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Near edge x-ray absorption fine structure spectroscopy was performed to
determine the imaginary part of the refractive index of graphite and graphene
at wavelengths spanning the carbon K-edge. The real part of the refractive
index has been derived from this measured imaginary part via piecewise
polynomial Kramers-Kronig transformations. This paper presents the first
comparison of simulated reflection spectra using these data with measured
reflection spectra.
1.

Introduction
The refractive index (RI) is an important parameter in photon-matter interactions and it
is paramount when designing x-ray optics such as mirrors or waveplates. The soft x-ray RI of
amorphous carbon, which is typically used as spacer material in x-ray mirrors, has been
determined in the past using an interferometer [1] or with reflectivity measurements [2].
However, the high attenuation of soft x-rays at the K-edge makes such measurements
difficult. Furthermore surface roughness and carbon contaminations in the light path need to
be carefully considered for accurate results. No such measurements are available of the RI for
highly oriented pyrolytic graphite (HOPG).
Recently, Yan et al. [3] have demonstrated the determination of the RI of polymer films
across the carbon K-edge using doubly-subtracted Kramers-Kronig (KK) transformations and
achieved considerable accuracy in deriving the density of the films with a least-squares fit.
Motivated by this success, in this work, an algorithm by Watts [4] has been applied to attempt
the determination of the RI of HOPG and that of graphene. This novel approach utilizes the
fact that Near Edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS) of both carbon
materials can readily be performed. The validity of the extracted RI can then be verified by
simulating reflection spectra and compare them with experimental reflectance data.
2.

Set-up and Method
NEXAFS measurements were performed at the soft x-ray beam line of the Australian
Synchrotron, Melbourne [5]. Linearly polarised photons with a high spectral resolution of
E/ΔE = 6000 at 300 eV were focused to a 100 μm x 40 μm spot on the sample. The
measurements spanned the energy range of 280 – 320 eV.
Reflection spectroscopy was performed with the polarimeter [6] at the PGM-2 beamline
of BESSY II, Berlin. The undulator UE56/2 source delivered linearly polarised photons with
a spectral resolution of E/ΔE = 2300.
The two spectroscopy methods can be compared as such: With NEXAFS for a glancing
angle of  = 20º, excitations into * orbitals are favoured over those into * orbitals. Thus,
NEXAFS spectra for this glancing angle represent the experimental situation that occurs for
reflection measurements at the same glancing angle with photon scattering in p-geometry.
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Similarly at  = 90º, * excitations are favoured, which approximates well the experimental
situation that occurs for reflection measurements at  = 20º and photon scattering in sgeometry. Here, in line with convention, for p-geometry the electric field vector of the x-ray
light is in the plane that is spanned by beam and sample surface, whereas for s-geometry the
electric field vector is perpendicular on this plane.
Between 288 eV and 291 eV, the reflectance for graphene could not be measured due to
the dominance of higher order contributions of light coming from the monochromator.
Different HOPG samples were used for NEXAFS and reflectance measurements. A new
HOPG surface was obtained by cleaving the sample with adhesive tape. The graphene sample
was deposited on a copper foil substrate via chemical vapour deposition as described
elsewhere [7]. The sample was furthermore annealed at 540 °C prior to the NEXAFS
measurements. Due to instrumental constraints, such annealing could not be carried out before
the reflectance measurements.
The Kramers-Kronig (KK) transformation used in this work utilized the program
created by Watts [4]. This software segments the KK transformation [8] into piecewise
Laurent polynomials. Importantly, it addresses effectively the need for a large set of
equidistant data points to solve the integral from 0 to infinity and treats in (1) the undefined
point with E’2-E2=0 as a Cauchy principal value. The real part of the atomic scattering factor
may be expressed as
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The imaginary part of the atomic scattering factor, f2, in this equation may be estimated for a
given glancing angle from a NEXAFS measurement of the x-ray absorption in a sample. The
real part of the atomic scattering factor, f1, is then calculated using (1) employing an
appropriate numerical approximation [4].
The atomic scattering factor ( f1, f2) is related to the RI n and the associated extinction
coefficient k as given below in (2).
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When the atomic composition xj and also the respective atomic densities Aj in this equation
are specified, a known atomic scattering factor ( f1, f2) can be expressed in the form of the RI
n and the associated extinction coefficient k [9]. After the RI has been expressed in this way,
the x-ray reflectance of the sample, in p- (Rp) and s-geometry (Rs), can be calculated using the
Fresnel equations [10]. The calculations of the reflectance were performed using the IMD
software package [9].
3.

Results
Figure 1 shows the energy-dependent n- and k-values calculated after the KKtransformation of the NEXAFS data for (a) HOPG and (b) graphene. The data show well
pronounced resonant excitations at the *- and *-resonances near 285 eV and 291 eV. For
HOPG, additional resonances between 287 eV and 288 eV are likely due to carbonaceous
surface adsorbates, since the sample was not annealed before measurement. Apart from this
difference, the RI of HOPG and graphene are very similar and dominated by the *- and *resonances.
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(a)

(b)

Fig. 1. RI experimental optical constant n and deduced extinction coefficient k of (a) HOPG and (b) graphene.

The calculated refractive indices were input in the Fresnel equations to simulate
reflection spectra over the energy range from 280 eV to 300 eV. The simulated spectra are
shown in Fig. 2 in comparison with experimental data. A prediction for amorphous carbon,
based on the standard Henke data [11] is also shown as reference.
(a)

(b)

Fig. 2. Simulation of the measured reflectance for (a) HOPG and (b) graphene on copper using KK-transformed
data (solid) and Henke data (dash-dot). In (b), between 288 eV and 291 eV, the reflectance is unknown due to
the insensitivity of the measurement – the expected result is shown instead as dashed line.

For HOPG in (a), there is a qualitative agreement with the *-resonance lineshape and
an excellent reproduction of the *-resonance and its fine structure. The reduced intensity for
the simulated *-resonance may be due to the finite interface roughness [9] which was
included to achieve a better fit above 287 eV (0.6 nm for Rp and 0 nm for Rs). The simulations
using the Henke tables on the other hand show only step-like structures that poorly represent
the measured reflectances and disregard the observed dichroism of graphite.
For graphene, the data from the Henke tables give a reasonable prediction of the nonresonant regions in Fig. 2(b), if the thickness of the carbon layer is set to 1 nm and 0.4 nm for
Rp and Rs, respectively. For simulations using the KK-transformed RI of graphene different
layer thicknesses were used (0.7 nm Rp, 0.3 nm Rs) and the measured reflectances, including
fine structures near 285 eV in Rp and 292 eV in Rs, are then qualitatively represented.
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Considering the inconsistent values for the graphene layer thickness, the agreement is,
however, not as convincing as in the case of HOPG.
4.

Conclusion
In this work realistic complex refractive indices have been deduced for HOPG and
graphene on copper that include the natural dichroism of the materials. Whereas the resonant
structures in HOPG are convincingly represented using simulations based on the new data, the
measured graphene reflection spectra are not as well simulated. This is not unexpected,
because the annealing before the NEXAFS measurement may have improved the structural
integrity of the graphene layer and removed carbonaceous adsorbates. In contrast the
reflectance measurements were performed without prior annealing. Additionally, unlike bulkmaterial as HOPG, interference effects can occur for the graphene-copper system that depend
sensitively on layer thickness and affect the agreement of simulation and measurement.
Nonetheless, reflectance measurements on both materials have confirmed the efficacy of the
new approach with simulations predicting correctly expected differences between p- and sgeometry scattering. Furthermore the work has shown that the refractive indices of HOPG and
graphene across the carbon K-edge are very similar.
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