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Optical reflectivity of graphite under pressure
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We have measured basal-plane reflectivity spectra of hexagonal graphite over the spectral range
0.5-3 eV at pressures up to 12 GPa (7"=300 K). From the increase of the 4, and 4, near-infrared
interband-transition thresholds we determine the pressure coefficient of the interlayer overlap pa-
rameter ¥, of the Slonczewski-Weiss-McClure band model as d Iny,/dP =0.128(10) GPa~!, which
corresponds to a c-axis scaling coefficient d Iny,/d Inc = —5.35(20). The reflectivity of the high-
pressure carbon phase formed above 14 GPa exhibits bleaching of interband absorption below 3 eV,
which is consistent with an almost complete transformation to an sp>-bonded phase achieved at
room temperature. We find evidence for the onset of sp® bond formation at pressures below 10

GPa.

INTRODUCTION

Graphite is a prototype layered crystal with strong co-
valent bonds within the two-dimensional hexagonal lay-
ers and much weaker bands between layers. The basic
features of the electronic structure' ™3 of graphite can be
understood in a single-layer approximation.* The weak
interaction between successive lattice planes introduces
small splittings and shift for the = and 7* bands. As a re-
sult of interlayer coupling, the near-infrared (ir) optical
response shows two structures™® which arise from the A4,
and A, interband-transition thresholds about the K point
near the Brillouin-zone edge (see Fig. 1). Within the
Slonczewski-Weiss-McClure (SWM) band model®? the
energies of these optical transitions are mainly deter-
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FIG. 1. Schematic band structure of hexagonal graphite near
the edge of the Brillouin zone. The effect of trigonal warping is
neglected. Arrows indicate 4, and 4, interband transitions.
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mined by the overlap interaction parameter y;~0.4 eV
for nearest-neighbor atoms on successive layers.”

This paper reports on the pressure dependence of the
optical reflectivity of hexagonal graphite in the spectral
range from 0.5 to 3 eV. The primary motivation for this
investigation was to determine the pressure dependence
of the y, parameter from the shift of the 4, and 4,
interband-transition energies measured over an extended
range of pressure (P <12 GPa). Previous reflectivity®
and magnetoreflection’® studies at low pressures (P <0.3
GPa) yielded pressure coefficients for y; which are in
reasonable agreement with a theoretical calculation!® but
are difficult to reconcile with the value obtained from an
analysis'! of Fermi surface and galvanomagnetic mea-
surements under pressure (see Table I).

A second aspect of this work is related to the high-
pressure phase transition of graphite. At roughly 15 GPa
(increasing pressure) hexagonal graphite transforms to a
new phase of carbon'>” ! which is likely to be the sp>-
bonded hexagonal form of diamond (wurtzite analog or
“lonsdalite”). At least, this phase has been identified in
samples which were recovered from pressure experiments
at elevated temperatures (7 > 1000°C).!* From optical-
reflectivity measurements under pressure we obtain infor-
mation on the course of the phase transition and also an

TABLE 1. Logarithmic pressure dependence of the SWM
band parameter y .

Method d Iny,/dP (GPa™!) Reference
Reflectivity 0.28(3) 8
Magnetoreflection 0.24(4) 9
Theory 0.20 10
Analysis of data a

from Refs. 12—14 0.12 1
Reflectivity 0.128(10) This work

#Assumptions involved; see Ref. 11 for details.
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indication as to what extent sp> bonds are formed already
at room temperature.

EXPERIMENTAL DETAILS

Samples of 20-um thickness and 100-um edge length
were prepared from natural graphite flakes."”
Reflectivity measurements under pressure were per-
formed at 300 K by using a gasketed diamond-window
pressure cell'® in combination with a micro-optical sys-
tem similar to that described in Ref. 17. The ruby-
luminescence method was used to measure pressure.®
The procedure for optical-reflectivity measurements in a
diamond-window cell is described in detail elsewhere.!” !
Briefly, a flake of graphite was placed on one of the dia-
mond windows, and the remaining volume of the gasket
hole was filled with KCl being a solid pressure medium of
low shear strength, thus providing quasihydrostatic con-
ditions. The absolute reflectivity at near-normal in-
cidence (6° off axis) was measured at the diamond-sample
interface from focal spots of about 30 um diameter. We
denote this reflectivity by R,;. The R, spectra reported
below are corrected for absorption in the diamond win-
dow and for reflection losses at its external surface.

RESULTS AND DISCUSSION

Figure 2(a) shows reflectivity spectra for graphite at
two different pressures (2.2 and 11.2 GPa). Because of
the large refractive index of diamond, the reflectivity R,
is considerably lower than the reflectivity of graphite at a
sample-vacuum interface. Superimposed on a falling
background due to intraband and a continuum of inter-
band transitions, the reflectivity spectra show two weak
structures in the near-infrared spectral range, which shift
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FIG. 2. (a) Basal-plane reflectivity spectra of graphite at 2.2
and 11.2 GPa and of transformed graphite at 18.8 GPa. Note
that the absolute reflectivity R, is measured at the interface be-
tween sample and diamond window. (b) Derivative spectra
d InR, /d w of the reflectivity shown in (a).

BRIEF REPORTS 40

to higher energy with increasing pressure. These struc-
tures are clearly resolved in the derivative spectra
(d InR; /d ) shown in Fig. 2(b).

The two pronounced local maxima in the derivative
spectra are identified with the 4, and A4, interband tran-
sitions about the K point in the Brillouin zone. The A4,
threshold is from the occupied E, band to empty states in
the E} band above the Fermi level Ep and the 4, transi-
tion is from the E; band to the E| band (see Fig. 1). This
picture is modified slightly, if trigonal warping is includ-
ed. For a detailed discussion of the spectral dependence
of the joint density of states and transition probabilities
we refer to Ref. 20.

The pressure dependence of the 4, and A4, transition
energies and their splitting A 4 is shown in Fig. 3(a). For
a least-squares fit to the experimental data we use the re-
lation

E(P)/Ey=[(no/7")P+1]7 . (1)

The parameters zero-pressure energy E,, logarithmic
pressure derivative 7y=(d InE /dP)p__,, and the pressure
derivative 7' are given in Table II. Within experimental
uncertainty, the energies E, of the 4, and 4, structures
at zero pressure thus obtained agree closely with those
given in Ref. 8 (see Table II). This agreement partly
justifies our simple procedure of defining the transition
energies in terms of extrema of d InR,; /d w.

The logarithmic pressure coefficients of the 4, and 4,
transition and of their splitting A4 are considerably
smaller than results from the earlier reflectivity study of
graphite under pressure up to 0.3 GPa (Ref. 8, see Table
I). In fact, in the case of the 4, and A4, transitions the
discrepancy is so large in absolute energy shifts that it
cannot be attributed to our simplified analysis of the
reflectivity spectra.

If the pressure dependence of the in-plane overlap in-
teraction (y,) and trigonal warping (y;) are neglected,
the sum of the transition energies in terms of SWM band
parameters may be written as’
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FIG. 3. (a) Energies of the local maxima of d InR, /dw (solid
circles) as a function of pressure. The local maxima in the
derivative spectra are attributed to the 4, and A4, interband
transitions of graphite. Also shown is the splitting A 4 of these
transitions (open circles). Solid and dashed lines refer to the re-
sult of fitting parameters in Eq. (1) to the experimental data. (b)
Energies of the A, and A, transitions and their splitting A 4 as
a function of c-axis lattice parameter. See text for solid lines.
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TABLE II. First- and second-order pressure coefficients of the 4, and 4, transitions and their split-
ting A 4 in graphite. E, is the energy and 1n,=(d InE /dP)p_, is the logarithmic pressure derivative at
P =0 GPa; 7’ is the pressure derivative of d InE /dP [see Eq. (1)].

Transition E, (V) 1o (GPa™}) n Method
A, 0.68(1) 0.127(7) ’ 0.58(5) Present work
0.669 0.263(8) Reflectivity®
0.74 Thermomodulation®
A, 0.81(1) 0.129(7) 0.65(5) Present work
0.847 0.307(20) Reflectivity®
0.88 Thermomodulation®
AA 0.13(1) 0.141(20) 1° Present work
0.178 0.55 Reflectivity®
“Reference 8.
*Reference 6.
°Fixed parameter.
E(A,)+E(A)=4y,—4y,+2Ep~4y, . ) E(c)/Ey=(c/cy)® 3)

It is well established that y,, Ep <<y, which justifies the
approximation on the right-hand side of Eq. (2). From
the average of experimental values of 7, we then have for
the logarithmic pressure derivative of the first-order pa-
rameter y,

(d Iny,/dP),=0.128(10) GPa™ ! .

This result is consistent (see Table I) with, e.g., the value
given by Dillon et al.,!! which is based on high-pressure
Fermi surface and magnetotransport measurements. We
note a significant discrepancy not only with the value de-
rived from an analysis of reflection spectra,® but also with
the value obtained from magnetoreflection’ measure-
ments at pressures up to 0.3 GPa. On the other hand,
near-infrared optical reflection spectra of several stage-2
graphite-acceptor intercalation compounds (GIC’s) mea-
sured at pressures up to 5 GPa and their analysis in terms
of the model by Blinowsky et al.?! yields d Iny,/d InP
=0.073.%2 This is about half the value for pristine graph-
ite. The relative magnitude of the logarithmic pressure
derivatives of ¥, in graphite and stage-2 GIC’s is physi-
cally reasonable, because the change in graphite-layer
separation under pressure is expected to be smaller in
stage-2 compounds as compared to pristine graphite.

The value of d In(A A)/dP has been associated with
the logarithmic pressure derivative of the second-order
parameter ys of the SWM model (see, e.g., Ref. 8). On
the other hand, the energy difference A A4 is not only
determined by the y 5 parameter, but effects arising from
changes of e.g., trigonal warping, in-plane nearest-
neighbor interaction, and transition matrix elements un-
der pressure also have to be considered in a detailed
analysis of the relatively small energy difference A 4 and
its dependence on pressure. We think that the pressure
coefficient of the ys parameter cannot be determined
from the present data to within reasonable error limits.

Figure 3(b) shows the dependence of the energies
E(A,) and E(A4,) on the c-axis lattice parameter. For
the pressure to lattice-parameter conversion we have used
the compression data of Ref. 23. The solid lines in Fig.
3(b) correspond to the relation

with parameter & determined from a least-squares fit.
We find dInd,/dInc=-—5.2(2) and dInd,/d Inc=
—5.5(2). The average of these values gives

d Iny,/d Inc=—5.35(20) .

This is a direct determination of the scaling of ¥, with in-
terlayer separation.

The reflectivity of graphite changes drastically at the
pressure-induced phase transition. Figure 2 shows a
reflectivity spectrum of transformed graphite at 18.2
GPa. Except for the falling tail in the near-infrared spec-
tral range, the absolute reflectivity R, at the sample dia-
mond interface is less than 0.005 and essentially struc-
tureless in the spectral range from 1 to 3 eV. The
reflection spectrum of transformed graphite does not
change significantly between 18 and 26 GPa. The ex-
tremely low reflectivity between 1 and 3 eV shows that
the refractive index of transformed graphite is almost
identical to that of the diamond window. In other words,
the high-pressure optical response is consistent with the
immediate formation of an sp3-bonded material at this
phase transition.?* We attribute the small increase of the
reflectivity of the transformed material in the near-
infrared range to optical transitions induced by impuri-
ties.

Due to the drastic change of the optical reflectivity, the
phase transition can be easily detected by visual observa-
tion of the sample in the diamond window cell. We find
that some samples start to develop black spots (of essen-
tially zero reflectivity R, in the visible range) indicating
sp® bond formation at pressures as low as 9 GPa. Ac-
cording to visual observation full transformation of the
samples is always achieved at about 17 GPa. The width
of the transition range for increasing pressure appears to
be determined by sample quality and by local stress con-
centrations. We note that the broadening of the high-
frequency E,, Raman line of graphite at pressures above
~9 GPa is also taken as evidence for the onset of sp3
bond formation.?*

Figure 4 shows a pressure scan of the optical
reflectivity at constant photon energy of 0.8 eV, starting
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FIG. 4. Pressure scan of the near-infrared reflectivity of
graphite and transformed graphite at constant photon energy of
0.8 eV.

at 26 GPa. Down to about 2 to 3 GPA we observe a slow
increase of the reflectivity and then a sudden jump to a
reflectivity level typical for the graphite phase. On in-
creasing the pressure, the reflectivity drops again to a low
level at about 16 GPa. This behavior closely resembles
the large hysteresis shown by the pressure dependence of
the electrical resistivity.'3

The evidence from visible observation reported here
for the onset of sp3 bond formation near 9 GPa, the
broadening of the high-frequency E,, Raman mode at
about the same pressure,?* and the large hysteresis for the
phase transition pressure leads us to suggest that the
equilibrium pressure at 77=300 K for the transition from
hexagonal graphite to presumably hexagonal diamond is
less than 10 GPa.

Recently, Fahy et al. have performed total-energy cal-
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culations for the transition from rhombohedral graphite
with - -+ ABC - - - layer staking to cubic diamond® and
from a graphic structure with ---A44 - - layer stacking
to hexagonal diamond.?® It would be interesting to see
what the theoretical prediction would be (based on a
similar ab initio theoretical approach) for the equilibrium
transition pressure from hexagonal graphite to hexagonal
diamond.

In conclusion, from a reflectivity study of hexagonal
graphite up to 12 GPa, we have determined the pressure
dependence of the 4; and A4, interband excitation ener-
gies and that of the SWM parameter ¥, which determines
the overlap interaction between nearest-neighbor atoms
on successive layers. Our value for the logarithmic pres-
sure dependence of y; (see Table I) is in good agreement
with the result derived from Fermi surface and magneto-
transport measurements under pressure,'! but at variance
with pressure coefficients from previous optical studies®®
at pressures below 0.3 GPa. The optical response of
transformed graphite above 17 GPa is consistent with an
almost complete transformation to an sp®-bonded phase
achieved at room temperature. From visual observation
as well as from previous Raman studies?® at 7=300 K
we find evidence for the onset of sp3 bond formation at
pressures as low as 9 GPa.
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