PHYSICAL REVIEW B

VOLUME 20, NUMBER 8

15 OCTOBER 1979

Low-energy optical transitions in intercalated graphite

C. C. Shieh, R. L. Schmidt, and J. E. Fischer
Moore School of Electrical Engineering and Laboratory for Research on the Structure of Matter,
University of Pennsylvania, Philadelphia, Pennsylvania 19104
(Received 20 November 1978; revised manuscript received 24 May 1979)

Interband transitions characteristic of pure graphite persist from (at least) stage 9 to stage 4 in
acceptor-intercalated samples, and to stage 3 in donor samples. The absence of a Burstein-
Moss shift is interpreted to mean that the partially ionized intercalant layers are screened by the
compensating free carriers within one layer spacing, in agreement with a recent calculation. This
in turn means that the Madelung energy has a negligible effect in stabilizing the ordered c-axis

superlattice observed in dilute compounds.

One of the more striking features of graphite inter-
calation compounds is the existence of well-ordered
c-axis superlattices corresponding to separations .
between intercalant (/) monolayers as large as 30 A.!
The I layers are invariably ionized to some extent,
and will therefore be screened by the compensating
free charge which resides principally on the interven-
ing carbon (C) monolayers. The compensating
charge is delocalized parallel to the layers, giving rise
to the well-known enhancement in basal plane con-
ductivity o,.

This paper deals with the question of interlayer, or
c-axis localization (or screening), which is of interest
for several reasons. First, the extent of c-axis
screening determines the relative contributions of dif-
ferent C layers to various properties. For example, if
the effective screening length A were ~ 1 interlayer
spacing, the repeat unit for a dilute compound could
be modeled as /-C,-C; - - - C;-Cp-1, where the
bounding layers C, contain most of the delocalized
excess charge and the interior layers C; are essentially
identical to the layers in pure graphite. Screening this
strong would clearly require modification of the
rigid-band appro_ach.2 Second, since a C,-1-C,
unit would be electrically neutral, one would no
longer be able to invoke electrostatic repulsion to ex-
plain the existence of well-ordered high-stage com-
pounds.

Several authors have discussed this problem re-
cently. Spain and Nagel estimated A(max) —5 A us-
ing the Fermi wave vector of pure graphite.® Solin
deduced from Raman data that the charge density is
greater on C, layers than on C; layers.* Batallan
et al. found identical magnetothermal oscillation fre-
quencies in stage 2 and stage 4 acceptor compounds,
indicating that the two-dimensional (2-D) metallic
behavior arises from identical C,-1-C, units regard-
less of their separation.’ Pietronero et al.® calculat-
ed the nonlinear screening as a function of total
charge density (i.e., fractional ionization of the /
layers), and found that for reasonable parameter

values p falls by an order of magnitude between C,
and its neighboring C;. These results all suggest that
the screening is indeed short range. )

The present work reinforces the above observa-
tions by demonstrating an immeasurably small
Burstein-Moss shift of graphite interband transitions
in dilute compounds. The optical data are supported
by x-ray diffractograms which establish the existence
of well-ordered c-axis superlattices with repeat dis-
tances exceeding the "effective A" by at least a factor
of 10. We conclude that the Fermi energy in the C;
layers is shifted by less than a few kT (~0.05 eV).

One type of experiment consisted of alternately
measuring (00/) x-ray diffractograms and reflectivity
spectra in situ during intercalation of highly oriented
pyrolytic graphite (HOPG) with HNOj, AsFs, Br,,
etc. We present here the HNO; results. Adding ~3
atm argon to the 24 °C vapor pressure of HNOj3, and
starting with a sample 0.2 mm thick along c, allowed
us in effect to take snapshots of metastable
stoichiometries (i.e., high stages) as the system ap-
proached equilibrium (in this case stage 2). Without
the Ar diluent, the surface immediately went to stage
2 with the interior remaining graphite; in particular,
intermediate stages were not observed, at least not as
pure phases.? Diffractograms (8-26 scans) were ob-
tained with Mo K a radiation, an intrinsic Ge detector
at 77 K, and a single-channel analyzer operating at an
energy resolution of 2%. The low-index region
(small 26) is crucial, because it emphasizes the sur-
face and provides the most direct discrimination
between stages n and n * 1.

Reflectivity (R) spectra were measured relative to
a gold reference mirror and then differentiated nu-
merically using a mesh of 0.01 eV per point (the
same as the interval between R measurements). Use
of the log derivative d InR /dE eliminated uncertain-
ties in absolute intensity measurement. A five-point
smoothing was incorporated into the derivative pro-
gram, so the first and last two data points of a given
100-point derivative spectrum are not significant.

3351 ©1979 The American Physical Society



3352 v C. C. SHIEH, R. L. SCHMIDT, AND J. E. FISCHER

Figure 1 shows the low-angle portions of several
diffractograms measured at times ranging from 0 to
90 hours after starting the reaction. The topmost
pattern is for pure graphite. The secog1d diffracto-
gram is interpreted as stage 9 (34.58-A repeat dis-
tance), because the separation between the small
peaks at 10.55° and 14.25° fits stage 9 better than
stage 8 or 10. The third diffractogram, taken with
higher gain, exhibits several peaks which fit stage 8,
plus a background that follows the expected variation
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FIG. 1. Evolution of stages during HNO; intercalation,
observed via (00/) x-ray diffraction. The first diffractogram
is for pure graphite (stage o). The second was taken with
insufficient gain to see peaks with / <9, so the assignment
of stage 9 is based only on 26 differences. The third, identi-
fied as stage 8, shows the strong (001) reflection at 26 =1.3°
(expected value 1.5°). The shift of the (001) peak to larger
20 values is a good signature of the progression of stages.
We missed pure stage 7 due to experimenter fatigue. Ar-
tifacts from the sample holder occur at 7.4°~7.6° and
10.2°~10.4° and are more or less visible in all diffractograms
depending on the gain used. A cumulative zero shift due to
sample expansion was corrected from time to time but not
before each scan. With both sample and acid at 24 °C, the
maximum concentration is stage 2, so only the last diffracto-
gram represents an equilibrium compound.

0

in Bragg intensity versus 26. As the system ap-
proaches equilibrium (i.e., as the stage number de-
creases), the 0—10° region becomes cleaner and the
assignment of a unique, well-defined stage becomes
more certain. The poor quality of the high-stage dif-
fractograms may be partially due to the metastability
of these phases under the experimental conditions
employed.®® This is not a crucial issue for interpret-
ing the optical data, however, since the important
spectral changes occur after stage 4.

Figure 2 shows d InR /dE spectra of HNO; com-
pounds corresponding to the stages presented in Fig.
1. The initial curve for pure graphite is featureless at
the sensitivity employed. As intercalation begins,
three resonant structures appear. The lowest energy
structure has a zero crossing at 0.55 eV, correspond-
ing to the dip in reflectivity reported by Fischer
et al.'%'! and by Hanlon et al.'? in various acceptor-
type compounds. The other two, which are initially
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FIG. 2. Progression of d InR /dE spectra during HNO;

intercalation as the sample passes from stage oo (i.e., gra-

phite) to stage 2, corresponding to the diffractograms of Fig.
1. Similar data are obtained with other intercalants (see
text). The transitions labeled 4 and B are characteristic of
pure graphite and are sensitive to £ (Ref. 13 and Fig. 4).
The absence of Burstein-Moss shifts for o < n < 4 indicates
that the intercalant layers are screened by the free carriers
within one layer spacing.
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weaker than the 0.55-eV structure, are labeled 4 and
B since we will identify them as the similarly labeled
interband transitions in pure graphite.!* In addition,
the background above 0.7 eV becomes negative, sig-
naling the emergence of a plasma edge which moves
to higher energy with increasing concentration.'!?
The 0.55-eV structure grows to a maximum at stage
3, then abruptly decreases in magnitude at stage 2.
The 0.75-eV transition (4) also grows, reaches a
maximum at stage 4, then disappears at stage 3. The
0.86-eV transition (B) behaves similarly, but is
strongly masked at stage 4 by the plasma edge
response which has a peak amplitude of ~20 eV~! at
1.1 eV. None of the three structures shift significant-
ly, variations in line shape being due to concurrent
changes in the background reflectivity (see below).
This experiment was repeated three times, and the
general behavior described above was reproducible.

An identical (in situ) experiment was performed
with AsFs, another electron acceptor. In contrast to
HNO; diluted with Ar, stage 4 was the most dilute
pure phase obtained. The same three structures were
observed, the only difference being that the 0.55-eV
peak reached maximum strength at stage 4 rather
than stage 3. (This is also evident in the raw data of
Hanlon et al.'?)

In the case of bromine, we were unable to obtain
metastable pure stages more dilute than the satura-
tion value stage 2, despite the addition of ~ 5 atm
Ar. Wachnik'* has measured reflectivity spectra from
high-stage Br-graphite by preparing various equilibri-
um samples, and he also observed the 0.55-eV dip in
addition to the metallic edge. The 4 and B peaks
were not resolved in his experiment.

Corresponding spectra were obtained on alkali-
metal compounds in a second series of experiments.
Here the shift in Er is expected to be in the opposite
direction compared to HNO;, because alkali metals
act as electron donors while acids, halogens, etc., are
acceptors.'S Figure 3 shows the results for potassium
stages 2, 3, 4, 7, and 8. The stage 2 sample was
sealed off in the ampoule in which it was prepared,
while the higher stage samples were cleaved from
thicker specimens and transferred to small pyrex am-
poules in a glove box. X-ray analyses were performed
on all samples, and in all cases the (00/) patterns
could be interpreted as pure phases. The general
features are similar to the HNO; data of Fig. 2. The
major structure is again the 0.55-eV transition,
although its intensity variation with stage is distinctly
different than in HNO; compounds (Fig. 2). A new
feature is the small structure at 0.63 eV, whose in-
tensity variation with stage qualitatively follows that
of the 0.55-eV peak. The 4 and B peaks are again
observed, but now disappear at stage 2 rather than at
stage 3 (HNO;, Fig. 2). At stage 1, no structure oth-
er than the plasma edge!'® is observed.

The most striking aspect of the spectra in Figs. 2
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FIG. 3. Similar to Fig. 2 for the donor intercalant potassi-
um. These spectra were obtained from individual samples
prepared by equilibrium methods.

and 3 is that the positions of the four structures ob-
served are independent of stage and intercalant
species. Variations in amplitude are more difficult to
discuss, since they can be attributed either to varia-
tions in the strength of the critical-point contribution
or to changes in the background dielectric constant,
as discussed below.

The principal results we wish to discuss are the ex-
istence and constant position of 4 and B. We associ-
ate these with K point interband transitions of pure
graphite,!? the transition energies being defined
essentially by a nearest-layer overlap y;.!” The fact
that they persist to stage 4 (or 3) and disappear at
stage 3 (or 2) is consistent with the sandwich model
described above: the minimum condition for defin-
ing a graphitelike vy, is I-C,-C;-C;-C,-1, where the
C;-C; core gives rise to the graphite transitions. The
C,-C; interactions are still important, however, be-
cause the difference between the two transition ener-
gies is defined by second-layer coupling.!’

Of greater significance is the absence of Burstein-
Moss shifts of 4 and B within the graphitelike core.!®
The A4 and B transitions have been identified in pure
graphite as shown in Fig. 4(a). Here we draw Ep
with a finite width and set the graphite band parame-
ters A and vy; equal to zero to emphasize the conse-
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quences of a room-temperature experiment

(kT > A, 7y,). Under the assumptions? of rigid
bands and uniform charge transfer to all C; layers
(i.e., A=0o0), one would expect characteristic Bur-
stein shifts of 4 (0.74 eV) or B (0.88 V) according
as one intercalates with a donor or acceptor respec-
tively. These are shown schematically in Figs. 4(b)
and 4(c). The shift of Er for a given stage depends
on the overall charge transfer; recent experiments!’
and calculations?® indicate that AEr is ~1 eV at stage
1, and so is almost certainly less for the concentra-
tions of interest here. If A were greater than one in-
terlayer spacing, acceptor intercalation would eventu-
ally cause B to blueshift without limit while 4 would
do nothing at 300 K. For donors the opposite holds;
A should redshift, B should do nothing. From the
data of Figs. 2 and 3 we conclude that neither 4 nor
B shift by more than 0.03 e¢V. For acceptors (Fig. 2),
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FIG. 4. Interband transitions in pure graphite (Ref. 13)
and their expected Burstein shifts with intercalation (Ref.
18), based on the assumptions of rigid bands and uniform
c-axis charge distribution. Drawn schematically for 7 =300
K; the "width" of Ef is exaggerated. (a) Pure graphite, both
transitions involve Ef as either initial or final state. (b) Ac-
ceptor compound, Er decreases: the A transition (0.7 eV)
remains unchanged, but B should blueshift continuously.

(c) Donor compound, Ef increases: B remains unchanged
and A blueshifts. The data of Figs. 2 and 3 do not agree
with this picture; we conclude that the c-axis charge distribu-
tion is highly nonuniform.

the transition expected to move is the upper one (B)
so one might lose it due to interference with the plas-
ma edge. This possible ambiguity does not exist for
donors (Fig. 3), since 4 is the one which should shift
and it is well away from the plasma edge.

The rigid-band model? can be used to estimate the

- shift expected in the extreme case A = oo; taking 0.2

as the fractional ionization of HNO3,?! one would ex-
pect shifts of 0.3 eV at stage 8, > 0.5 eV at stage 4.
This is clearly inconsistent with the data. Taking
AEr=0.05 eV as a generous upper limit and using
Ref. 6, we find that the effective A (defined as the
distance in which p falls to 1/e its value at a C, layer)
is ~ 1 layer spacing. Thus the results presented here
confirm previous suggestions,® calculations,® and in-
direct observations** that the intercalated ionic layer
is strongly screened within one layer. Put another
way, the excess free carriers induced by intercalation
are largely confined to the neighboring graphite layers
(i.e., the C, layers).

It is difficult if not impossible to deduce a quantita-
tive c-axis charge distribution from our data. Indeed
it is somewhat surprising that both the present exper-
iment and the quantum oscillation study’ imply a
sharp demarcation between C, and C; layers, the
latter containing essentially no excess charge. This is
in contrast to the continuous distribution calculated
by Pietronero et al.,® according to which one should
observe an average Burstein shift or extremal Fermi
surface (and broad responses) corresponding to a
near-exponential variation in Er from layer to layer.

We turn now to the significance of the amplitudes
of 4 and B versus stage. The small-signal equation
of modulation spectroscopy?? is

AI—Q& =ale, ) Ae; +8(ey, €) Ae,

where a and B8 include all contributions to the dielec-
tric response whereas Ae€; and Ae, are presumed to
come only from the critical points. In principle,
variations in AR /R (either in amplitude or in

line shape) versus intercalant concentration can be
due to variations of either the critical-point contribu-
tion or the noncritical background as represented by
« and B. In the present experiment we are faced
with the problem of separating the stage dependence
of the magnitudes of 4 and B (a Ae effect) from the
drastic changes in overall dielectric behavior: from
graphite, a semimetal with interband transitions ex-
tending to very low frequencies, to nearly classic me-
tallic behavior (an «, 83 effect).

The first question is: if 4 and B are graphite tran-
sitions, why do we not see them at "stage oo" (Fig.
2)? They are typically observed in thermoreflectance
spectra'? with an amplitude |AR /R | ~10~*, which
would correspond to a log derivative amplitude
(0.01-eV energy mesh) of 1072 eV~!; two decades
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smaller than the gain marker on Fig. 2. Second, what
is the significance of their emergence at stage 9 and
apparent growth up to stage 4 (Fig. 2)? For pure
graphite in the spectral range of interest® e =6 +i10,
from which a =-0.047, 8 =+0.043. The optical con-
stants of the compounds are not known, but we can
estimate « and B from the Drude model. Taking
0= %mp, 0,7 =50 we find =0, 8=-0.5. Thus,
with no changes in the fundamental quantity Ae, we
expect AR /R to increase in amplitude by roughly a
factor 10 in accordance with the data. Furthermore,
the small apparent peak shifts in Fig. 2 can be attri-
buted to a varying admixture of Ae; and Ae; line
shapes; for graphite AR /R (0) ~ —A€;(w) + Agy(w)
whereas for a metallic compound AR /R (w)
~—Ae(w). We conclude from the above that the
only significant feature of the intensity variations of
A and B with stage is their disappearance at stage 3
(HNO3) or stage 2 (K). Furthermore, the apparent
small redshift of 4 with decreasing stage for both ac-
ceptor and donor series is most likely an effect of
varying Ae;, A€, admixture.

The identification of the two low-energy transitions
at 0.55 and 0.63 eV remains an open question.
Several possibilities were considered and rejected: (i)
In the first paper on HNO;-graphite!! we speculated
that the 0.55-eV dip in R might be due to O-H
stretching vibration within the HNO; molecule, by
analogy to the strong absorptions at 0.42 and 0.84 eV
in H,O. This is clearly wrong since the transition also
occurs in compounds with no intramolecular modes
(e.g., potassium). (ii) Holzwarth pointed out to us?
that the K-point bandwidth for n graphite layers in-
creases rather slowly with n, starting at zero for
n =1. Thus the lower pair of transitions might be as-
cribed to "local modes" of n C; layers superposed on
the 4 and B transitions appropriate to an infinite sys-
tem. This also fails because the low-energy transi-
tions do not shift with n. (iii) The 0.55-eV peak
might be ascribed to a charge-transfer transition, as
in molecular crystals, whereby an electron is excited
from Er in a C, layer to an empty state in a C; layer.
In this case the transition energy would be a measure
of the difference in electronic energy between C, and
C;, and would thus depend on the details of the
screening as well as on the amount of charge
transferred. The latter quantity almost certainly
varies to some extent with intercalant species,!® so
one is again at a loss to explain the universal value of
the transition energy.

At this point all we can do is speculate that the two
low-energy transitions are associated with the ex-
istence of "isolated" C, layers (i.e., I-C,-C; units)
since they essentially disappear when nearest-
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neighbor C,’s are not separated by at least one C;. It
is probably significant that the 0.55-eV transition
disappears more gradually for donors (Fig. 3) than
acceptors (Fig. 2), since many other experiments!- 3
imply greater interlayer coupling in the former. A
comparison of o, versus stage between donors and
acceptors might help solve this problem.

In summary, the persistence of graphitic 4 and B
transitions at their unshifted values leads us to con-
clude that very little if any charge is transferred to
the C,; layers. A generous upper limit for AEf, in the
C, layers, is 0.05 eV. If one insists on defining a
screening length as the 1/e decay length, then it must
be less than a layer spacing. This conclusion has
some important implications. The short screening
length indicates that the in-plane metallic character is
due to Cp-I-C; units.’ The maximum o, is typically
at stage 3 or 4,'5 which is where one would expect
overlap between units to set in. The stage depen-
dence of o, should also be sensitive to screening,
especially in donor compounds for which the c-axis
conductance of a C,-I-C, unit is large. Here the
screening would reduce o, of high-stage compounds
relative to what would be expected with a uniform
charge density.

The most puzzling consequence of the screening
result is, since a C,-I-C, unit is essentially neutral,
one can no longer invoke electrostatic repulsion to
explain the stability of high-stage superlattices. The
elastic energy is not a likely candidate either, since
the interlayer separation is independent of period
(i.e., the length C,-C; is independent of stage and
equal to the length C,-C;). Young? has proposed a
charge-density wave mechanism in this context,
which also explains some features of the intercalation
reaction.

Finally, we note that the Landau level study of di-
lute graphite-bromine?® may have been sensitive only
to C; layers, in which case the estimate of 2% ioniza-
tion of the Br, molecules would be far too low.
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