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ABSTRACT

Graphite is a cornerstone material for novel technologies, from energy storage to two-dimensional materials. Despite its foundational role,
the predictive power required for engineering emergent optical behavior in van der Waals heterostructures is severely constrained by persis-
tent discrepancies in reported graphite optical constants. We resolve this long-standing ambiguity. A multi-modal approach synergizes
far-field spectroscopic ellipsometry with nanoscale near-field optical probing (scattering-type scanning near-field optical microscopy) and
micro-reflectance spectroscopy of graphite. We establish a new, self-consistent set of optical constants (n and k) for both in-plane and out-of-
plane crystallographic directions across the ultraviolet-to-near-infrared spectrum. This definitive reference provides the essential foundation
for the quantitative modeling and engineering of light-matter interactions in the evolving landscape of carbon-based nanophotonics.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0320505

Graphite, a crystalline allotrope of carbon, is defined by its highly
anisotropic hexagonal layered structure composed of sp*-hybridized
carbon atoms arranged in two-dimensional graphene sheets. ~ These
sheets are held together by weak van der Waals forces. The layered
structure leads to a pronounced contrast in physical properties
between the in-plane and out-of-plane directions. Such intrinsic
anisotropy governs many of graphite’s physical properties and is cen-
tral to its technological relevance across diverse domains, ranging from
classical applications such as lubricants and electrodes to modern
uses in nanoelectronics, photonics, and optoelectronics—particularly
following the advent of graphene’ and other two-dimensional (2D)
materials.”® The advent of 2D materials opens new frontiers in nano-
photonics and optoelectronics due to their unique properties, such as
high refractive indices and strong optical anisotropy.” "'

Among the key descriptors of a material’s interaction with elec-
tromagnetic radiation is its complex refractive index n + ik, where n is
the standard refractive index (1) and k is the extinction coefficient (k).
These quantities provide an insight into the material’s electronic band

structure and govern linear optical phenomena such as absorption,
reflection, and transmission. The fundamental optical properties of
bulk graphite have been shaped by seminal work after Taft and Philipp
in 1965 (Ref. 12) which characterized its dielectric function by the con-
tributions of 7 and ¢ electron transitions and identified a strong ultra-
violet (UV) nt-plasmon resonance.' "

Since those early studies, the focus of the research community
has shifted toward the optical effects observed in graphene, graphite’s
monolayer. Graphene exhibits a universal, frequency-independent
optical absorption of ~2.3%'>'® across the visible (VIS) and near-
infrared (NIR) spectral range and allows for dynamic tuning of its
properties via electrostatic gating,'” *’ making it an attractive material
for applications in THz plasmonics and nonlinear optics.”"* Other
van der Waals materials like transition metal dichalcogenides
(TMDCs) have garnered attention because many of them undergo a
transition from an indirect bandgap in bulk to a direct bandgap semi-
conductor as monolayers, enabling highly efficient light emission,”” *°
rich spin-valley physics,” >’ and topological darkness biosensing.” **
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FIG. 1. Structure and optical properties of graphite. (a) Crystal structure of graphite. The inset represents an optical photo of bulk graphite. (b) Raman spectrum of graphite’s
flake. The optical micrograph of the flake is shown against a spectrum background. (c) Comparison of optical constants of graphite. Raw numerical data used for this graph
were obtained from open access database”” (available under the CCO 1.0 Universal Public Domain Dedication). Solid lines represent refractive index n; dashed lines represent

extinction coefficient k.

Despite decades of research, a comprehensive and consistent
dataset of graphite’s anisotropic optical constants across a broad spec-
tral range remains lacking, with considerable discrepancies in the liter-
ature’ " that frequently do not sufficiently account for differences in
experimental techniques, sample quality, and data modeling strategies.
Despite its foundational role, the predictive power required for engi-
neering emergent optical behavior in van der Waals heterostructures is
severely constrained by persistent discrepancies in reported graphite
optical constants.

We report a comprehensive, high-accuracy determination of
graphite’s anisotropic optical constants over a wide spectral range
(250-1700 nm) using a multi-technique approach. By combining spec-
troscopic ellipsometry with Raman spectroscopy for structural valida-
tion and near-field scanning optical microscopy (SNOM) and
direct reflectance measurements of optical constants, we acquired a
reference dataset of optical constants. Our work resolves long-standing
inconsistencies and establishes a reliable foundation for modeling
graphite-based components in advanced photonic, plasmonic, and
optoelectronic systems, thereby reaffirming the relevance of this foun-
dational material in the age of 2D photonics.

We began our investigation by characterizing the structural and
vibrational properties of the bulk graphite source material (details in
supplementary material Note 1). As a van der Waals crystal, graphite
possesses a hexagonal layered structure (space group P6;/mmc) with
pronounced anisotropy, as depicted in Fig. 1(a). The crystalline quality
of our samples was assessed via Raman spectroscopy performed on
mechanically exfoliated flakes. The representative Raman spectrum in
Fig. 1(b) exhibits the two characteristic fingerprints of high-quality
crystalline graphite: an intense G peak at ~1580cm ' arising from
the in-plane sp> C-C bond vibrations, and a sharp 2D peak at
~2720 cm™ ', The Lorentzian line shape of the 2D peak, along with the
notable absence of the defect-activated D peak, indicates a low defect
density and excellent three-dimensional crystalline order of
our material, validating its suitability for precise optical measure-
ments.” *' An optical micrograph of a measured graphite flake is pre-
sented in Fig. 1(b).

Before presenting our experimental results, it is crucial to contex-
tualize the motivation for this study by visualizing the significant
discrepancies present in the established literature. Figure 1(c) plots the
in-plane optical constants, refractive index (1) and extinction coeffi-
cient (k), from several widely cited datasets.”**° While the overall
spectral trends are qualitatively similar, quantitatively they diverge sub-
stantially. For instance, around the wavelength of 1200nm, the
reported values for the refractive index n differ by as much as 15%.
The values for the extinction coefficient k, which dictates material loss,
vary by up to 23% in the same spectral range.

These inconsistencies could present a significant obstacle to the
design and predictive modeling of graphite-based photonic and opto-
electronic devices. A new, consistent dataset is therefore required to
address these discrepancies and provide a more accurate basis for
future research and device engineering.

To address such inconsistencies, we performed variable-angle
spectroscopic ellipsometry (SE), a powerful nondestructive technique
that is exceptionally sensitive to the optical constants and anisotropy
of materials. We measured the ellipsometric angles, ¥ (amplitude
ratio) and A (phase difference) of reflected p- and s-polarized light, at
four distinct angles of incidence (45°, 50°, 55°, and 60°) over a broad
spectral range from 250 to 1700 nm [Figs. 2(a) and 2(b)]. The use of
multiple incidence angles is critical, as it provides a set of independent
measurements that over-determines the optical system, thereby allow-
ing for the robust and unambiguous extraction of the anisotropic
dielectric function.

The raw experimental data (¥ and A) were analyzed using a
detailed optical model. Given graphite’s hexagonal crystal structure, it
is optically described as a uniaxial material with its optical axis oriented
along the crystallographic c-axis, perpendicular to the sample’s
layers. The complex dielectric function is therefore a tensor with two
unique components: the in-plane (¢ = &4, = &) and out-of-plane
(61 = &) terms. The resulting real and imaginary parts of the com-
plex dielectric function, ¢ = ¢ + ie; (or Re[¢] and Iml[e]), are pre-
sented in Figs. 2(c) and 2(d), respectively. These spectra reveal
graphite’s pronounced optical anisotropy. The dielectric function of
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graphite was parameterized using the Drude-Lorentz oscillators model
(details in supplementary material Note 2).

The in-plane dielectric function (g)|) is determined by the semime-
tallic electronic properties. Its imaginary part (Im[e)]), which repre-
sents optical absorption, is dominated by two key features. First, a
prominent absorption peak is observed at approximately 280 nm, cor-
responding to the strong 77" interband transition.””** Second, Im(g) ]
steadily increases toward longer wavelengths in the near-infrared scal-
ing proportionally to the wavelength, which is the consequence of inter-
band transitions near the Dirac cone.'”*>*® The strong optical
absorption at 280 nm leads via the causality to the abrupt changes in
the real part (Re[g)|]) in the UV range, so that it is negative in the ultra-
violet region, crosses zero around 270 nm, and becomes positive at lon-
ger wavelengths. As a result, graphite behaves as a natural Type II
hyperbolic material in the ultraviolet range (where Re[g)] <0 and
Re[e, ] >0), a feature relevant for engineering sub-diffractional light
confinement and controlling the local density of optical states. This rich
physics is accurately represented by the Kramers-Kronig-consistent
dielectric function modeled with two Lorentz oscillators and the Drude
term (supplementary material Note 2), although there is no significant
free carrier contribution in the studied spectral range.

Wavelength (nm)

In contrast, the out-of-plane component (¢, ) displays a classic
dielectric (insulating) response. The real part (Re[e,]) is positive
and nearly constant at ~3.6 across the entire spectral range.
Correspondingly, the imaginary part (Im[e ]) is essentially zero, indi-
cating negligible absorption along the c-axis. This extreme anisotropy is
a direct consequence of graphite’s electronic structure: the high in-
plane conductivity is due to the mobile 7 electrons, while the weak van
der Waals forces between layers effectively confine electrons within the
planes, leading to insulating behavior in the out-of-plane direction. The
self-consistent determination of these two distinct components pro-
vides the fundamental basis for accurately calculating the optical con-
stants 7 and k and resolving the discrepancies found in the literature.

The dielectric function (¢) directly relates to the material’s optical
constants describing light propagation, the refractive index (1) and the
extinction coefficient (k), as /¢ = n + ik. For interactions with light at
or near normal incidence, the response is dominated by the in-plane
component of the dielectric tensor. Accordingly, we derived the in-
plane optical constants (1] and k) from our experimentally deter-
mined dielectric function [Figs. 2(c) and 2(d)].

The results are presented in Fig. 3, where they are compared
to two of the widely referenced datasets in the literature™**°
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(comparison with more literature data in supplementary material Note
3). Our values for the refractive index (n)) are plotted in Fig. 3(a). The
spectrum is characterized by a value of ~2.7 in the green visible region
(~550nm), followed by a monotonic increase into the near infrared.
While the seminal works of Palik’® and Djurisi¢ and Li*’ provide a rea-
sonable approximation, our results are systematically lower across the
entire spectral range. Conversely, the dataset from Song et al.” appears
to significantly underestimate ), particularly at longer wavelengths.
Our values address the discrepancy in the existing literature and are
situated between the values reported in these prior studies.

A similar analysis for the extinction coefficient (k) is shown in
Fig. 3(b). The spectrum for k| clearly reproduces the features discussed
previously in the context of Im([e]: the extinction coefficient is charac-
terized by a sharp peak near 250 nm. This feature is the manifestation
of the m-n* interband transition, which corresponds to the peak in the
fundamental absorption Im[e] at ~280 nm. The shift in the peak posi-
tion between k and Im[¢] is an expected consequence of the Kramers-
Kronig relations. The shift occurs because the imaginary part of the
dielectric function is related to the optical constants as Im[e] = 2nk.
Since the real refractive index # is also frequency-dependent, the maxi-
mum of 2nk does not coincide with the maximum of k. Then, this
peak is followed by the subsequent rise in the NIR arising due to inter-
band transitions between the electronic states in the Dirac cones. Our
data for k show good agreement with Palik’s values in the UV-visible
region and Djurisi¢ and Li’s in the NIR. The data from Song et al. devi-
ate significantly, predicting much weaker absorption across most of
the spectrum. These quantitative discrepancies underscore the need
for a reevaluation of graphite’s optical properties.

To independently verify the accuracy of our ellipsometry-derived
dataset, we performed a direct normal incidence reflectance measure-
ment on the same sample [Fig. 3(c)]. This provides a crucial cross-
validation, as reflectance is a direct measure of light intensity and does
not rely on the same modeling procedures as ellipsometry. We then
used our newly determined » and k values from ellipsometry to calcu-
late the expected reflectance spectrum (R) using the Fresnel equations.
As shown in Fig. 3(c), the calculated spectrum is in excellent agree-
ment with the directly measured experimental spectrum. This strong
correspondence between results from these two independent optical
methods provides confirmation of the accuracy and self-consistency of

ARTICLE pubs.aip.org/aip/apl

our determined optical constants, establishing them as a reliable
benchmark for future optical design and fundamental studies.

To further test the optical constants obtained by ellipsometry and
probe graphite’s local optical response, we performed scattering-type
scanning near-field optical microscopy (s-SNOM) in reflection geome-
try with pseudo-heterodyne detection [Fig. 4(a)]. This configuration
enables simultaneous measurement of amplitude and phase of the
scattered field. Illumination and collection were achieved with a para-
bolic mirror under oblique incidence, and the signal was demodulated
at the third harmonic of the tip oscillation to isolate the genuine near-
field contribution.

We performed near-field imaging on graphite flakes exfoliated
onto CaF, substrates [Fig. 4(b)] using infrared excitation (1475-
1600 nm). The complex near-field signal (amplitude and phase) from
graphite was normalized to that of the CaF, substrate [Fig. 4(c)]. In
this configuration, the near-field interaction is predominantly gov-
erned by the out-of-plane dielectric function (¢, ), particularly for
highly anisotropic materials like graphite.

Measurements were conducted on two graphite flakes of 150 and
350 nm thickness exfoliated on CaF, substrates. The sample was illu-
minated by a tunable laser spanning 1475-1600 nm in 25nm steps.
Each scan included both flake and substrate areas, allowing point-by-
point normalization of the complex near-field signal to the CaF, refer-
ence, thereby eliminating instrumental and tip-dependent factors.

Amplitude and phase images were recorded simultaneously
[Fig. 4(c)]. The complex near-field signal from graphite was normal-
ized to the response of the CaF, substrate within each scan. The nor-
malized complex ratio
Sl = Sgraphite

SCaF,
was analyzed using a dipole-interaction model in which the tip is
treated as a metallic sphere interacting electrostatically with the sam-
ple.”” The model parameters correspond to the experimental probe
geometry and the optical properties of platinum. The complex permit-
tivity of graphite was numerically retrieved by fitting the modeled and
measured s (details in supplementary material Note 4).

These s-SNOM results are in excellent agreement with the out-
of-plane optical constants acquired independently from the far-field
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FIG. 3. Comparison of graphite’s optical constants: (a) refractive index and (b) extinction coefficient. (c) Measured and calculated reflectance spectra.
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FIG. 4. Near-field extraction of graphite
optical constants. (a) Schematic of the
reflection-mode s-SNOM experiment. A
focused infrared beam is directed and col-
lected by the same parabolic mirror, illumi-
nating a Ptcoated AFM probe that
interacts with the sample through a nano-
scale dipole field. (b) Optical micrograph
of a graphite flake on a CaF, substrate
showing the areas used for atomic-force
(AFM) topography and near-field map-
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ellipsometry [solid lines in Fig. 4(d)]. Because the extraction of both
in-plane (¢) and out-of-plane (¢;) components from variable-angle
ellipsometry is intrinsically coupled within the uniaxial model, this
nanoscale validation of &, provides strong corroboration for the accu-
racy and self-consistency of the entire anisotropic dielectric tensor
determined in this work. This demonstrates that the macroscopic opti-
cal model accurately describes the material’s response down to the
nanometer length scale.

To put graphite’s optical properties in context, we performed
a comparative analysis of its optical constants against those of few-
layer graphene (Fig. 5) and validated them via Raman spectroscopy
and AFM (details in supplementary material Note 5). The optical
constants, the refractive index and the extinction coefficient, for
bulk graphite and 1-, 2-, and 3-layered graphene are presented in
Figs. 5(a) and 5(b) (details in supplementary material Note 6). We
also show in Fig. 5(c) the per-layer absorption. In the 2D limit,
monolayer graphene exhibits a remarkable frequency-independent
optical conductivity, leading to a universal absorbance A =na ~
2.3%,'>1*% 4 value dictated by the fine-structure constant (o).

Wavelength, A (nm)

As layers are added, the interlayer coupling modifies the electronic
band structure. This electronic evolution is directly reflected in the
optical constants [Figs. 5(a) and 5(b)]. We observe a systematic
increase in both the refractive index and the extinction coefficient
with increasing thickness. This trend indicates a renormalization
of the electronic structure and enhanced overall oscillator strength
as the system evolves toward the bulk limit. Tabulated optical con-
stants are presented in supplementary material Note 7.

Analyzing the per-layer absorption [Fig. 5(c)] provides insight
into this dimensional crossover. While 1L graphene adheres closely to
the universal value 7o at longer wavelengths, few-layer graphene and
bulk graphite exhibit a convergent behavior in the NIR. However, sig-
nificant deviations emerge in the UV region, around the n-7" transi-
tion. The per-layer absorption in bulk graphite is substantially
enhanced compared to monolayer graphene in this spectral region.
This enhancement highlights the influence of interlayer interactions
and the evolving dimensionality on the collective electronic excitations,
underscoring that the optical identity of graphite is distinct from a sim-
ple superposition of independent graphene layers.
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FIG. 5. Optical constants of graphite and 1-, 2-, and 3-layered graphene: (a) refractive index and (b) extinction coefficient. (c) Intrinsic absorbance of graphene.

In conclusion, we have established an accurate, self-consistent
dataset for the anisotropic optical constants of bulk graphite. Derived
from spectroscopic ellipsometry, these constants are cross-validated by
independent micro-reflection spectroscopy and nanoscale near-field
measurements, ensuring consistency from macroscopic to nanometer
length scales. This multi-technique approach provides a new bench-
mark and resolves long-standing discrepancies in the literature.

This validated dataset provides the necessary foundation for the
high-fidelity design of advanced photonic architectures harnessing
the anisotropy of graphite, including hyperbolic metasurfaces,
polarization-sensitive photodetectors, and complex van der Waals het-
erostructures, thereby removing uncertainty in simulations. By estab-
lishing graphite as a predictable and reliable nanophotonic platform,
our work opens a direct path to accelerating the design and implemen-
tation of next-generation optical components.

See the supplementary material for materials and methods, addi-
tional figures, and tabulated optical constants.
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