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PREFACE

This report was prepared by the Moore School of Electrical
Engineering and Science, University of Pennsylvania, Philadelphia,
Pennsylvania 19104, under USAF Contract F33615-75-C-5231. The
contract was initiated under Project No. ILIR, "Laboratory Director's

Funds". The work was administered under the direction of the Air

Force Materials Laboratory, Air Force Systems Command, Wright-

Patterson Air Force Base, Ohio, initially with Mr. Paul W. Dimiduk

(AFML/LPJ) as Technica} Monitor, followed by Mr. Roger Rondeau.

Funds for this project were supplied to the AF Materials Laboratory

by the Office of Aerospace Research. -
Work covered by this report was carried out from 1 August 1976

through 30 September 1977. The report was submitted by the University 1

of Pennsylvania in October 1977 for publication as an AFML Technical
Report. An annual technical report AFML—TR—?G—lgé(with the same
title covered the period from 30 June 1975 through 31 July 1976.

The Principal Investigator for this project was F. Lincoln Vogel.
The synthesis of the Ast—graphite compounds was carried out primarily
by Dr. E. Robert Falardeau. The measurements of electrical conduc-
tivity were carried out primarily by Dr. Geoffrey M. T. Foley and
Dr. Claude Zeller under NSF Contract DMR~75-04954: the results of
that work are included here for completeness. The author, Dr.
Lawrence R. Hanlon, was involved in both of the above areas to a

limited extent, and in addition performed the rest of the work

reported herein.
The Appendix to this report contains the final report on
Task B entitled "Fundamental Studies of Graphite Intercalation

Compounds" which was funded by ARPA and administered by AFML.
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SECTION I

INTRODUCTION

The Air Force has expressed a need for graphite-based materials
which exhibit higher electrical conductivity and infrared reflec-
tance than pure graphite. Such materials would be most useful in
the form of fibers because of potential applications in composite
construction materials. In order to be practical, these new
materials must of course be stable in a normal atmosphere of nitrogen,
oxygen, and water vapor.

Graphite intercalation compounds are created when foreign mole-
cules or atoms are inserted between the planes of carbon atoms in
the graphite structure. The number of contiguous carbon layers
between two successive intercalant layers is termed the "stage" of
the compound. Although intercalation of graphite has been known for
over 40 years and many types of atoms and molecules have been inter-
calated'’?, no definitive explanation exists for the chemical bonding
involved. Many of these compounds are synthetic metals with a-axis
or basal-plane (i.e. parallel to the carbon layers) dc conductivities
of 1/6 to 1/2 that of copper.a

we have studied the synthetic characteristics, optical reflec-
tance, and dc conductivity of intercalation compounds made from HOPG
?raphite and ASFS. We have developed procedures for making compounds
of a pre-determined stage, we have seen extremely high infrared
reflectance, and we have some indication that higher stages are
stable in normal air. We have shown that the basal-plane (a-axis)

-

electrical conductivity can be as high asthat of silver, the best



elemental conductor. Since the environmental stability of the
higher stage compounds is promising, AsFg-graphite is a potentially
practical synthetic metal.

In the report which follows we will discuss in detail the
synthesis of AsFS-qraphite compounds, their optical reflectance

and dc conductivity, and their stability.



SECTION II

SYNTHESIS

In this section we will discuss the materials and experimental
procedures used in the intercalation process, the analysis of the
compounds, and the unique characteristics of the reaction.

A. Materials
L. Highly-Oriented Pyrolytic Graphite (HOPG)

The material used throughout this work was highly oriented
pyrolytic graphite (HOPG) which was obtained from Union Carbide and
used without further purification. HOPG, also known as aligned
graphite, is created by simultaneously subjecting powdered carbon to
high temperature and uniaxial stress. The carbon powder is obtained
from pyrolytic decomposition of hydrocarbon gases, principally CH3.
The plates of graphite obtained from this process exhibit excellent
alignment of the crystallographic c~axis. It has been established
that with proper annealing the electrical and mechanical properties
of HOPG approach those of natural single crystals.n

Although single crystal graphite is rare it has been extensively
studied and the band structure is well known. Since the properties
of HOPG are so close to those of single crystal graphite, the effects
of intercalation in compounds made from HOPG can be realistically
analyzed in terms of single crystal material. This is crucial to a
broad investigation of the properties of intercalation compounds
because natural single crystal graphite is not readily available in
the necessary sizes or quantities.

Pieces of HOPG were obtained from Dr. Arthur Moore of Union




Carbidef These are from Union Carbide's regular production of
aligned graphite for x-ray monochromators, in which temperatures
of 3000°C and pressures of 500 kg/cm2 are used. The spread in
c-axis orientation is typically 1°, and crystallite sizes are
typically a few microns.8
2. Arsenic Pentafluoride

The arsenic pentafluoride was obtained from Ozark Mahonin97
and was checked for purity by vapor phase molecular weight deter-
minations. In most instances it was found acceptable as received
(t1% of theoretical value 169.9); when unacceptable it was purified
by trap-to-trap distillation and rechecked.
3. Fibers

Graphite fibers can be produced in several ways. "Thornel"
type fibers are derived from polyacrilonitrile (PAN) fibers by
pyrolytic decomposition. Pitch-and coal-based fibers are spun from
a carbon-rich liquid derived from pitch or coal. 1In all cases, the
raw fiber is heated and placed in tension, causing graphitization
to occur. Simultaneously, the graphite crystallites align themselves
with their a axes along the longitudinal axis of the fiber. Pitch

q
and coal derived fibers yield the best alignment.

Samples of UC-307 graphite yarn were obtained from Union Carbide.lo
This yarn is composed of 1000 pitch-based fibers, each 10y in diameter,
and it exhibits a slight sheen. In addition, AFML supplied samples
of GY-70, GY-70ST, HMS, and HMU fibers, all PAN-based. The GY-70ST

and HMS fibers have an organic coating to reduce brittleness. These

particular fibers are of interest because of their use in composite

materials.




B. Experimental Procedures
i 2

The graphite samples to be intercalated were cut to 5x8 mm

c~face rectangles using a 0,025 cm diamond string saw. Additional

- b | ‘\

samples from 5x5 mm™ to 6x20 mm” were also intercalated; many of
these were cut to size using air abrasion instead of the string saw.
The initial thickness of most samples was in the range 0.025 = 0.004
cm; these c=axis thickness measurements were made using a microscope
with a calibrated reticule (sensitivity = 5 x 10 "em). The initial
woeight of the samples fell in the range 15 = 50 ma (*.05 mqg).

All volatile materials were manipulated utilizing standard
high vacuum technigques in a glass systom equipped with lass-

bt
Tetlon valves. When neocessary, intercalated materials were handled
under a dry nitrogen atmosphere since the lowest stage compounds
exhibited extrome sensitivity to moisture. Handling was koept to a
minimum.

Two difterent technigues have been employed in the production
of AsF -graphite compounds. Durving the early phasos of this investi-
gation, newly prepared compounds were transferred under dry nitroaen
from the reactor (Fig. 1) to separate specialized containers for
measurements of weight uptake, x=ray signature, and optical reflec-

tance (Fig. 2). With the exception of tirst stage, no evidence ot

X=ray, conductivity) as a result of the transfer. The procedure was
therefore judged to be a workable one and the results of the reflec-
tance measurements were considered to be valid.

First stage )\sl".‘ samples, however, always exhibited signiticant

deintercalation was seen in any of the bulk measurements (e.q. weiaght,

il ek B
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decomposition during a transfer as indicated by loss of the blue
color from the surface. This occurred immediately upon opening
the reactor no matter how pure and dry the N2 atmosphere. This
behavior indicated that the decomposition occurred as a result of
an insufficient partial pressure of the intercalant in the sur-
rounding atmosphere, which in turn suggests that these penta-
fluoride intercalation "compounds" are instead solutions. It was
evident that in situ techniques would be necessary to measure first
stage samples, so for optics the reactor was modified into the
configuration shown in Fig. 3. 1In this nodified design the quartz
sample armallowed in situ optical reflectance measurements down to
0.5 eV; for measurements down to 0.07 eV a similar reactor equipped
with KBr or AgCl windows was employed. Although no significant
difference in conductivity was observed between samples measured
in situ or after a transfer, in situ techniques were also adopted
for conductivity samples in order to achieve tighter control over
the sample's environment.

The Ast—qraphite intercalation compounds were prepared in an
inverted h shaped pyrex reactor equipped with a glass-Teflon valve
on the sidearm (Fig. 1, Fig. 3). The main reactor tube was made of
%" 0.D. glass, the top of which was fitted with a Swagelok ss plug
fitted with Teflon ferrules., This arrangement allowed easy insertion
of the solid graphite reactant and removal of the intercalated product
from an otherwise closed system. The typical total volume of these
reaction vessels was 10 ml. Reactions containing up to 3.6 atmospheres
of AsFS were successfully executed without leakage through the Swage-

lok connection.




Initially, for conductivity measurements the sample of graphite

to be intercalated was supported in the reactor in a loose Pt wire
spiral which performed two functions. PFirst, it held the graphite
in a stable position such that consistent thickness measurements
could be made in situ. Second, it suspended the graphite above the
bottom of the reactor. This sccond function enabled the interca-
lation process to proceed entirvely in the vapor phase without con-
tact with I\sl-‘,} ligquid during the initial warming process, In the
moditied design, the i\::l“s‘ wag condensed into the small side arm
(Fig. 3) in order to avoid contact of the sample and liquid Ast' .

Since measurements of the optical reflectance were to be poer-
formed, the gquality of the surface of the intercalation compound
was of prime importance.  Vapor phase intercalation was omployed
exclusively tor measured samples because it was tound to produce
less mechanical distortion and surtface contamination than liquid
intercalation. Minimizing mechanical distortion was also important
for the r.tf. conductivity measurement technigque employed. In addi-
tion, vapor intervcalation minimized the vpotential error in gravi-
metric analysis ot the compounds by reducing the likelihood ot an
accumulation ot the intercalant in microcracks in the graphite.

To produce a compound, the reactor was tirst carvetully cleaned
and baked dry in an oven. After it was removed and allowed to cool
to room temperature, a freshly cleaved 5.5x8x0.5 mm piece of HOPG
was placed diagonally in the sample arm. The swacelok cap was in-
stalled, then the entire reactor was heated in a gas flame while
under dynamic vacuum. After the reactor cooled to room temperature,

a measured amount of purified AsF. was condensed into the small arm

e i L R N ks
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at -196°cC. Typically, 0.5 - 1.5 m mole * .03 mmol were used. Since
only the bottom of the vessel was cooled the graphite did not vary
appreciably from room temperature. The reaction was started by
allowing the AsF5 to warm to 23°C, at which temperature it is all

in the vapor state. The initial warming period mentioned above,
during which the AsF. warms from -196°C to 23°C, was typically less
than 2 minutes. No observable reaction (thickness) occurred during
this time. For a typical 35 mg sample and initial pressure of 1 atm,
the final pressure was .5 atm over a second stage compound. Where
possible (i.e. for conductivity samples), measurements of the sample's
thickness were made at intervals of approximately ten minutes in
order to track the extent of intercalation. These thickness measure-
ments were done using a microscope with a calibrated reticule. For
samples that were transferred, when the desired stage was achieved
the compound was removed, weighed, x-rayed, and transferred to the
measurement ampoule. Reactions were stopped by opening the vessels
in a nitrogen atmosphere and removing the intercalated graphite from
the system. This method was utilized as opposed to ambient tempera-
ture vacuum removal of the excess AsF5 because the intercalated
samples of the lower stage tended to severely exfoliate (essentially
explode physically) under vacuum.

As indicated in the next section relative c-axis thickness
increase At/to (to = initial thickness) proved to be a reliable
indication of the stage of intercalation for stages 1 - 3. It was
the primary monitor used to decide when to terminate reactions at a

specific stage of intercalation. Unfortunately, utilization of this




technique in attempts to prepare 4th and higher stage compounds re-
sulted in materials of mixed stages (x-ray, gravimetric analysis).
Gravimetric and x-ray analyses, coupled with the c-axis thick-
ness measurements, were used to characterize the resulting compounds.
Gravimetric analyses were made by weighing the intercalated samples
while enclosed in preweighed Teflon containers. X-ray data were
initially obtained on a Bragg diffractometer with a Cu source. The
moisture sensitivity of the intercalated materials necessitated the

construction of a special x-ray holder, which consisted of an alu-
s

minum body with "plastic wrap" window and a Kel-F screw plug. Samples

were transferred under dry nitrogen from the Teflon container into
this holder; the c-face of the sample was placed flat against the
window. The Kel-F screw plug was adjusted to support the sample
against the window; Teflon tape on the screw threads ensured a
closed system. The orientation of the holder was such that only
(00R) reflections were observed. After in situ techniques were
adopted, the use of a Mo source allowed x-ray analysis of a compound

through the walls of its reactor.

C. Reaction Characteristics

The intercalation reaction for Ast—qraphite exhibits several
unique characteristics. First, although the reactions are generally
rapid, there has been no problem with self-cleaving or fraying of
the sample's edges, even for the first stage compounds. The surfaces
of intercalated samples remain as specular as in the pristine state,
so scattered light is not a problem in optical measurements. The
color of the compounds ranges from metallic blue for stage 1 to

metallic silver for stage 3.




Second, the compounds exhibit discrete, spontaneous thickness

changes during intercalation. A typical curve is shown in Fig 4.
This phenomenon of "staging" has been seen previously only during
desorption of the intercaldte.\j A third characteristic is the
increase in thickness along the c-axis observed upon intercalation
of a sample. Table 1 presents theoretical and experimental values
of the c-~axis thickness increase, At/to. The theoretical values
are derived from x-ray data. Experimental values for fourth and
fifth stage are not listed because it was not possible to prepare
homogeneous compounds of those stages. The excellent agreement
obtained from stages 1 - 3 is clearly evident, however. Reaction
times needed to produce uniform stages 1, 2 and 3 were on the order
of 20 - 73 h for stage 1, 5 - 20 h for stage 2, and 2 - 5 h for
stage 3. Precise reaction times for a given sample size and initial
pressure cannot be quoted because the reaction rates were strongly
sample-dependent. There was a general trend toward faster reactions
as the initial AsF. pressure was increased (range 1.0 = 3.6 atm),
however the scattering was so large as to preclude a determination
of the pressure dependence of the reaction rate. Stage 1 compounds
would not form in reasonable times (days)when the initial ASFR
pressure was less than 1.0 atm. This is not an indication of a true
pressure-composition effect, however, because stage 1 was eventually
achieved with extended reaction times (weeks).

The Ast-qrdphite compounds were characterized by gravimetric
and x-ray analysis and by measurements of thickness increase.

Numerous results have established a composition of anASFg' where

10




n=stage. X-ray analysis has given the repeat distances shcwn in
Table 1 for stages 1-5.

Two factors make preparation of uniform stage 1 - 3 ASFS-
graphite intercalation compounds practical by the direct vapor
phase method described herein. First, as shown in Fig. 4, there
is an Obvious, spontaneous "staging" observed as plateaux in the
c-axis thickness plotted as a function of reaction time. These
plateaux occur at expansions corresponding to specific stages cal-
culated from x-ray data repeat distances; see Table 1. Second,
there is excellent correlation between the visually observed
c-axis thickness increase and the actual stage of intercalation.
There is no fraying of the sample's edges, or "exfoliation." This
characteristic allows accurate tracking of the thickness increase
with simple optical equipment.

Early in the reaction a series of annular steps appears on
the c-face of the sample. These steps ceontinually propagate toward
the center of the sample; by the time the compound has reached third
stage the steps have disappeared. Further c-axis expansion of the
compound occurs uniformly, making the thickness measurements an
accurate reflection of the stage for stages 3 - 1.

The presence of the steps explains both the "fourth" and "fifth"
stage plateaux in Fig. 4 and the inability to produce homogenous
compounds of these sctiges in an isothermal system. Thickness measure=
ments are made at the sample's edqe; the steps arise from the
diffusion of the intercalant between carbon layers toward the center

of the sample. Thus when the edge is fourth or fifth stage the

11
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center is more dilute, conversely by the time the center has reached
fourth stage the edge is third. The reason for the uniform expansion
beyond third stage is unknown.

The correlation of thickness increase to stage and stoichiometry
is shown in Fig. 5. This is a plot of 100/% AsF, intercalated vs
to/ At. The circles are the theoretical values for n = 1 - 4 based
on CanAst and a c-axis thickness change calculated from repeat
distances (x-ray). The other data are from a number of independent
reactions in which experimental thickness change, gravimetric results,
and x-ray data were obtained. The excellent agreement demonstrated
in Figure 5 between experimental and theoretical values reflects the
predictable character of the reaction; this was further confirmed
by the uniformity of stage 1-3 samples indicated by x-ray analysis.
In contrast, the values of 100/% AsFg obtained from attempted stage
4 preparaticons are scattered, as expected from the previous discussion
and the experimentally observed mixed stage x-ray data obtained on
these samples.

The spontaneous staging observed in these ASFS intercalations
is an unusual phenomenon. While it has been known for some time that
a two-temperature system can be used to vary the stage of an inter-
calation compound by varying the temperature differential, we believe
the AsF; system is the first to exhibit spontaneous successive steps
in c-axis thickness under isothermal conditions which accurately
reflect the stage of the compound. All of the reactions observed
exhibited this staging, however, the location and duration of the
plateaux in terms of reaction time varied somewhat from sample to

sample.

12



SECTION III

Optical Reflectance

A. Measurement Procedures

The optical reflectance measurements had a twofold purpose.
One aspect is the determination of the reflectance of intercalation
compounds in the "middle" IR range, approximately 5-151u. The other
was the determination of the conductivity of the material through
analysis of the metallic edge which appears in the reflectance
spectrum. To cover both of these cases the reflectance spectrum
was measured from 17.7u (.07 eV) to .62u (2.0 eV).

The measurements were done originally by transferring the
sample from the reactor to a measurement ampoule equipped with a
KBr window. There were two drawbacks to this technique; first,
the transfer was a difficult and tricky procedure, and second, iﬁ-
was not possible to measure pure first stage because these compounds
always decomposed significantly during the transfer. Therefore an
in situ technique was adopted. Using it, we were able not only to
measure first stage but also to follow the entire reaction:; to ob-
serve the transition from semi-metallic behavior to metallic be-
havior. From a solid-state point of view, this may turn out to be
of greater significance than knowing the reflectance as a function
of stage.

Of greatest immediate significance was the discovery that some
decomposition had occurred on the surface during the transfer, an

insignificant amount on the scale of the bulk measurements but

13



enough to greatly alter the optical signature. Thus we learned
that it is necessary to perform the optical measurement in situ.

As mentioned in Section II, for the in situ optical measure-
ments it was impossible to measure the thickness of the compound
during the reaction. The method adopted for stage identification
was to continuously measure the changing Drude-like edge during
the reaction and to identify those curves for which the change
temporarily stooped as being characteristic of a certain stage.
Then, working back from stage 1 (identified by its characteristic
blue color), the other stagcs were identified. This procedure
is reasonable becavse both the thickness and the conductivity also
exhibit discrete "staging" phenomena.

The optical reflectance of the various intercalation compounds
was measured from 0.07-2.0 eV. An automated single-beam spectro-
meterH employing glass and CsBr prisms, a thermocouple detector,
and evaporated gold reference mirrors was used. Measurements were

carried out at near-normal incidence using unpolarized light with

edcC.

B. Results and Discussion

Observation of the emergence of metallic reflectance during
intercalation with AsFg was possible because of the adoption of
the in situ measurement technique. Typical results are shown in
Fig. 6. The curves labeled 1-3 were taken at 10 minute intervals;
fourth stage was achieved after 90 minutes. Note that a metallic

reflectance edge was observed well before fourth stage was achieved,

14



i.e., at low intercalate concentrations amenable to treatment by
the concept of the "dilute limit." e

In pure graphite no reflectance edge is observed because of
low-energy (~ .02 eV) interband transitions which occur near the
Brillouin zone boundaries. These are indicated in Fig. 7, which
shows a portion of the graphite m bands near the zone boundaries.
The presence of these transitions gives rise to a large imaginary

component of the core dielectric constant (E = 4,4 +1i1l

graphite
e 1.5 eV).'e which in turn broadens the would-be plasma edge
so drastically that it is not observed.

In the dilute limit concept the graphite band structure is
assumed to remain unchanged for low intercalate concentrations,
and the effect of intercalation is modeled as a change in the Fermi
enefgy.ls We see from Fig. 7 that as the Fermi level decreases
during intercalation of AsFg (an acceptor), the transitions near
the H point require an increasingly higher energy. Thus, as the
reaction progresses, these transitions are increasingly inhibited,
the imaginary contribution to the core dielectric constant is de-
creased, and the metallic reflectance edge is observed. It would
be interesting to determine the excess carrier concentrations, and
therefore the shift in Fermi level, for which the metallic behavior
appears. Unfortunately, the reaction does not proceed homogeneously
at such low intercalate concentrations.

At higher intercalate concentrations distinct stages are ob-

served. The reflectance of Asrsographite is shown in Fig. 8 for

stages 1l-4. The most striking feature of the stage 1 and 2 curves

15



is the simple metallic behavior -- the reflectance is high below
the plasma edge, the edge is sharply defined, and the minimum
reflectance is low. In common with other acid compounds,!’ the
first stage minimum is at 1.77 et and the material exhibits a
metallic blue color. Second and higher stages exhibit a silver color.
In Fig. 9 we compare the reflectance of third stage samples
measured in situ and using the original transfer technique. Both
types of samples showed weight uptake and x-ray signatures that
would indicate a pure third stage compound, yet their reflectance
is drastically different. By comparison with Fig. 8, it is evident
that the reflectance of the transferred sample acquired a predominantly
fourth stage character. As discussed elsewhere,'® a similar effect
is also obtained if the compound is subjected to a vacuum. Thus the
lack of an appropriate partial pressure of the intercalant in the
compound's environment results in deintercalation which evidently

commences at the surface. Evidence which suggests the desorption i

m

limited to the surface will be discussed below. In any event, it is
evident that optical reflectance measurements on pentafluoride inter-

)'?  must be

calation compounds (and possibly all acceptor compounds
performed in situ.

Because of the distinctly metallic behavior of these compounds,
Fresnel's equation for normal-incidence reflectivity can be fit to
the data using the simple Drude model to describe the dielectric

response of the free-carrier plasma:

2
- w

R A oo gt W

(W™ + iw /T)
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By doing this the plasma frequency wp and the scattering time 7
can be obtained; they in turn are related to conductivity by

2
o = wp T/4m . (2)

opt

To obtain the best fit to the data it was necessary to include
a small imaginary component of the core dielectric constant. This
indicates that some low-energy interband transitions still exist,
but their aggregate strength is approximately two orders of
magnitude smaller than in pure graphite. The results of the fitting
for stages 1 and 2 are shown in Fig. 10. For stage 2, the center
curve represents the data and the best fit; the other two curves
represent acceptable fits considering the measurement error. For
stage 1 the solid curve is the data and the dashed curve represents
the best fit. The plasma frequencies listed in Table 2 are well
established by the curve fitting; the conductivities are somewhat
less certain because of difficulties in establishing the correct
scattering time. The values quoted are obtained from the best fit.

In addition to the plasma edge, the fourth stage curve exhibits
a strong absorption at .56 eV. This absorption is presumed to be
a band structure effect since it appears early in the intercalation,
grows to a maximum at fourth stage, then disappears by second stage.
The origin of the absorption is unclear at present.

The reflectance of the third stage compound can be fit properly
only along the edge. The maximum reflectance is too low to yield
a reliable value for 1, so only mp is presented in Table 2. This is

undoubtedly caused by the remnant of the .56 eV absorption; to fit

17
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the data properly a Lorentz oscillator should be included in the
dielectric function.

It is evident from Table 2 that the first and second stage
values for Oopt are in good agreement with %3c" This is the ex-
pected behavior for a simple metal. Conversely, the plasma fre-
quencies for stage 2 and 3 are nearly identical, and mp for stage
1 is the smallest of the three. This is surprising in view of

the fact that the concentration of intercalated AsF5 is 3 times

higher for first stage than for third. Since

where n = carrier density and m'= effective mass, either the free
carrier generation per intercalated molecule drops rapidly for the
lowest stages or the effective mass coincidentally increases with
AsFS concentration. The availability of reliable data from Hall
measurements should resolve this question.

19

Comparison of 2nd stage data for ASFS and HNO3 compounds

shows the plasma frequencies to be very similar, but the o are

dc
different by a factor of 2.1. This implies that the high con-
ductivity of the AsFS compounds arises from a long scattering time.
Further evidence for a longer Tt is shown in Fig. 11; the sharvrper
plasma edge of the AsFS compound also implies a larger value for
the scattering time.

The reflectance of the AsF5 compounds exhibits an interesting

interstage behavior. From stage 3 and 2, when the compound moves

on to the next lower stage the plasma edge first broadens, then

18
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moves to a higher energy, and finally becomes sharp again. The

broadening of the edge implies a decrease in 1, which would be
consistent with the reduced interstage conductivity observed by
Foley, et al.?o However, the dependence of the reflectance on
material properties is complex, and the presence of only a small
amount of a second type of plasmon (i.e. carriers in the vicinity
of incompletely filled layers) is also capable of producing the
observed effect. Thus it is not possible to tell from optics

if the scattering time does in fact decrease between stages.

Observation of the behavior of air-exposed AsFg compounds
suggested the possibility of achieving acceptably high conductivity
and reflectance from compounds of high stage. A high stage inter-
calation compound would have the twin advantages of using less inter-
calant (therefore lower cost) and being of lower density.

Accordingly, a reaction was run with a quantity of .I\sF"3 cal-
culated to be sufficient to produce a stage 6 compound. The re-
action was run with standard techniques and conditions, and a re-
flectance spectrum reminiscent of stage 3 was obtained. X ray
analysis showed a mixture of stages 3 and 5; obviously the center
of the sample was still pure graphite.

In an attempt to homogenize the sample, it was heated to 105°C.
After two days little change was evident, and the x-ray spectrum still
showed a mixture of stages 3 and 5. The sample was then placed in
a 155°C oven. After 1100 hours it was checked again; the x-ray
spectrum indicated stage 6. It was necessary to transfer the sample
to a new ampoule for the reflectance measurements; it was also

weighed at this time (all under dry NZ)' The stochiometry was con-
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AT

siderably more dilute than expected (C AsF. instead of C AsFS)

64 48
and the reflectance spectrum was essentially identical to that of
pure graphite.

Two of the possible explanations for this behavior are that

either the reflectance of stage 6 AsF_ - graphite is little

5
different from pure graphite, or, the surface of the sample be-
came further diluted during the transfer to a new ampoule. We

regard the latter as the more probable. In any event it appears

that high-stage materials cannot be synthesized directly by the

simple process used for stages 3-1.




SECTION IV

ELECTRICAL CONDUCTIVITY

Several members of the group studying graphite intercalation
compounds at Penn have been involved in the investigation of trans-
port properties of ASFS—graphite compounds. The initial measure-
ments employed a four- or five-arm Hall bridge technique and were
carried out by T.E. Thompson. They indicated a conductivity increase
of 8-10 times over HOPG at second stage. These measurements were
afflicted by a poor repeatability. A separate series of measurements
employing a contactless RF induction method was performed by C. Zeller
and G.M.T. Folcy.'.l These measurements indicated an extremely high
conductivity for the lower stages, with a maximum value at stage

two rivalling that of silver. This section is a summary of their

work.

Measurements of the basal-plane conductivity, 0.+ were performed

using a contactless r.f. eddy~current loss technique. Details of

this technique are given elsewhere; "~ the two most significant features

are the contactless nature of the measurements and its insensitivity

to the c-axis Conductivity,nd and therefore to the anisotropy.
Independent measurements of O by means of a simple 4-probe d.c.
method inconjunction with a-axis data from the r.f. technique has
permitted determination of the anisotropy ratio «a; values obtained
for low stage compounds are o > 106.
Under conditions of such enormous anisotropy it is virtually
impossible to satisfy the basic premise of uniform current density
between the voltage contacts in a 4-point bridge measurement of

a-axis conductivity. At the current contacts the sample and the gold
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wire which introduces bias current form a current divider distri-

buting current unequally between the surface and bulk layers. The

quasi-two-dimensional nature of the material tends to preserve this
non-uniform current density as the current flows between the current
contacts. A careful study of the problem then, suggests two con-
clusions with respect to use of the 4-point technique for measurement
of basal plane conductivities in these materials. First, uniform
current injection at a current contact is essentially impossible to
achieve. Second, once injected non-uniformly, negligible current
spreading takes place between the current contacts for samples of

any practical length.

The magnitude of the latter problem is emphasized by consider-
ation of bridge sample aspect ratios (length/thickness). To allow
for small deviations from perfectly uniform current injection it is
desirable with an isotropic material to use bridge geometries with
an aspect ratio = 10. The ratio for typical (anisotropic) samples
of AsFS-graphite, 0.05 cm thick, is 40. Van der Pauw has shown
that mapping of the aspect ratio to that for an isotropic equivalent
sample is ~ul/2. For a = 106, therefore, the effective aspect ratio
for the Ast—graphite samples is = 0.04. Further, in order to achieve

a respectable ratio of 10 the sample thickness would have to be

12

2um, which is impractically small.

Figure 12 shows in situ r.f. data, AT (where T - 2n/w and w is
the frequency of oscillation of the system) versus time. The inter-
calation process is seen to be well behaved showing plateaus where

little change in signal is observed over a finite time period. This
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phenomenon is generally referred to as staging; each plateau can

be identified with a particular stage n. A corresponding plot

of relative c-axis thickness change At/to versus time shows plateaus
at similar locations. The upturn in AT at the end of a plateau
before that in At/to is a characteristic feature of the interca-
lation process in AsFg compounds. The point of completion of a
uniform stage is found to correspond to the end of a plateau in the
At/to versus time plot asindicated on Figure 12, This well defined
staging makes AsFg compounds particularly attractive for study
since preparation of low stage compounds of a single unique stage
is relatively straight forward.

Shown in Figure 13 is a plot of 0, versus stage from r.f. data
for both in situ samples and those of fixed stage, The conductivity
peaks at stage 2. Scatter in the data arises largely from sample
to sample variation rather than uncertainties in the measurement.
The highest observed conductivity is therefore assumed to be the
most representative value for a particular stage in the sense of
being that for a sample closest to ideal. We have concluded that
Ast-graphite has a peak a-axis conductivity a. = (6.3 + 0.7) x 105
(s'2cm)-1 at stage 2 where the quoted error is the experimental
uncertainty. This value must be regarded as conservative however,
since corrections for sample imperfections of any kind all tend to
increase the calculated conductivity.

Figure 14, c-axis conductivity data versus stage from d.c.
4-point c-axis measurements, shows a U which decreases monotoni=-
cally with progressive intercalation. This behavior is common to

other acceptor compounds as well. This is a result of decreasing
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orbital overlap concommitant with the ¢ spacing increase that

occurs with intercalation., Using values for o  from r.f. measure -
Q

.
ments we find an anisotropy ratio a > 100 for n > 3, Note that
stage has been determined in these measurements by c-axis thickness
change. The data points for stages 4 and 5 therefore, where

staging is generally imperceptible, are likelv to corresnond to an

imperfectly uniform staqe.

Both the basal plane conductivity B and the anisotropy a for
C16As!~‘5 are larger than ever previously observed in a well charac-
terized graphite intercalation compound. The high anisotropy arises

from both a large increase in O and a large decrease in B compared

<

to the pristine graphite. The decrease in Oq is a general feature
of the acceptor intercalation compounds. ifurther, there appears to

be an associated correlation between IC, the c-axis repeat distance,

2 &

0 2
and the c-axis conductivity. o . 8.1 A for CgAsF compared with

) [\
7.89 A, 7.82 A and 7.03 A for the first stage bisulfate, nitrate
and iodine monochloride compounds respectively. The trend in O 1s

28

the exact inverse.
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SECTION V

GRAPHITE FIBERS

Intercalation of graphite fibers with Asl‘5 has been accomplished
using the standard techniques developed for HOPG. Two different types
of fibers were used in this preliminary work, Union Carbide type
UC308 (pitch base) and GY70ST (PAN base). They were mounted to
ceramic substrates with gold paste; in situ 4-point resistance measure-
ments were performed continuously as the room-temperature vapor phase
intercalation progressed.

The resistivity of these fibers was approximately 300 and 1000
usl cm, respectively. Exact values cannot be quoted because fiber
diameter was not known, and investigations using an electron micro-
scope showed a variation of *40% in fiber diameter within a piece
of graphite yarn. It is for this reason the results of intercalation,
shown in Table 3, are given in resistance rather than resistivity.

It is evident that complete characterization of intercalated fibers

will be a tedious procedure involving measurements of fiber diameter

before and after intercalation, and resistance measurements during
intercalation on the same single fiber. X-ray analysis of single
fibers to determine the stage of the intercalation compound is also
a slow process, typically requiring . 5 days. °

Intercalation of the UC308 fiber was complete in 20 seconds,
while the GY70ST fiber required approximatelv 5 hours. This pro-
bably reflects the time necessary for the AsFg to strip the sizing
from the GY70ST fiber. The ultimate decrease in resistance, as
shown in Table 3, was a factor of 28 for the pitch fiber and 12.8

for the PAN fiber. It is tempting to conclude that the more perfect




| -

graphite structure of the pitch fiber results in a larger resistance
decrease upon intercalation, but this is not yet established. We
are attempting to acquire some 120 uQcm regraphitized Thornel P
pitch fiber to determine its behavior upon intercalation with AsFS.
The results of those measurements should show such a trend if it
exists.

As mentioned above, both types of fibers were observed with a
scanning electron microscope (Philips 500). This investigation
showed, in addition to the aforementioned variation in fiber dia-
meter, a large number of fiber defects and a dramatic apparent
difference in the basic structure of the two types of fibers. The
defects were typically V-shaped gouges running parallel to the fiber
axis, Y-shaped split fibers, or a "peeling" of carbon layers from
the outer surface of the fiber. Typical defects are shown in Figqg.
15. A significant difference in the stacking of carbon layers was
observed by looking at broken ends of various fibers. This is
illustrated in Fig. l6a for the GY70ST PAN fiber, and in Fig. 16b

for the UC308 pitch fiber.
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SECTION VI
STABILITY

AsF_-graphite intercalation compounds are stable sealed in

5
small (<1 ml) pyrex ampoules under dry nitrogen, but decompose

under dynamic vacuum. The stage 1 compound actually explodes

when instantly exposed to vacuum at ambient temperatures, indi-
cating a fast intial rate of de-intercalation under these conditions.
Under static vacuum in a 10 ml vessel one sample (46.5 mg, 5.5 x 8mm)
went from Cghsrs to C11.4A8F5 in 5 hours. An additional hour under
dynamic vacuum produced 014_3A8F5 and 16 hours, C26AsF5. The weight
lost by the sample (direct weighing) corresponded to the number of

moles of de-intercalated material (P,V,T measurement) if that material

was assumed to be ASFg. This is significant as it implies that AsFg

is not altered in the intercalation processS.

Given the indications that Ast-qraphite has a conductivity as
high as the best metals, *he stability of these compounds when exposed
to normal air is an important question. The environmental stability
generally decreases with increasing AsF5 composition. The lowest stages
decomposed rapidly when exposed to moist air, while samples of mixed
higher stages displayed an insignificantly small weight loss even when
exposed to air for long periods. First and second stage samples
exhibited gross exfoliation and emission of fumes of white solids
(i.e. white smoke). The decomposition was more violent for first
stage than for second. Third and fourth stage compounds were more
stable, showing no obvious mechanical deformation or emission of

fumes. For these more dilute compounds, the typical reflectance

27



change was a drastic broadening of the plasma edge and only small

charges in the reflectance magnitude below . .15 eV,

Two preliminary tests of environmental stability on HOPG
compounds were carried out. First, a measurement ampoule containing
a sample of first stage AsFS—graphite was filled with water. The
sample was completely submerged for about 5 minutes, during which
time it expanded greatly along the c-axis, filling the ampoule's
cross-section. It was then removed, and its reflectance spectrum
was found to be similar to that of a third stage compound. This
surprising result was far better than what had been expected.

Next a third stage sample was exposed to normal air while its
reflectance was monitored constantly. The reflectance edge broadened,
indicating surface decomposition to a stage a little more dilute

than fourth stage, nevertheless the reflectance for wavelengths

greater than 5u remained well above 96%, The deterioration in
the edge stabilized after a day; it remained the same for 1100
hours. During this time there was no measureable weight loss and
no change in conductivity.

The sample was checked periodically; its conductivity remained
constant while the surface tarnished and precluded further useful
optical measurements. The sample has now passed an age of 7100 hours;
its conductivity is still unchanged at 1.7 uQcm. It should be
noted that it was carrying no current between measurements. FElectro-
migration effects might cause rapid deterioration of these compounds

when a constant flow of current exists.
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SECTION VII

Summary

A comparison of Asrs-graphite with the other group V penta-
fluoride, Sbrs. known to intercalate in graphite is instructive.
AsFg requires both milder reaction conditions (temperature) and
shorter reaction times to reach the same stage of intercalation.?
The stability of the resultant AsFg compounds under dynamic vacuum
is lower than their SbFs counterparts. Despite the fact that the
intercalation process is much faster with AsFS, physical distortion
other than the expected c-axis expansion of the graphite is not
observed, unlike the visually apparent edge fraying in SbF5 inter-
calations. AsFg intercalation reactions are much easier to terminate
at a desired stage due both to more accurate c-axis thickness measure-
ments (no edge fraying) and to definite "staging"; this behavior
leads to more uniform materials. Finally, as expected, the c-axis
repeat distances for comparable stages are smaller for the Ast-
graphite by the approximate difference of the covalent diameter

of Sb and As (dg - d, = 0.40 1; AT, = 0.368).

A
Graphite—Ast intercalation compounds of the lowest three stages
exhibit a simple metallic optical reflectance. Measurement of the
reflectance must be performed in situ to obtain accurate results.
Comparison with the reflectance of pure graphite indicates a large
reduction in interband transitions for the compounds. Using a

one-carrier Drude model, curve fits to the plasma edge gave con-

ductivities in good agreement with the dc values for stages 1 and 2;
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for stage 3 and 4 the absorption at .56 eV must be properly taken
into account before a good fit can be obtained. Plasma frequencies
were established for stages 1-3; once Hall data is available both
effective mass and free carrier generation per intercalated molecule
can be determined. Comparison of stage 2 data for HNO3 and AsF5
compounds indicates that the source of the high conductivity in
Ast—graphite is a long scattering time.

Careful studies at room temperature on well characterized
samples show that Ast-graphite is the most nearly two dimensional
graphite intercalation compound studied to date having an anisotropy
ratio a in excess of 106 for stage n < 3. In addition, the material
shows a room temperature basal plane conductivity at stage 2

9, = (6.3 + 0.7) x 105(Qcm)'1, which is comparable with the best

naturally occurring metals.
High optical reflectance, high electrical conductivity, and
promising stability are found for stage 3 Ast-graphite. This

material has the greatest potential vet seen for becoming a practical

synthetic metal.
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SECTION VIII
TABLES AND FIGURES

OBSERVED C-AXIS REPEAT DISTANCES, Ic, THEORETICAL AND

EXPERIMENTAL THICKNESS EXPANSION RATIOS (At/to) FOR

~GRAPHITE AND THEORETICAL X-RAY PENETRATION DEPTHS.

ASF5

At/to/theory At/to/ex d(cm)

1.42 1.41 .02

S .02

.47 .02

Calculated from u./p. ratios taken from International Tables

for X-ray Crystaliog%aphy, Vol IV, Editors James H. Ibers
and Walter C. Hamilton, The Kynock Press, Birmingham, England.




TABLE 2

CONDUCTIVITY AND PLASMA FREQUENCY FOR SEVERAL

Compound

AsF

AsF

AsF

(S T B S |

W

stage
stage
stage

stage

1
2

3

ASF. AND HN03—GRAPHITE COMPOUNDS

5

Oopt ' (Q‘Cm) g

1

4.9 x 10°

3.1 % 16°

Ogcr (R~cm) ™2

e e e e

4.9 x 10°

6.3 x 10S

5.6 x 10°

3.0 x 10°
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to vacuum line

’l I!-‘-——— 12/30 ground joint
<

1/2" Swagelok cap ———&=—

.020" Pt wire ———r—

Sample Placement

— ></‘____ Kontes teflon valve
vapor intercalation

LR 4

N

\,,_ 1/4" 0D Pyrex

\

- 1/2" 0D Pyrex

Fig. 1. AsF,

Intercalation Apparatus
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TO VACUUM LINE

172" SWAGELOK —=

CAP
172" 0D PYREX ——=—
KONTES TEFLON
1 VALVE

S 1
QUARTZ - PYREX e
TRANSITION —— =" L
]
3x7 mm ID QUARTZ
SAMPLE

Fig. 3. Apparatus for In Situ Optical Measurements.
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Fig. 7. Graphite n Bands

Slonczewski-Weiss-McClure Model
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Fig. 8. Optical Reflectance of Stage 1-4 Ast-Graphite Compounds.
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Fig. 15. Typical Gross Mechanical Defects in Graphite Fibors.
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B. PITCH

Fig. 16 . Broken Ends of a) PAN and b) Pitch Base Fibers.
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APPENDIX

A 1 Introduction

This Appendix reports on the results obtained in the period
12/76-8/77 on Task B of the main contract F33615-75-C~5231. Task
B was established with ARPA funds as a one-time renewal of the last
ARPA contract with LRSM, F44620-75-C-0069, which ended in June 1976.
The total funding of Task B was $57,000.

Three projects were encompassed in Task B: materials synthesis,
low-temperature specific heat and theoretical studies. The first
two were relatively minor seed efforts, summarized below. About 80%
of the effort was in the theoretical area which is discussed in
detail in section A2 and A3.

The emphasis in materials synthesis was to establish the funda-
mental chemistry of the graphite—Ast system. The knowledge gained
here is being applied in the followon program on fibers by Profs.
Vogel and Forsman. A publication on this work will appear in the
March 1978 issue of Inorganic Chemistry.

A small portion of the total budget was allocated for supplies
and salary for Prof David Onn, who was on sabbatical from the
University of Delaware. Prof. Onn established the feasibility of
performing low-temperature specific heat measurements on HOPG-based
intercalation compounds. This experiment provides a direct measure
of the electronic density of states, and thus serves as a sensitive
test of the accuracy of band structure calculations. The relatively
minor imput of funds from Task B has given Prof. Onn an excellent

head start as he continues these studies with support from AFOSR.
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A2-1 Theoretical Studies

Background and Approach

A two-level approach was adopted in our effort to gain insight !
in the basic electronic structure of graphite intercalation compounds.
As a first step C6Li was chosen for a detailed and rigorous study
of its electronic structure. The second step will be to use the
understanding gained in such a study to develop a more approximate
model that may be applied to large numbers of compounds for comparative
studies of their properties.

C6Li was chosen for the initial studies due to its relatively
simple structure and high symmetry, which tend to reduce the com-
putational difficulties. However, this choice has proved fortunate
due to the fact that the experimentalists at University of Pennsylvania
are now routinely preparing C6Li and conducting experiments on it.

A modification of the KKR (Green's function) technique was used
in the calculations of the energy band structure of C6Li. Due to

the fact that graphite intercalation compounds in general and C6Li

in particular are highly anisotropic, the traditional muffin-tin

model for the crystal potential was judged not to be suitable. This

proved to be correct and Figures Al and A2 clearly demonstrate the
anisotropy of the potential around C and Li sites. For this reason
the calculations were carried out in two steps. First the potential
was taken to be anisotropic in the atomic spheres (this required a
modification of the traditional KKR formalism); however the potential
was still taken to be constant in the interstitial regions. The

Schrodinger equation was solved for this potential and the resulting

wave functions were used to obtain the corrections to the energy

levels due to the spatial variations of the actual potential in the

14 interstitial region. These corrections proved to be very significant.
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A2-2 Energy Bands

The results reported here were obtained with CG'Li+ potential.
Results for the CGLi potential differ only in detail. The energy
levels for the Cs—Li+ potential have been calculated over an energy
range of 2.5 Rydbergs along the high symmetry directions A, I, R, S,
and T as well as at the high symmetry points T', A, M, K, L, and H
in the Brillouin zone. They have also been calculated at several
special points in the zone which will be necessary for our subse-
quent studies of bonding, charge transfer, etc. The final results
are shown in Fig. A3, where the I' bands are shown by dashed lines
everywhere except in A direction, since for this direction the nature
of the same bands may change from Il to ¢ and vice versa. The lithium
s band interacts with the Co levels at T and in £ and T directions,
while it interacts with Cn levels at A and in R and S directions in
the Brillouin zone. Thus the empty lithium s band has significant
dispersion along the I'-A direction in contrast to occupied bands
whose dispersion is essentially characteristic of two dimensional
graphite. In addition,low-lying bonding I band (LZ- - R, - A1+)
interacts sigrificantly with Li s states, presumably forming a co-
valent type bond.

In order to study the Fermi level bands of CGLi in greater
detail, they were parameterized by a simple tight-binding model.
From the detailed calculations, it was found that the wave functions
near the Fermi level are composed primarily of weakly bonding-anti-
bonding Cn orbitals with a small admixture of Li s and p orbitals,

and very small admixture of Co orbitals. In order to minimize
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A2-2(Cont'd)

the number of fitting parameters, the C0 orbitals were excluded from
the tight-binding model. Although the Li bands, which interact with
both Cn bands C0 bands, are highly distorted in this model, the Cn
bands near the Fermi level, can be represented to a good approximation.
With this model, the density of states of the Il bands was calculated
and the Fermi level located at =~0,.483 Ry.

There are two electron Fermi Surfaces, each corresponding to
one of the weakly antibonding levels crossed by the Fermi level, both
extending from the upper (A) plane of the Brillouin zone to the lower.
Both surfaces have a smaller cross section at the center of the zone
than on the A plane. The outer surface exhibits a more pronounced
assymmetry and comes into contact with the sides cf the Brillouin
zone at L, resulting in hole like orbits., Fig. A4 shows a perspective
drawing of the Fermi surfaces.

Due to the A-A stacking of the carbon sheets, the band structure
of C6Li, excluding the Li s band, is very similar to the band structure
of two-dimensional graphite layer calculated by Nagayoshi et al ,
folded to the smaller zone of C6Li.

The different sheets of the Fermi surface are direct consequencea
of the band folding. 1In fact, if one takes the 2-dimensional graphite
bands, and adds one electron, folding the resultant Fermi surface into
the C6Li Brillouin zone, one obtains a cross section of the Fermi
surface very similar to that obtained in the more detailed calculations
at the zone center. The position of the lithium s band suggests

that there is a sizable transfer of charge between the Li and the
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graphite layers. The Fermi level electrons have negligible lithium
s character. However, certain states below the Fermi level have

some lithium s character, indicating a covalent component in the
interlayer bond.

The energy bands and the position of the Fermi level indicate
that CGLi has metallic reflectivity modified by weak absorption below
about 4 eV. This is in agreement with the experimental data . The
first significant critical point interband optical transitions occur
at M (M2++M4—) and at L (L1+*L3—) corresponding to energy of 3.75 eV.
The lower energy weak absorption is due to transition between the
nearly degenerate T4»T, and §3*S, states near the Fermi level.

The Fermi surface indicates that for a magnetic field along the
c-axis we should observe at least two resonances due to the two
electron orbits in the M~I'=K plane,.

A2-3 Charge Density

The calculated wavefunctions were then used to obtain the charge
distribution in the unit cell., The detailed results are included here
in form of a reprint of the paper "Charge Distribution in CGLi“ to
appear in Journal of Material Science and Fngineering, The results
indicate that the anisotropy of charge density far exceeds the expected
value and the commonly accepted dipole-like charge distribution does

not hold for CsLi.
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Charge Distribution in CglLi

L. A. GIRIFALCO and N. A, W. HOLZWARTH

Department of Metallurgy and Materials Science and Laboratory for Research on the Structure of Matter, Univer

sity of Pennsylvania, Philadelphia 19174 (U.S.A.)

SUMMARY

The valence electron charge density of CylLi
has been evaluated from a knowledge of the
band structure and is presented along various
directions in the crystal. The results illustrate
the large anisotropy of this material. It is
difficult to quantify a degree of ionization.
However, the following qualitative picture
emerges. The highest occupied states originate
from the a-bands of graphite. These are
spatially concentrated near the graphite layers
with peak densities approximately 1 A from
the centers of the layers. Occupied low-lying
bonding bands hybridize with the metal band
so that the valence density of Cgli has an s-
wave-like cusp at each Li nucleus.

RESUME

La densité de charge de l'¢lectron de valence
de LiCg a ét¢ évaluce a partir de la connais-
sance de la structure de bande, et est donnée
le long de directions du cristal. Le résultat
illustre la grande anisotropie de ce mateériel,

Il est difficile de donner des valeurs quantita-
tives du degré d'ionisation, cependant ce sché-
ma donne une bonne idée qualitative. Les
atats occupés de plus haute énergie viennent
des bandes 7 du graphite. Elles sont concen-
trées dans l'espace prés des couches de
graphite avec des maxima de densité situés a
environ 1 a.u. du milieu des couches. Les bandes
de liaison s’hybrident avec la bande du
métal, ainsi la densité de valence de LiCg
présente une discontinuité de l'onde s au
niveau de chaque atome de lithium.

1. INTRODUCTION

The most important feature of the binding
in graphite is its extreme anisotropy. Within
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a layer, the atoms are held together by strong
covalent bonds, while the interaction between
layers is of the weak van der Waal's type. In
fact, the cohesive energy of graphite is 171
kcal/mol, whereas the contribution to the
cohesive energy from the interlayer inter-
actions is computed to be only 1.9 keal/mol
from a study of the van der Waal's
interactions across layers [1]. Graphite, of
course, is much more compressible in the
c-direction than in the adirection, and nearly
all of the compressibility is attributable to the
inter-layer interaction. In fact, data on the
equation of state of graphite |2, 3] is well
represented by the theory of the van der
Waal's interlayer interaction | 1).

The nature of the chemical bond in the
alkali metal graphite compounds has been
studied by Salzano and Aronson [4 - 9]. On
the basis of the properties of these
compounds and their own thermodynamic
measurements, they proposed an ionic model
in which the metal atoms ionize by transfer-
ring electrons to the graphite sheets, which
become negative macro-ions. It is instructive
to consider the evidence cited for this model:

(1) The compounds are highly conducting
in the a-direction and less so in the edirec-
tion.

(2) The temperature coefficient of resistiv-
ity is positive.

(3) Optical data can be understood in terms
of plasma oscillations of “free™ electrons.

(4) The interplanar spacing of graphite
metal-graphite sandwich (GMG) is the sum of
the ionic diameter of the'metal and the van
der Waal’s thickness of a carbon layer [10].

(5) The thickness of a GMG sandwich is
the same for different stage compounds of a
given metal.

(6) The heat of formation of a given metal
with graphite decreases with increasing stage,
50 that the more dilute compounds are more
stable.
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(7) An analysis of the ionic model using
image force theory to compute the interac-
tion between metal ions and graphite sheets
yields results that are consistent with the
thermodynamic data.

(8) NMR measurements [11] show that the
Knight shift for Cs' in cesium-graphite is
much closer to that for cesium salts than for
cesium metal. This has been interpreted to
mean that the cesium is completely ionized in
the lamellar compound.

I'his list requires some comment. In the
first place, the first three items, along with
the other electronic properties discussed
previously, indicate that the compounds are
anisotropic metals. In themselves, the
electronic properties do not demonstrate the
1onic nature of the compounds. Also, they do
not preclude their being ionic, since the
metallic properties may arise from mobile
electrons in ionized graphite layers. Item 4 is
not compelling evidence for the ionic model,
since the outer electron wave functions in
graphite can be distorted by the presence of
the metal. The assumptions that an invariant
van der Waal's radius exists for the graphite
is then in doubt. Item 5 implies that the inter-
actions among (GMGQG) layers are not sufficient
to seriously affect the spacings in a (GMG)
layer. This would probably be true whether
the (GMGQ) layer were ionic or not. In fact, if
the 1onic model is assumed to be correct, it
is peculiar that the (GMG) layer thickness
is the same in the first stage as in higher
stage compounds of a given metal. In the
second (or higher) stage compound, each
metal atom that ionizes transfers one-half
electron to each adjacent graphite sheet.
However, in a first stage compound, each
graphite sheet acquires an entire electron
from each ionized metal ion. Furthermore, in
the first stage CgM compounds, a metal layer
has 50% more atoms per cm? than in the sec-
ond (and higher) stage compounds. The
transferred charge density is thus three times
higher in the first stage compounds and one
would expect that the (GMG) layer thickness
would be smaller than in the higher stage
compounds. Item 6 is important evidence for
ionization, since it is difficult to see how long
range influences can be exerted along the c-
direction in these compounds without invok-
ing electrostatic forces. However, ionization
implies a complete transfer of an electron
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from the metal layer to the graphite layer.
This need not be the case.

The theoretical analysis mentioned in item
7 is suggestive, but does not demonstrate
unequivocally that the ionic model is correct,
since it contains serious approximations.

Item 8 can certainly be interpreted as evi-
dence for ionization. However, the Knight
shift data only states that the density of
Fermi level s-electrons is negligible at the ce-
sium nuclei.

The question of ionization is certainly
unsettled. What is needed is information on
the distribution of clectron density in the
crystal. This paper presents the results of a
theoretical study of the electron density in
CgLi, and the implications of these results for
chemical binding and 1onization.

2. METHOD OF CALCULATION

The electronic band structure of Cgli was
calculated by accurate numerical solution of
the Schroedinger equation for an electron
in an assumed crystal potential, as described
elsewhere [12). The crystal potential used in
the present work was generated from
Herman-Skillman [13] charge densities for
C Y8(sp2p?’¥)and Li' ions. Qualitatively
similar results were obtained with a crystal
potential generated from charge densities of
the neutral atoms: we are therefore assured
that lack of self-consistency is not a serious
limitation of the present results [12].

From the electronic band structure, the
charge density of Cgli was calculated by
summing the squared magnitudes of the nor-
malized wave functions of the occupied states
in the following approximate manner. For
each occupied band, a special point integra-
tion procedure [14], using the single special
point kg = 2/3 'M + 1/2 I'A [15], was used to
estimate the integral over the Brillouin zone.
The electron density contributed by each par-
tially occupied band was estimated from the
density corresponding to the average over the
entire band, weighted by the fractional
occupation number of the band. The fraction-
al occupation numbers were estimated from
the integrated density of states computed for
the LCAO interpolation model of the Fermi
level bands [12]. The chgice of the single
special integration point, kg, enables an exact
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Fig. 1. Valence electron d«nsity of CgLi obtained
from band structure calculation (full line) compared
with valence density of superposed atoms (dashed
line). Plot is along Li~Li nearest neighbor distance
in a Li plane.

treatment of terms in the Fourier expansion
of the integrand [16] corresponding to all
lattice translations of magnitude less than or
equal to the third largest lattice translation.
The lattice parameters for CgzLi have been
determined by Guérard and Hérold [17].

The electron density was computed in five
equidistant planes parallel to the graphite
layers: the lithium plane (plane 1), the gra-
phite plane (plane 5) and three planes bet-
ween the graphite and lithium (planes 2, 3
and 4). Computations were also done at a
number of points not in the planes, such as
the line joining a carbon atom to its nearest
neighbor lithium atom.

For purposes of comparison, the electron
density from free neutral atom wave func-
tions, C(2s2p?p.) and Li(2s), (computed from
a Herman-Skillman [13] program) was super-
posed to give the electron density that would
result in CgLi if the atomic wave functions
were superposed without distortion.

3. ELECTRON DENSITY RESULTS

Figures 1 - 5 show the electron density
along lines formed by the intersection of a
plane parallel to the c-direction and going
through the line joining two nearest neighbor
lithium atoms in the lithium plane, with each
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Fig. 2. Valence electron density of CgLi as described
in Fig. 1. Plot is along line parallel to that of Fig. 1,
in a plane % of the distance from a Li plane to a C
plane.
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Fig. 3. Valence electron density of CgLi as described
in Fig. 1. Plot is along line parallel to that of Fig. 1, in
a plane % of the distance from a Li plane to a C
plane.

of five equidistant planes parallel to the gra-
phite layers. Thus, Fig. 1 shows the density
along the line joining nearest neighbor Li
atoms in the lithium plane, while the other
Figures (2 - 5) refer to lines directly above the
Li-Li bond line. The origin of distance is on

a lithium atom (on plane 1) or directly above
it (planes 2 - 5). The last point on each curve
(distance = 4.068 au) is midway between
two nearest-neighbor lithium atoms (plane 1).
Note that plane 5 is the graphite plane, and
that the distance between each adjacent pair
of the five planes is 0.8756 A.

The following results emerge from Figs.
1-56:

(1) In the lithium plane, the electron densi-
ty is relatively constant along the lithium-
lithium nearest neighbor line,except, of course,
near the lithium nuclei.
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Fig. 4. Valence electron density of CgLi as described
in Fig. 1. Plot is along line parallel to that of Fig. 1,
in a plane *i of the distance from a Li plane to a C
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Fig. 5. Valence electron density of CgLi as described
in Fig. 1. Plot is along line parallel to that of Fig. 1 in
a C plane. The plot between 2.712 and 4.068 A is
along a C—C bond.

Fig. 6. Valence electron density of CgLi as described
in Fig. 1. Plot is along Li Li next nearest neighbor
distance in a Li plane.
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Fig. 7. Valence electron density of CgLi as described
in Fig. 1. Plot is along line parallel to that of Fig. 6 in
a plane % of the distance from a Li plane to a C
plane.

(2) As we move up in successive planes
towards the graphite layer, the electron densi-
ty becomes more non-homogeneous, until {
a cusp forms at the carbon nucleus in plane
5. The effect of this carbon nucleus is clearly
seen in the maxima in planes (2 - 4).

(3) Relative to the superposition of atomic
densities, there is a shift of electronic charge
towards the graphite layer. Near the lithium
plane, the electron deficit (relative to atomic
superposition) is spread out, but near the
carbon plane, the electron surplus is piled
up near a carbon atom. ‘

Figures 6 - 10 are a series of electron densi-
ty plots in five equidistant parallel planes
defined just as for Figs. 1 - 5. The line along
which the electron density is plotted in Fig.

6 joins second nearest neighbor lithium
atoms, and the lines to which Figs. 7 - 10
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Fig. 8. Valence electron density of CgLi as described
in Fig. 1. Plot is along line parallel to that of Fig. 6
in a plane 'z of the distance from a Li plane toa C
plane.
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Fig. 9. Valence electron density of CgLi as described
in Fig. 1. Plot is along line parallel to that of Fig. 6
in a plane 3/4 of the distance from a Li plane to a

C plane.
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Fig. 10. Valence electron density of CgLi as described
in Fig. 1. Plot is along line parallel to that of Fig. 6
in a C plane.

refer are those in successive planes above the
Li-Li second neighbor line. From this set of
Figures, we get the following results:

(1) The electron density is lower and not
as homogeneous along the 2nd neighbor Li—
Li line than along the first neighbor Li-Li
line (Fig. 1) in the lithium plane, although
the magnitude of electron density is not very
different in the two directions.
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Fig. 11. Valence electron density of CgLi as described
in Fig. 1. Plot is along a line parallel to the c-axis
starting at a point in a Li plane, not at a Li nucleus,
and ending at a point in a C plane at the center of the
C hexagon.

(2) In and near the lithium plane, there is a
deficit of electrons relative to the superposi-
tion of atomic densities, while near the
graphite plane there is an electron surplus.
This surplus is concentrated around a point
midway between two carbon atoms in the
graphite layer, i.e., in the middle of the car-
bon-carbon bond.

An idea of the non-homogeneity of the
electron density in regions away from the
atomic nuclei can be gained from Fig. 11.
This Figure shows the electron density along
a line in the direction of the c-axis, going
through the center of a carbon hexagonal
ring, but not through a lithium atom. The
origin of Fig. 11 starts in the lithium plane,
and the last point is at the center of a carbon
hexagon. The density varies by an order of
magnitude along this line, but is in the range
of the density of the interstitial regions in
metals. All along the line, the density calculat-
ed from the band structure results is less
than that obtained from the superposition of
atomic densities.

Figure 12 shows the electron density along
a line joining two carbon atoms directly
above each other in adjacent planes, starting
at the lithium plane. This clearly shows that
the band structure densities are lower near the
lithium plane and higher near the graphite
plane, relative to the atomic superposition
results.

Figure 13 shows the electron density along
a line joining a lithium atom to its nearest
carbon neighbor. This displays the pile-up
of electron density near the carbon atom at
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Fig. 12. Valence electron density of CgLi as described
in Fig. 1. Plot is along a line parallel to the c-axis
starting at a point in a Li plane, not at a Li nucleus,
and ending at a C nucleus.

the expense of the region around the lithium
atom (relative to the superposed densities).

The density along a line parallel to the c-
axis and joining two lithium atoms in adja-
cent lithium layers is shown in Fig. 14. The
origin is at a lithium atom, and the last point
is in the carbon plane (at the center of a
carbon hexagon).

To get an overall picture of the variation of
the electron density in the cdirection, the
average density in each plane perpendicular to
the c-axis was computed. The results are
shown in Fig. 15. As expected, most of the
electrons are near the carbon plane, and
there is a general shift of electrons towards
the graphite plane, relative to the superposed
atomic electron densities.

In the compound, it is of course not poss-
ible rigorously to separate out that part of the
electron density which originates from the
lithium atom. However, the band structure
calculations [12] show that the filled bands
in CgLi have a structure remarkably close to
that in pure graphite. It therefore seems
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Fig. 13. Valence electron density of CgLi as described
in Fig. 1. Plot is along Li to C direction.
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Fig. 14. Valence electron density of CgLi as described
in Fig. 1. Plot is along a line parallel to the c-axis
starting at a Li nucleus and ending at a point ina C
plane at the center of a C hexagon.
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Fig. 15. Valence electron density of CgLi as described
in Fig. 1, averaged in each plane and plotted us.
distance from a Li plane to a C plane.
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Fig. 16. Electron density contributed by partially
filled graphite m-bands (full line) compared with
superposed Li 2s atomic densities (dashed line), each
averaged in a plane and plotted uvs. distance from a
Li piane to a C plane.

reasonable to identify the density of electrons
in the partially filled n-bands as having
originated from the lithium atoms. While this
is not strictly correct, it allows us to examine
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Fig. 17. Electron density contributed by partially
filled graphite m-bands (full line) compared with
superposed Li 2s atomic densities (dashed line),
plotted vs. distance along a Li to C line.

the electron density of the mobile electrons
without the masking effect of the large
number of electrons in the filled bands. We
therefore computed the electron density in
the partially filled bands. This quantity was
averaged over each of five planes perpendicu-
lar to the c-axis and is plotted in Fig. 16, along
with the lithium electron density obtained
from the superposition of the lithium atom in
the CgLi structure. The average conduction
electron density differs markedly from the
superposed electron density. The area averag-
ed electron density from superposition of
lithium orbitals is nearly constant (within
a factor of two) in the c-direction, while
the area averaged effective lithium electron
density has a pronounced maximum about
three quarters of the way from the lithium to
the graphite plane. There is a total of one-
half electron from each lithium atom between
adjacent lithium and graphite planes.

Figure 17 shows the conduction electron
density and the superposed lithium electron
density along a line joining the lithium atom
to its nearest neighbor carbon atom. This
shows the extensive transfer of electrons from
lithium to carbon.




4. CONCLUSIONS

A much debated question has been the
extent to which the intercalant is ionized
in intercalated graphite compounds. There is
no doubt that in CgLi, there is one electron
per lithium atom in partially filled bands,
and Li is therefore completely ionized in that
sense. For chemical binding, however, it is the
real space ionization that is important, and
with which we are concerned. Our results
show that the electron density in CgLi is
very non-homogeneous and anisotropic, as
would be expected from the crystal structure.
A useful definition of ionization or charge
transfer is therefore difficult to find. As
emphasized several times (18], definitions of
charge transfer depend on definitions of
atomic volumes and are not unique. In highly
symmetric structures, it is useful to define
atomic cells as all having the same volume.
This gives a definition of ionization (e.g, in
intermetallics) that permits straightforward
separation of the energy into Madetung and
atomic cell terms. For CgLi, the structure
cannot be analyzed into high symmetry,
space-filling atomic cells, so the concept of
ionization is not very useful.

An idea of the heterogeneity of the charge
distribution can be obtained directly from the
Figures. However, the amount of charge near
the lithium and graphite layers is of interest.
In a two-dimensional model which ignores
structure within the graphite and lithium
layers, it is natural to define planes parallel
to the layers, midway between a graphite
and an adjacent lithium layer. The “lithium
region” can then be defined as the region
included between the two such planes on each
side of a lithium layer. By integrating the
curves of Fig. 16, we find that the band
structure densities give 0.3 of a conduction
electron in the lithium region, while the
superposed densities give 0.56 of a conduc-
tion electron in the lithium region per li-
thium atom. This just states that the conduc-
tion electrons are spatially concentrated near
the graphite layer. However, the integration
procedure is doubtful in this case because of
the small number of points, so this number
is quite uncertain. Integration of the total
electron density (Fig. 15), however, shows
that 2 electrons per lithium atom are in the
lithium region, according to the band struc-
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ture densities, and 3.2 electrons per lithium
atom according to the superposed densities.
Thus, although there is a shift of charge
towards the graphite (relative to superposed
densities), the lithium region is negatively
charged.

Our results clearly show that image force
type models are inadequate for studying c-
direction binding. However, there is a large
non-homogeneity of charge along a carbon-
lithium line. This suggests that a model of quad-
rupoles, in which there is a positive charge
on a lithium atom, and a negative charge
somewhere on the lines joining the lithium to
its neighboring carbon atoms, may be useful.

It is interesting to note that there is consi-
derable pile up of electronic charge near the
carbon atoms. The resulting repulsion among
the carbon atoms could be the origin of the
stretching of the carbon—carbon bond in the
graphite layers upon intercalation with alkali
metals [19]. Also, there is a significant con-
centration of electrons from the anti-bonding
n-band near the carbon atoms which contri-
butes to repulsion between them.

The electron density in the interstitial
region of the lithium plane is comparable with
that in lithium metal. Thus, the binding in
the lithium layer is comparable with that in
pure metal.

More detailed analysis would require inte-
grations of the energy density functional
over complex regions using a finer grid of
points. But our general conclusions can be
summarized as follows:

(1) The charge distribution is so anisotropic
that defining a degree of ionization is not
useful.

(2) The conduction electrons are
concentrated closer to the graphite plane than
to the lithium plane.

(3) A high concentration of electrons (in-
cluding m-antibonding electrons) exists near
carbon atoms, which may be responsible for
expansion of the graphite layer.

(4) Strong binding exists in the C-Li bond
between adjacent layers.

(5) There is also appreciable binding in the
cdirection from regions other than those
along a C-Li bond. For example, the electron
density along a line joining two carbon atoms
in layers on each side of a lithium plane is
considerably higher than it would be in the
absence of the lithium.



(6) Electro . densities in the lithium layer
are similar to those in lithium metal, but
somewhat smaller.
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