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FIG. 1. Conductivity, space charge, and potential
distribution in a long relaxation-case n-type semicon-
ductor under forward bias. The distance origin is tak-
en at the hole-injecting contact, from where the elec-
tron-depletion region expands into the bulk of the ma-
terial. This configuration is unstable as shown in the
text.

further detail to the argument but does not alter
it. Finally, the inclusion of diffusion reinforces,
but is not essential to, the argument.

The physics underlying the violation of the con-
tinuity equation is clear: If injected holes tend
to decrease the electron concentration by recom-
bination within a region d, the density of elec-
trons outside d will be higher, and consequently
a prerequisite for a field-dominated injection of
electrons into d is fulfilled, namely, that a res-
ervoir of electrons exists. Therefore, the relax-
ation of the positive space charge in d is no longer
governed by the dielectric relaxation time 7„
= ceo/o (where e is the dielectric constant, &0 is
the permittivity, and a' is the conductivity), but
by the much shorter transit time of the electrons
through d. The injection of electrons, of course,
will counteract the decrease in electron concen-
tration and tend to restore their original density.

We would like to acknowledge stimulating dis-
cussions with M. A. Lampert and F. Stockmann
without, of course, committing them to the sup-
port of this particular argument.

the carrier density increases. Therefore, we
have to conclude that this configuration is not sta-
ble, and a region depleted of majority carriers
cannot form under conditions of recombinative
space-charge injection. The argument presented
is independent of whether the negative space
charge is accommodated in a small transition re-
gion, or whether it would spread over the entire
region I--d'. Also, the presence of traps adds
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We report detailed measurements of thermoreflectance spectra of graphite in the 0.5—
9-eV region. The observed structures are correlated with & interband transitions on the
basis of existing energy-band calculations.

A large amount of experimental data on graph-
ite' has been collected in recent years. However,
their interpretation in terms of the energy-band
structure has not been fully successful. In fact,

although some success has been achieved in re-
lating the observed physical properties to the
characteristics of the overlapping m bands near
the Fermi surface, discrepancies exist in attrib-
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uting the structures observed in ref lectivity spec-
tra to specific interband transitions.

Recently, two papers reporting thermoreflec-
tance (TR) spectra of graphite in the 5-eV re-
gion have been published"; however, they differ
both in the experimental data and in the physical
interpretation. Besides, the experimental meth-
ods and the line-shape fit in terms of interband
transitions are not free of criticism. The direct-
modulation technique may be a source of surface
contamination, and it is unjustified to interpret
oblique incidence data as if obtained under nor-
mal incidence. ' It is arbitrary to fit data -taken
at one fixed temperature only in terms of broad-
ening of a two-dimensional M~ singularity' or
only in terms of a shift of an M, -type singularity. '

In order to obtain a full set of data we have
measured the TR spectra of graphite from 0.5
to 9 eV in the temperature range 25-300'K. The
measurements have been performed using Union
Carbide flats of stress-annealed pyrolytic graph-
ite cleaved to a thickness of about 0.3 mm. In
order to avoid surface contamination due to sol-
dering and carrier effects, we have preferred to
modulate the temperature of the sample indirect-
ly. ' Two springs pressed the sample on a Ge
heater. Monochromatic light from a McPherson
model 218 monochromator was reflected at near
normal incidence by the cleavage plane of the
sample. The amplitude of the temperature modu-
lation was about I'K at 2 Hz. Vacuums of the or-
der of 3~10 Torr were obtained by zeolite-
cooled traps. The resulting b.B/8 in the 4-5-eV
region was about 10 ', to be compared with sig-
nals less than 10 ' previously reported. " Since
it has been observed that TR spectra of badly
cleaved samples showed spurious signals, here
we report only reproducible results obtained
from a comparative analysis of the spectra of
ten different samples.

In the near-infrared region (Fig. 1) two well-
defined structures have been observed, with
zero crossing points (from positive to negative)'
respectively placed at E, =0.74 eV and E, =0.88
eV at 80'K.

Recently, photoemission' and magnetoreflec-
tion' measurements have shown that, at the K
point of the Brillouin zone of graphite, the ener-
gy separations between the twofold-degenerate
KB level and the K, and E2 levels are both about
0.8 eV (Fig. 2).

Because of symmetry considerations it is known
that'"" only K~-&3 and K3-A~ transitions are al-
lowed, and therefore one may assign the E~ struc-
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FIG. 1. YR spectra of graphite in the near-infrared
region at 80'K temperature.

ture to transitions starting from K~ to levels
above the Fermi energy E F around A.3 and E2
from filled levels near E, to the upper band K,.
As a consequence of the semimetal nature of
graphite, a change of the temperature of the crys-
tal may affect the ref lectivity spectra not only
through the shift and broadening of interband tran-
sitions, but also through the broadening of the
step in the Fermi distribution. ' Such an effect
is important for all transitions starting from or
ending at the Fermi level. I et us observe that
these two processes behave differently with re-
spect to temperature. However, since no differ-
ences in the relative amplitude and line shape of
the observed structures are detectable in our
spectra between 30 and 300'K, we deduce that
only one mechanism must predominate in this
temperature range, but we are not able to tell
which one of the two mechanisms is operative.
Measurements at temperatures lower than 30'K
would be useful for verifying our attribution. Al-
ternative interband-transition assignments must
wait for different experiments and for more ac-
curate calculations of the joint density of states
in the Brillouin zone.

E2 structures to E tran-
sitions is correct, the value of y„one of the
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FIG. 2. Sketch of the 7t-band structure o ree- imens't f th -d'mensional graphite in the AH and KQL directions (after Refs. 1
and 11).

band parameters of the Slonczewski-Weiss mod-
el '4 can be determined independently. In fact,
from inspection of Fig. 2, one finds the following
relations: E, +E,- 4y, + y, —4y, —1.6 eV and E,

2 2
—E —24 + 3y -0.14 eV. From these it is possi-
ble to obtain y, -0.40 eV, in good agreement with
values from different experiments. The inaccura-
cy in the determination of the energies of E„E,
transitions, due to the fact that peaks of A(cu)
are usually shifted with respect to e, (u. ) and the
structures are partially overlapping, does not
allow an exact estimate of the value of 4. In fact
if we take (with respect to Hs) EF -0.02 eV and

y, —
~EF ~, we find 6-0.04 eV, which is too large

with respect to the values reported in literature. '
No structures have been observed in the 1.-4-

eV region. In Fig. 3 the TR spectra beyond 4 eV
are shown. A weak structure at 4.6 eV, a zero
crossing point at 4.85 eV, and strong negative

peaks at 6.8 and 7.6 eV are observed at 300'K.
The structure at 4.6 eV might be assigned to some
critical-point transition near L or Q points. '"

The 4.85-eV structure, corresponding to a max-
imum of the ref lectivity curve, ' is generally as-
signed to Q-point transitions. No reproducible
data have been obtained at low temperatures that
could confirm the fine structure previously re-
ported' and attributed to a splitting of the Q tran-
sition. No evidence of the ref lectivity shoulder

10observed at 6.2 eV in ref lectivity measurements
has been obtained.

The sharp negative structure centered at 6.8
eV corresponds to a plasma resonance of m elec-
trons screened by the frequency-dependent dielec-

23tric constant associated with 6 electrons. Let
16us observe that, as remarked by Cardona, the

negative peak occurs very close to the plasma
frequency. This structure shifts rigidly with
temperature at the rate of about 10 ' eV/ K. The
shift of ~~ cannot be explained as a change of the
density of electrons, but it is probably associated
with the shift of the position of interband 0 transi-

2tions lying at energies greater than 10 eV.
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FIG. B. TB spectra of graphite in the ultraviolet re-
gion.
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A broad structure near 7.8 eV is observed in
the TR spectra; however, because of the low
light level, its line shape must be taken as tenta-
tive. Transitions associated with the E point, as
suggested by pseudopotential calculation, "could
account for this structure.

In order to obtain a more detailed description
of the band structure of graphite, experiments
a.t liquid-helium temperature and in a, broader
interval of energies are in progress.
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A systematic double peaking of the cyclotron resonance signal has been observed in
time resolution for germanium and is interpreted in terms of an idea which we tentative-
ly call "excitonic polaron. "

A time-resolved cyclotron-resonance approach
to the physical behavior of excitons has proved
to be useful for isolated and collective systems
in germanium' ' and silicon. In the course of
experimental study in this field, the authors have
come across a striking phenomenon, which shows
up on rather limited occasions, but nevertheless
is very distinct once it appears. We believe the
phenomenon worth reporting and try to interpret
it in terms of an idea which we would like to call
"excitonic polaron. "

The stage preparation is a conventional appara-
tus for measuring time-resolved cyclotron reso-
nance at 35 GHz, and the player is a high-purity

Toshiba germanium crystal. The microwave
electric field is set parallel to (100). The plane
surface onto which the photopulses from a, xenon
flash lamp shine at the repetition rate of 25 Hz

is (100). The magnetic field is rotatable in this
plane. Figure l shows traces of the time resolu-
tion for H l1 (001) in which all the four electron
valleys contribute a common resonance peak. The
most remarkable thing is that the electron reso-
nance is accompanied by a new strange peak on
its higher magnetic field side, and both the mag-
netic field at which this strange peak appears and
the intensity of the peak relative to the proper
electron resonance signal depend on the delay
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