
Title Optical properties of graphite

Author(s) Djuriši, AB; Li, EH

Citation Journal Of Applied Physics, 1999, v. 85 n. 10, p. 7404-7410

Issued Date 1999

URL http://hdl.handle.net/10722/42384

Rights Creative Commons: Attribution 3.0 Hong Kong License

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by HKU Scholars Hub

https://core.ac.uk/display/37881735?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


JOURNAL OF APPLIED PHYSICS VOLUME 85, NUMBER 10 15 MAY 1999
Optical properties of graphite
Aleksandra B. Djurišića) and E. Herbert Li
Department of Electrical and Electronic Engineering, University of Hong Kong,
Pokfulam Road, Hong Kong

~Received 3 April 1998; accepted for publication 4 February 1999!

Optical constants of graphite for ordinary and extraordinary waves are modeled with a modified
Lorentz–Drude model with frequency-dependent damping. The model enables the shape of the
spectral line to vary over a range of broadening functions with similar kernels and different wings,
the broadening type being its adjustable parameter. The model parameters are determined by the
acceptance-probability-controlled simulated annealing algorithm. Good agreement with the
experimental data is obtained in the entire investigated spectral range~0.12–40 eV for ordinary
wave and 2.1–40 eV for extraordinary wave!. The significant discrepancies between the
experimental data obtained by the reflectance measurements and the electron-energy-loss
spectroscopy data are analyzed in details. Inconsistency in terms of unsatisfied Kramers–Kronig
relations is discovered in the index of refraction data derived from reflectance measurements, and a
method for correcting the data is proposed. ©1999 American Institute of Physics.
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I. INTRODUCTION

Graphite is a semimetalic crystalline allotropic form
carbon. Semimetals have even number of valence elect
per unit cell of the crystal, while the presence of free carri
at T50 K is a result of the overlap between the conduct
and valence bands. Carbon atoms in monocrystalline gra
ite are arranged in almost parallel layers. In each layer,
bon atoms form a network of regular hexagons. Since
interplanar distance of the neighboring layers is around
times greater than that between the two nearest neighbo
C atoms in one layer, a large anisotropy in structural, e
tronic and optical properties exists. The dielectric const
tensor of graphite as a solid with hexagonal lattice symme
has two independent components:e'5e1'1 i e2' and e i

5e1i1 i e2i . They correspond to two different polarizatio
directions of the electric fieldE. More specifically,E'c de-
notes the ordinary wave andEic the extraordinary wave
wherec is a symmetry axis perpendicular to the basal pla
Since the cleavage plane is perpendicular to thec axis, e'

can be easily determined by the normal incidence reflecta
measurements. At the same time, though,e i cannot be ob-
tained in such a way, mostly because of the difficulties
volved in preparing suitable surfaces parallel to thec axis.

The optical properties of graphite have been stud
experimentally.1–7 Several attempts have been made to id
tify the optical transitions in the band structure of graphi
which correspond to most of the characteristic features
optical spectra.8–11 Some of the measurements have be
performed on the natural single crystals.1,3,12,13 However,
such crystals of graphite are very fragile and usually con
large concentrations of impurities. Some of these impuri
may be removed by chemical treatment like prolonged b
ing in concentrated hydrofluoric acid or heating to;2000 °C

a!Electronic mail:dalek@pppns1.phy.tu-dresden.de
7400021-8979/99/85(10)/7404/7/$15.00

Downloaded 13 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
ns
s

h-
r-
e
.7
ng
-
t
y

.

ce

-

d
-
,
f

n

in
s
l-

in flowing fluorine gas, thus leaving ppm levels of metal
impurities such as Fe. Since high-purity natural single cr
tals are hard to obtain, highly oriented pyrolithic graph
~HOPG! is often used for measurements of the physi
properties of graphite. HOPG consists of a large numbe
crystallites withc axis well aligned~within ;0.2° of the
averagec axis!, so its properties are very similar to those
the natural single crystals.14 It has been shown that the re
flectance spectrum of HOPG agrees to within the experim
tal error with the reflectance spectrum of natural sin
crystals.1,3

Different techniques have been used to investigate
optical properties of graphite. The data obtained for the
dinary wave show reasonable agreement among themse
In the case ofe i , however, significant disagreement exis
among the available sets of experimental data. Ignoring
differences inherent in the techniques used~optical, electron-
energy-loss spectroscopy!, this disagreement may be caus
by the difficulty in obtaining good surfaces parallel to thec
axis, and the fact that all optical data are derived from
flectivity measurements. Therefore, scattering among
data can be partially explained by errors connected
Kramers–Kronig analysis of reflectivity at near-normal inc
dence, the difficulty of obtaining absolute values of refle
tivity ~particularly for large angles of incidence!, and the
different surface conditions which can significantly affect t
reflectivity. However, these experimental difficulties do n
explain why there are significant differences betweene i ob-
tained by reflectivity measurements and that by electr
energy-loss spectroscopy~EELS! in the range 2–18 eV. In
particular, EELS data give a sharp peak at around 11 eV
e2i , which is several times larger than the estimated exp
mental uncertainty,2 which is absent in the optical data. Also
the band structure calculations predict that there would b
band gap of around 5 eV for the parallel polarization, but t
does not coincide with the EELS data. Despite many
4 © 1999 American Institute of Physics
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7405J. Appl. Phys., Vol. 85, No. 10, 15 May 1999 A. Djurisic and E. Li
tempts to correlate the experimental dielectric function f
tures with the transitions predicted by band struct
calculations,3,5,8,10,11,15–17the question as to whether EEL
data or optical data would describe the optical properties
extraordinary waves in graphite more accurately is still u
resolved.

The main purpose of this article is to model the optic
constants of graphite over a wide frequency range~0.12–40
eV for e' and 2–40 eV fore i). We employ the modified
Lorentz–Drude oscillator model. In this model, damping
described with the frequency-dependent function instead
constant, with one additional parameter per oscillator. In
way, the shape of the spectral line is an adjustable param
of the model, thus allowing greater flexibility. Since th
model is based on damped harmonic oscillators, it satis
the causality, linearity, reality and Kramers–Kronig requi
ments. This enables us to assess and discuss the conflict
disagreements in different sets of experimental data. An
consistency in the optical constants of graphite for the pa
lel polarization obtained by optical measurements has b
discovered, and a method for correcting the data in ag
ment with Kramers–Kronig relations is proposed.

The article is organized as follows. Section II present
detailed description of the model of optical constants e
ployed. In Sec. III, the results obtained are presented, an
analysis of the existing experimental data is given in det
The EELS and the optical data for the parallel polarizat
are compared and the proposed method for correcting
optical data is described. Finally, conclusions are drawn.

II. DESCRIPTION OF THE MODEL

We shall briefly describe the model for the optical d
electric function. It has been shown18–21 that the dielectric
function e r(v) can be expressed as

e~v!5e~ f !~v!1e~b!~v!, ~1!

where the intraband effectse ( f ) ~usually referred to as free
electron effects! are separated from the interband effectse (b)

~usually referred to as bound-electron effects!.
The intraband parte ( f )(v) of the dielectric function is

described by the free-electron or Drude model:22

e~ f !~v!512
Vp

2

v~v1 iG0!
, ~2!

whereVp5Af 0vp is the plasma frequency associated w
intraband transitions with the oscillator strengthf 0 and the
damping constantG0 .

The interband contribution to the dielectric functio
e (b)(v) is described by the modified Lorentz model. Th
model assigns oscillators to major critical points in the jo
density of states corresponding to interband transition e
gies\v j , with some additional oscillators modeling the a
sorption between the critical points. Each oscillator is ch
acterized by its oscillator strengthf j , the damping constan
G j and frequencyv j . The contribution of the interband tran
sitions is given by
Downloaded 13 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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e~b!~v!52(
j 51

k
F j

~v22v j
2!1 ivG j

, ~3!

where k is the number of employed oscillators andF j

5 f jvp
2 .

However, it has already been revealed that Lorentz
broadening does not accurately describe the absorption
cesses in a solid.23–25One principal reason is that the Loren
zian shape of the spectral line is characterized by w
wings, resulting in higher absorption and higher values of
imaginary part of the dielectric functione2 . Here, therefore,
we introduce a simple modification which allows the abso
tion lineshape to vary over a range of broadening functio
Kim et al.26 have proposed replacing the damping const
G j with the frequency-dependent expression

G j85G jexpF2a j S \v2\v j

G j
D 2G . ~4!

It has been shown that for suitable values of the param
a j , the shape of the imaginary part of the dielectric functi
can closely mimic the Gaussian one.26 Recently, Rakic´ and
Majewski27 have shown that better agreement with the e
perimental data for GaAs/AlAs can be obtained by includi
the above expression in Adachi’s model of optical propert
of semiconductors.28 Therefore, we employ a similar modi
fication of the Lorentz–Drude model, whereG j in each in-
terband transition in Eq.~3! is replaced with the expressio
given by Eq.~4!. When the dielectric function is determine
the real and imaginary parts of the index of refractionN
5n1 ik are calculated from the expressions:

n5A1/2~e11Ae1
21e2

2! ~5!

and

k5A1/2~2e11Ae1
21e2

2!. ~6!

The model parameters are determined by minimizing
following objective function:

F5 (
i 51

i 5N FUe1~v i !2e1
expt~v i !

e1
expt~v i !

U1Ue2~v i !2e2
expt~v i !

e2
expt~v i !

UG 2

,

~7!

wheree1(v i), e2(v i) are the calculated values of the re
and imaginary parts of the dielectric constant at freque
v i ; e1

expt(v i) ande2
expt(v i) are the corresponding experime

tal values.

III. RESULTS AND DISCUSSION

For both polarizations, seven oscillators are employ
The model parameters are determined by accepta
probability-controlled simulated annealing algorithm wi
the adaptive move-generation procedure.29,30The experimen-
tal data used in this work are tabulated inHandbook of Op-
tical Constants II.6
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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A. Discussion on the optical constants corresponding
to E'c

For e' , the data obtained by Klucker, Skibawski, an
Steinmann7 are used in the range 5–40 eV, the data fro
Greenawayet al.3 in the range 2–5 eV and the data of N
manich, Lucowsky, and Solin31 in the range 0.12–0.22 eV
Klucker, Skibawski, and Steinmann7 measured the reflectiv
ity of freshly cleaved HOPG samples between 3 and 40
for different angles of incidence. The synchrotron radiat
was polarized either parallel or perpendicular to the plane
incidence with a degree of polarization between 0.9 a
0.97. The relative reflectance measurements for nine an
between 15° and 75° were performed, ande' and e i were
determined by fittingR with the Fresnel formula for aniso
tropic uniaxial crystals. AbsoluteR at 15° ~near-normal in-
cidence! was used to obtaine' by the Kramers–Kronig
analysis. The overall agreement with other optical meas
ments and with the EELS data is good.

Greenawayet al.3 measured the reflectance of both na
ral single crystals and HOPG. The HOPG samples were
pared by cutting and mechanical polishing without the et
ing procedure. The surface area had a high degree of flatn
and Rs and Rp ~reflectances corresponding to the elect
field E perpendicular and parallel to the plane of inciden
respectively! were measured from 1.9 to 5.15 eV at inc
dence angles from 10° to 80° in steps of 10° and at angle
75°, 85° and 87°. In addition,R on polished surfaces, bot
parallel and perpendicular to thec axis, was measured in th
2–9 eV range in order to compareE'c andEic under iden-
tical surface conditions. Those data were not suitable
Kramers–Kronig analysis because of the inferior quality
polished surfaces compared with the cleaved ones. The
ues ofn' , k' andni , ki from 0.9 to 15.5 eV were obtaine
by the least-squares fit ofRs and Rp at different angles of
incidence with the Fresnel relations for uniaxial materia
The values ofn' and k' are in good agreement (610%)
with the data from Taft and Philipp1 and the data from
Klucker, Skibawski, and Steinmann.7

In the infrared region, the data from Nemanich, Luca
sky, and Solin31 are employed. They measured the reflect
ity of HOPG forE'c on the cleaved surfaces and forEic on
the polished surfaces. The surface damage induced by
ishing was accounted for by scaling theEic spectrum with
the ratio ofE'c spectra obtained from the cleaved surfa
and the polished surface respectively.

Figure 1 shows the real and imaginary parts of the ind
of refraction corresponding toE'c vs energy. The open
circles represent the experimental data, while the solid
represents the calculated values obtained for the param
given in Table I. Good agreement between the experime
and calculated data can be observed for both the real
imaginary parts of the index of refraction. It should be not
that the experimental data fore' obtained by the EELS and
by the reflectivity measurements agree well among the
selves; they also agree well with the theoretical calculatio
The experimental data fore2' show a sharp peak at 4.5 e
and a broader peak at around 14.5 eV, which can be
counted for by band structure calculations.3,4,8,9,11,15–17
Downloaded 13 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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Plasma frequency corresponding to collective excitations
p electrons is around 7 eV,1,4,5,7,32while thep1s plasmon
corresponding to the collective excitation of all four ele
trons is around 27 eV.5,7 This is in contrast with the earlie
work of Taft and Philipp,1 which predicts thep1s plasmon
to be at around 25 eV. An effective number of electrons
atom, calculated for the experimental data for normal po
ization saturates at 4 electrons per atom above 30 eV
expected~for 1p and 3s electrons!.1,5,7

B. Discussion on the optical constants corresponding
to Eic

Contrary to thee' data, there are significant discrepa
cies between the EELS and the reflectance data fore i . The
theoretical calculations also disagree in certain aspects.
jor discrepancies between the EELS and the optical data
cur in the range from 2 to 18 eV. Beyond 18 eV, the EE
data by Venghaus2 join smoothly with the reflectance data o
Klucker, Skibawski, and Steinmann.7 Venghaus measure
electron-energy-loss spectrum of HOPG samples at ab
1000 Å thickness. The resultinge i was in very good agree
ment with the previous EELS measurements. A sharp m
mum in e2i , which is absent in the optical data, was esta
lished beyond experimental and computational errors. B
structure calculations also disagree among themselves
this point, giving no conclusive evidence in favor of o
against the strong transition at;11 eV. The existence of a
peak around 11 eV is in agreement with the calculations
Bassani and Parravicini.16 The calculations of Painter an
Ellis,11 though, predict the existence of transitions at 13.5
even at 16 eV, and calculations of Tossati and Bassani5 pre-
dict transitions to be at around 11 and 16 eV.

FIG. 1. Real part of the index of refractionn' of graphite as a function of
energy for normal polarization. The inset shows the imaginary part of
index of refractionk' vs energy. The open circles represent experimen
data, while the solid line represents calculated values.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Serious disagreement also exists in the range belo
eV. Data from Greenawayet al.3 and from Ergun13 show no
structure in this region, which is in agreement with the ba
structure calculations employing a two-dimension
approximation.5,16 However, the calculations of Johnson a
Dresselhaus8 predict a peak near 4.3 eV, which is als
present in the data from Klucker, Skibawski, a
Steinmann.7 A possible reason for the absence of this sm
peak in former cases can be the slight depolarization of l
in their experiments. Transitions betweenp bands, which are
forbidden forEic in a single layer, are not strictly forbidde
in a three-dimensional lattice. Nevertheless, the matrix
ments are much smaller than those for the perpendicular
larization, thus accounting for the small magnitude of t
peak.8,10 However, the breakdown of the selection rules
the three-dimensional case predicted by calculations
Johnson and Dresselhaus8 still does not justify data obtaine
by the EELS in this region.

It is difficult to establish which of those two method
the reflectance measurements or the EELS, is correct. Re
tance measurements of the optical constants forEic cannot
be performed directly because of the difficulties in prepar
suitable good quality surfaces. Therefore, values of the in
of refraction for the parallel polarization have to be deduc
from reflectance measurements at oblique incidence. Fo
anisotropic material, at each wavelength a function of fi
variables~the real and imaginary parts of the dielectric fun

TABLE I. Final values for modified LD model parameters,G j ,v j ~eV!, f j ,
a j dimensionless,j 51,7. The oscillator-strength values correspond
plasma frequencies 27 eV for normal polarization and 19 eV for para
polarization.

Material E'c Eic, EELS Eic, optical

e` 1.070 1.108 0.731
f 0 0.014 0.016 –
G0 6.365 0.091 –
f 1 0.073 0.134 0.034
G1 4.102 9.806 2.096
v1 0.275 2.358 11.418
a1 0.505 24.708 0.138
f 2 0.056 0.072 0.003
G2 7.328 4.7273102 3.492
v2 3.508 5.149 4.095
a2 7.079 0.524 29.728
f 3 0.069 0.307 0.078
G3 1.414 4.651 2.442
v3 4.451 13.785 10.003
a3 0.362 0.217 0.516
f 4 0.005 0.380 0.131
G4 0.046 1.797 2.529
v4 13.591 10.947 14.991
a4 7.426 0.518 1.7831026

f 5 0.262 0.065 0.280
G5 1.862 2.418 6.829
v5 14.226 16.988 17.516
a5 3.8231024 0.286 1.01.7831026

f 6 0.460 0.553 0.855
G6 11.922 21.395 14.541
v6 15.550 24.038 30.712
a6 1.387 0.248 1.180
f 7 0.200 1.381 0.972
G7 39.091 37.025 20.314
v7 32.011 36.252 46.004
a7 28.963 15.101 9.388
Downloaded 13 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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tion for perpendicular polarization, the real and imagina
parts of the dielectric function for parallel polarization an
the degree of polarization! is minimized in order to deter-
mine values which give minimal discrepancy between cal
lated and measured reflectances. It is well known that thi
not a simple problem~mainly due to the existence of mu
tiple solutions!, even in a simple case of isotropic materi
and reflectance measurements at normal incidence, w
only two variables,n and k, have to be determined. Henc
there exists a large uncertainty of the determined valu
(610%!. On the other hand, the EELS may not be accur
in the low-energy range, because in this range, the relativ
~Cherenkov! effects contribute significantly to the energ
loss when the momentum transfer has large compon
along thec axis.5 Another strong objection to the EELS da
is that they do not agree with theoretical prediction of t
band gap of about 5 eV. In order to check the consistenc
the experimental data, finite-energy sum rules have been
plied in the literature.5,7 However, the effective number o
electrons per atom in case of parallel polarization, as ca
lated from both the EELS data5 and reflectance data,7 is be-
low three at 40 eV~and it is far from saturation since plot
show slope of about 45°), so that no conclusion can
drawn from that except that there are some higher-lying tr
sitions involving the valence-band electrons.

Since all previous theoretical considerations~for recent
first-principles calculations, see Ref. 10! have failed to re-
solve the issue as to whether the EELS or the optical d
represent an accurate description of the optical constant
graphite for the parallel polarization, we have tried to mod
both sets of available data fore i . The first set consists of the
EELS data by Venghaus in the 2–18 eV range and the d
of Klucker, Skibawski, and Steinmann7 in the range from 18
to 40 eV. The second set consists of the data derived f
the reflectance measurements of Greenawayet al.3 in the
2–5 eV range and the data of Klucker, Skibawski, a
Steinmann7 in the range 5–40 eV. Plasma frequencies fore i

are at around 14 eV5 and around 19 eV.5,7 Figure 2 shows the
real and imaginary parts of the index of refraction cor
sponding toEic as a function of energy. The open circle
represent the EELS experimental data, while the solid l
represents the calculated values obtained for the param
given in Table I. A very good agreement between expe
mental and calculated values can be observed.

As mentioned earlier, the optical data show existence
a band gap predicted by theoretical calculations. Theref
in modeling the optical data we do not consider the intraba
contributions because they would not be consistent with
small values ofki for low energies. However, in trying to fi
the set of data derived from the reflectance measureme
we encountered unexpected difficulties. When we attemp
to adopt the usual objective function@given by Eq. ~7!#
which minimizes discrepancies between experimental
calculated data for both the real and imaginary parts of
dielectric function, or the index of refraction, the algorith
did not converge at all. Changing the number of oscillat
employed did not appear to influence this. Since we are
ploying a global optimization routine, which has been s
verely tested for problems with up to 100 variables and up

l

 license or copyright, see http://jap.aip.org/jap/copyright.jsp



e
th
w
e
o
a

ex
.

ne

of
ent

re-
be,
ry
ed
a

ient
or

ary
n

tisfy
to

nig

for
c-
d
of

e
a of
a
re

e-
all
of

-

th
eri

p-
lin

nt
ents

7408 J. Appl. Phys., Vol. 85, No. 10, 15 May 1999 A. Djurisic and E. Li
15100 local minima,30 the only reason for divergence could b
that the experimental data cannot be described with
model employed. On the other hand, there is no reason
the optical constants of any material in the investigated sp
tral range could not be described with the Lorentz
Lorentz–Drude oscillator model. Then, we tried to fit sep
rately the real and imaginary parts of the refractive ind
and the results are shown on Figs. 3 and 4, respectively
minimizing the squared relative errors forn andk separately,
no numerical problems were encountered. However, it tur

FIG. 2. Real part of the index of refractionni of graphite as a function of
energy for normal polarization. The inset shows the imaginary part of
index of refractionki vs energy. The open circles represent EELS exp
mental data, while the solid line represents calculated values.

FIG. 3. Refractive indexni as a function of energy. The open circles re
resent experimental data from optical measurements, while the solid
represents calculated values. The inset showski as a function of energy.
Downloaded 13 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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out that excellent agreement for the real part of the index
refractionni , as shown on Fig. 3, leads to poor agreem
for the imaginary partki , andvice versa, as shown on Fig. 4.
Since the model automatically satisfies Kramers–Kronig
lations, the agreement with the experimental data should
in principle, equally good for both the real and imagina
parts of the index of refraction. Moreover, it can be observ
that the refractive index experimental curve fails to show
structure corresponding to the obvious peak in the coeffic
of extinction around 11 eV. Also, there is no justification f
a very sharp peak in experimentaln(v) near 5 eV, which
appears to be totally unrelated to any feature ofk(v). It
should be pointed out that values for the real and imagin
parts of the dielectric function for the parallel polarizatio
were calculated independently at each wavelength,7 so that
there is no guarantee that the experimental data sa
Kramers–Kronig relations. Therefore, we have decided
check whether the experimental data are Kramers–Kro
consistent.

We have performed Kramers–Kronig transformation
the set of data for the imaginary part of the index of refra
tion ki . Since the data of Klucker, Skibawski, an
Steinmann7 cover 3–40 eV range, we have used the data
Greenawayet al.3 from 2 to 3 eV. In the region where thes
two data sets overlap, we have chosen to use the dat
Klucker, Skibawski, and Steinmann7 because these dat
show a weak peak inki , as predicted by the band-structu
calculations based on three-dimensional approximation.8 The
data for the imaginary part of the index of refraction r
semble theoretically predicted structure. There is one sm
peak at around 4.3 eV, which is due to the breakdown
selection rules for three-dimensional lattice,8 and a two peak
structure at around 11 and 14 eV.10 Obtained results are de

e
-

e

FIG. 4. Coefficient of extinctionki vs energy. The open circles represe
experimental data from optical measurements, while the solid line repres
calculated values. The inset showsni as a function of energy.
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picted in Fig. 5, showing the comparison between the ta
lated experimental data~solid line! and the result of
Kramers–Kronig transformation~dotted line!. Data obtained
by the EELS are represented by the dashed line. It can
observed that Kramers–Kronig transformation gives cu
for ni which significantly differs from the tabulated dat
where only differences at the end of range can be attribu
to the errors in the Kramers–Kronig analysis. Those err
are in part due to the higher-lying transitions whose ex
tence can be deduced from the fact that the effective num
of electrons per atom for the parallel polarization is far fro
saturation value at 40 eV.5,7 Since the real and imaginar
parts of the index of refraction have to satisfy Kramer
Kronig relations, we have decided to model the original e
perimental data given forki , while for ni , we employ the
Kramers–Kronig transformation of experimental values ofki

in the spectral range up to around 26 eV, and the orig
experimental values ofni from 26 to 40 eV to avoid errors
induced by the Kramers–Kronig transformation at the end
the region. Figure 6 shows the real and imaginary parts
the index of refraction as a function of energy. The op
circles represent the experimental data for the imagin
part, the triangles represent the real part obtained
Kramers–Kronig transformation, while the solid line repr
sents the calculated values obtained for the parameters g
in Table I. It can be observed that for this composite se
data ~original experimental values forki and Kramers–
Kronig transformation forni), there exists good agreeme
with the experiment for both the real and imaginary parts
the index of refraction.

Therefore, to describe the optical constants of grap
for the parallel polarization, one should use the data obtai
from optical measurements for the imaginary part of the
dex of refraction, while for the real part, the Kramers

FIG. 5. Comparison among the available sets of data forni—tabulated
experimental data from the optical measurements~solid line!, the result of
Kramers–Kronig transformation~dotted line!, and data obtained by the
EELS ~dashed line!.
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Kronig transformation of these data should be employ
The data set obtained in such a manner, which can be e
and accurately reproduced by the model described her
internally consistent and in agreement with the theoretica
predicted optical transitions. Based on the band-structure
culations, there is reasonable doubt concerning the accu
of the EELS data for lower energies, especially when
EELS data do not confirm the existence of a gap of abou
eV for parallel polarization. While Tossati an Bassani5 have
pointed out that the EELS technique for low energies co
be inaccurate, other authors who have performed EELS m
surements do not question its adequacy. With no conclu
evidence in support of our disregarding the EELS set of d
altogether, we have decided to model both the EELS and
optical data set. Yet, based on band-structure calculati
we believe that the data obtained from optical measurem
should be more accurate. In any case, further experime
efforts to resolve this problem are highly desired.

IV. CONCLUSION

The optical properties of graphite are modeled using
modified Lorentz–Drude model with frequency-depend
damping for the perpendicular polarization in the 0.12–
eV range, and for the parallel polarization in the 2–40
range. The significant discrepancies among various sou
of experimental data fore i are investigated. In light of the
existing band-structure calculations, there is reasona
doubt in the accuracy of the EELS data for parallel polari
tion. There also exists serious inconsistency in the tabula
values of the real and imaginary parts of the index of refr
tion obtained by optical measurements. The tabulated va
of ni do not represent Kramers–Kronig transformation ofki ,
andvice versa. Therefore, to model the optical properties
graphite for extraordinary waves, we have to derive a c
sistent set of experimental data. For the set of data foki

FIG. 6. Real and imaginary parts of the index of refraction of graphite
energy for parallel polarization. Open circles represent the experimental
for the imaginary part of the index of refraction, while triangles repres
the real part obtained by Kramers–Kronig transformation and the solid
represents calculated results.
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obtained from optical measurements in such a manner
they are in agreement with band-structure calculations~i.e.,
using data of Klucker, Skibawski, and Steinmann in t
range 3–5 eV which show a weak peak at around 4.3 e!,
Kramers–Kronig transformation is performed to determ
ni . By doing so, we have obtained the set of data wh
satisfies Kramers–Kronig relations and agrees with the ba
structure calculations. The values ofni thus obtained should
be used, instead of the originally given experimental valu
Using our model’s parameter values, the set of data der
in the described manner and the EELS set of data can
accurately reproduced.
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