smaH (about 0.003 A ) for both dia-
mond and in-plane motions in graphite. ' Arguments
for neglecting the damping term related to the mean free
path A,(k) will be presented below. Experimental and cal-
culated EXAFS signals and their respective Fourier
transforms are compared in Fig. 2 for both graphite and
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TABLE I. Parameters for neighbor shells of atoms in dia-

mond and graphite.
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elastic scattering as discussed in the text.
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'The quality factor is defined as Q =X,(R I /R, ) .
Only in-plane distances are listed.

diamond. All spectra were analyzed in the same way.
The agreement is quite good in the light of the simplicity
of the model. All peaks up to 7 A in the Fourier trans-
forms of the original data are also present in the simula-
tions. Especially for graphite, all neighbor shells within
4.5 A are well accounted for in terms of the positions and
relative height of the peaks. In diamond the agreement
for the shells within 4.5 A is also good in terms of peak
positions but less good in terms of peak heights. Above
4.5 A there are considerable discrepancies. This is attri-
buted to stronger multiple scattering elects in diamond
than in graphite. The higher atomic density in diamond
results in a larger number of multiple scattering paths
which are ignored in our single-scattering analysis.

We still have to substantiate the decision of neglecting
the damping term due to inelastic scattering in our simu-
lations. Inspection of Figs. 2(b) and 2(d) shows that the
neglect of the exponential terms leads to an overestima-
tion of the contribution of the higher shells in diamond.

In contrast, Fig. 4 shows a simulation where the mean
free path term in Eq. (1) has been taken into account.
Here, we have used for the electron mean free path A,(k) a
fit to the universal curve,

)i,(y ) =43. 19—22. 745y —5.8044y +3.6208y (7)

where y is the log&0 of the electron kinetic energy. Figure
4 shows that inclusion of the damping terxn substantially
underestimates the contributions from higher shells and
that the differences are larger than when the term is omit-
ted. An analogous result was obtained for graphite. We
conclude that A,(k) is on average larger than expected
from the universal curve in the electron kinetic energy
range 60-500 eV. A quantitative estimate of this effect is
beyond the scope of this paper. It is of interest to note,
however, that for diamond Pate et al. ' have also found
larger values for A, (k) in the 5S—115 eV kinetic energy
range than the ones predicted by Eq. (7).

Finally a comment is needed regarding the k range of
the data used in the graphite EXAFS analysis. Initially
we used a data range 3.2-11 A ', but the Fourier trans-
form showed a peak between the Srst- and second-
neighbor peak that could not be related to any real dis-
tance in graphite. In order to investigate this aspect, we
analyzed the data several times, changing the parameters
of the analysis, i.e., the width of the window function, the
power of k used to enhance the high-k region, and the k
range. It was found that the data in the k range below
k =4.5 A were indeed responsible for this spurious
peak. The reason for this is evident from Fig. 5, where
we show a comparison between EXAFS theory and ex-
periment. It is clear that the agreement here is much
worse, and that the two signals are completely out of
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new frequency, gives rise to the spurious Fourier trans-
form peak. There are two possible explanations for the
effect shown in Fig. 5. First, the C—C phase shift could
exhibit a strong nonlinearity below k =4.5 A due to
the larger influence of the valence electron potential at
low k or the breakdown of the small-atom approxima-
tion. 32 Secondly, the signal at low k may simply be dom-
inated by multiple scattering effects involving higher
shells. This is favored by the small mean-square displace-
ment of the in-plane carbon atoms and the longer elec-
tron mean free paths at low k. In addition, as pointed
out by Bunker and Stern multiple scattering eSects are
expected to be important in the near-edge region when
the bond lengths involved are smaBer than 1.6 A and
there is no inversion symmetry, as in graphite and dia-
mond.
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FIG. 5. Comparison between the experimental EXAFS sig-
nal and single-scattering simulations in the low-k region for dia-
mond |,'a) and graphite (b). Calculations were carried out as for
Fig. 2.

IV. CONCLUSIONS

%e have shown that, in general, EXAFS investigations
of C—C bonds are not only possible but can be expected
to provide bond lengths of about 1% and first-NN coor-
dination numbers of 20% accuracy. These conclusions
are derived from a comparative analysis of the EXAFS of
graphite and diamond. %e found that in the energy re-
gion above the edge corresponding to a wave vector
larger than 4.5 A ' the data could be interpreted for all
but the more distant neighbor shells by using the stan-
dard single-scattering EXAFS equation. In particular,
we showed that the phase-shift-transferability concept
can be extended to bonds between low-Z atoms. Ampli-
tude transferability was found to be less reliable, but the
errors made in the determination of coordination num-
bers were not very dift'erent than those encountered in
previous EXAFS measurements on higher Z atoms. The
mean free path of electrons in diamond was found to be
on average longer than predicted by the universal curve.
We also pointed out that the region below 4.5 A ' can-
not be explained by extrapolation of the single-scattering
EXAFS analysis used for the high-k region.

Our study of the two standard sp and sp
configurations of carbon existing in nature is hoped to lay
the foundation for the structural investigation of more
complex carbonaceous systems. For example, amor-
phous carbon films are known to exhibit very different
physical properties depending on preparation pro-
cedures, s but the microscopic structure still remains a
puzzle. Also, although surface EXAFS or SEXAFS stud-
ies of chemisorbed hydrocarbons have recently been re-
ported' the determination of intramolecular C—C bond
lengths has not been achieved. Our study provides the
C—C phase shift needed for the determination of dis-
tances in such systems and points out boundary condi-
tions for the deterinination of coordination numbers.
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