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Thermodynamic model of staging transformation in intercalated graphite
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A simple, thermodynamic model of intercalated graphite which allows for variation of in-plane inter-
calant density, and takes explicit account of volume variation, is presented. Assuming random occupation
of intercalant atoms pressure-temperature-concentration phase diagrams are calculated. The model is capa-
ble of explaining pressure-induced staging transformation, the appearance of fractional stage at high pres-
sure, and other experimentally observed effects in alkali-metal-graphite compounds.

I. INTRODUCTION II. MODEL

The appearance of an ordered sequence of intercalant
layers separated by carbon planes, the so-called staging
phenomenon, is one of the many fascinating properties of
graphite intercalation compounds. ' Stage n refers to there
being n carbon planes between successive intercalant layers.
In alkali-metal-graphite compounds at ambient pressure and
temperatures below —800 'C stages higher than 1 occur
with in-plane concentration corresponding to MC~2 (M = K,
Rb, Cs), while stage 1 appears to have a range of concentra-
tion MC„, with x in the range of —8-11. Stage-1 MC8 is
considered to have "close-packing" density.

Clarke, Wada, and Solin' have observed pressure-
induced, mass-conserving, transformation from stage-2
KC~2 to stage-3 KC8. Similar staging transformation with
in-plane densification was also observed by Feurst et aI. " in
stage-1 KC8. They also reported the appearance of a "frac-
tional" stage —, (two layers filled, and one empty) as a

result of applied pressure. It is not known whether these
phenomena are controlled by kinetics or by equilibrium
properties of the system.

The earliest attempt to model the occurrence of staged
compounds with different in-plane concentrations was by
Salzano and Aronson. ' More recent work on staging has
taken into account the long-range, electrostatic interactions
responsible for the stabilization of high stages. Safran
showed that a simple, lattice gas model including in-plane
attractive and interplane repulsive interactions was capable
of describing the staging phenomenon. Later, Millman and
Kirczenow showed that inclusion of the elastic energy asso-
ciated with intercalation, and a strongly screened interlayer
potential, leads to the existence of pure stages only. These
and other models ' based on a lattice gas description also
naturally lead to the same close-packing densities for all
stages at low temperatures. Lower in-plane filling can occur
only at high temperatures in these models. Further, since
these models have been concerned only with ambient pres-
sures, the variation of the volume of the sample upon inter-
calation was not included in them.

In this paper we present a simple thermodynamic model,
similar in spirit to the earlier models but modified so as to
give pure stages with variable concentrations and explain the
observed pressure experiments based on equilibrium proper-
ties. In Sec. II the model is described in detail. Section III
contains our results and discussion. Our conclusions are
presented in Sec. IV.

The lattice gas models mentioned earlier 8 all include
interplane repulsive interaction and an in-plane, attractive
interaction which favors the "close-packed" filling of the
plane at T =0. We modify the form of the in-plane
cohesive energy so that the optimum filling may have less
than close-packed density. DiVincenzo and Mele" recently
considered the electrostatic contribution to the cohesive en-
ergy of a graphite-intercalant-graphite sandwich. Their cal-
culation was based on viewing the sandwich by means of a
two-step process in which a two-dimensional metal is
formed, followed by the separation of the negatively
charged sheets, leaving behind the positively charged sheet
in the middle. Following this picture we write for the in-
plane energy per carbon atom in a layer

where (N, /N, ) is the ratio of the number of intercalant
atoms to the number of carbon atoms in the plane, c; is the
sandwich thickness, and n and p are adjustable parameters.
The first term is the cohesive energy of the two-dimensional
metal, and the second term represents the energy to
separate the charges. This form of energy yields that the
optimum in-plane density scales as 1/c . An inverse rela-
tionship between in-plane concentration and sandwich thick-
ness has, in fact, been observed experimentally. '

We model the elastic energy (per carbon atom in a layer)
in a manner similar to that proposed by Dahn, Dahn, and
Haering':

E2" = —, k(c; —co)'+
2 K(N(/N, )(cL —cj)(i) 2 l

Here k, eo and K, cL represent the force constant and equili-
brium distance of carbon and intercalant atoms, respective-
ly. In our calculations we will have occasion to consider
e; & co as well as c; ( co, and we take k =A. for e; ) eo and
k = A. H (8 )& 1) for c; & co. In other words, we take the
force constant for the compression of carbon-carbon layer
separation to be significantly larger than that required for
the separation of carbon layers in accordance with a Morse-
curve fit to experimental data obtained by DiVincenzo,
Mele, and Holzwarth. ' We estimate A. co —0.1 eV, and
0=23 for c; & co.

As in the work of Safran we take the interaction energy
between the intercalant sandwiches, per carbon atom in a
layer, to be given by
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Vp = Vp(N;/N, ) (NJ'/N, )/xp~, (2.3)

where N; and N, are the numbers of intercalant atoms in
the I th and jth layers, respectively, and x„" is the distance
between the two. The power I is taken equal to 4 as in ear-
lier work. Note that in our model xj= g', =, ci depends on
the occupancies of all the intermediate layers. This
behavior mimics the effect of a density-dependent screening
length. By contrast, previous models have taken the dis-
tance to be merely cpI j—i I.

Now, consider a system of N graphite planes with N, car-
bon atoms each. The space between the ith and (i+1)th
planes is occupied by N; intercalant atoms. The total
number of intercalant atoms in the system, g, N, = Nq, is
determined by the chemical potential p, . The total thickness
of the sample is given by L = g, c;. We neglect any tem-
perature variation of lattice constant (thermal expansion).
We also assume that the system is subject to a homogene-
ous, uniaxial stress in the c direction only due to external
pressure.

The entropy of the ith layer is taken to be (per carbon
atom)

S"= —k(Np/N, ) l (N/Np) ln(N!Np)

+ ( I N'/Np) ln—(1 —N;/Np) ], (2 4)

where it has been assumed thai the intercalant atoms within
a layer occupy the available sites randomly. Thus any in-
plane order is ignored. This is justified by the observed in-
sensitivity of the staging phenomenon to details of the in-
plane order. In Eq. (2.4) Np/N, corresponds to close-
packed occupancy (T~ in the case of alkali compounds). Fi-

nally, the thermodynamic potential per carbon atom per
layer is written as

N r

X E,"' +E,"' + g V„- —TS"' &(N, /N, ) +fc, —
g(& )

(2.5)

The first four terms have already been explained. p, is the
chemical potential, f=Pa, where P is the pre-ssure, and cr

is the area per carbon atom; c; is the separation between the
ith and (i +1)th carbon planes, i.e., the thickness of the
ith sandwich.

The variation of the sandwich thickness c; with the in-
plane concentration of intercalant is determined by minimiz-
ing E~'" +E2 ', the sandwich energy, with respect to c;.
Then, for a given point (p„T,f), the equilibrium configura-
tion is one that minimizes the thermodynamic potential.
This leads to a set of coupled, nonlinear algebraic equations,
as is well known.

We have only considered four possible configurations and
their mixtures; stages 1, 2, and 3, and the fractional stage 3

(two filled, one empty). These already give us all the quali-
tative features of the phase diagrams. Extension to higher
stages is quite straightforward.

Before we turn to the results we comment on the choice
of parameter values. We find it convenient to scale all
lengths to units of cp ( =3.35 A) and all energies to A. cp2,

5.35

4.35-

3.35
I/32

Ni /Nc
FIG. 1. Variation of carbon layer/intercalant layer/carbon layer

sandwich thickness with in-plane concentration of intercalant atoms.
Parameter values used are K/k=230, p/Acp=144, and

cL/cp ——1.6964. These parameters are described in the text.

whose value is of the order of —0.1 eV (by comparison
with the Morse-curve fit to experimental data on cohesive
energy' ). Then, the parameters needed are n, P, v, cL,
and Vp [see Eqs. (2.1)—(2.4)]. We choose n and P such
that the minimum value of the sandwich energy at MC8
equals —1.2Xcp. For greater flexibility, n and P may be
stage dependent, although we have not done so for the
results reported here. K and cL are chosen such that at
N/N, = s, c =1.597cp, and at N;/N, = —„, c =1.612cp. All

these values are of the correct order of magnitude for the
alkali-metal —graphite compounds. Vo is taken to be 100Leo,
but we have tried other values in this range and found no
qualitative differences in our phase diagrams.

Figure 1 shows the dependence of the sandwich thickness
c on the in-plane concentration of intercalant in our model
for f=0. There is an immediate opening of graphite planes
as intercalant atoms are introduced, followed by a leveling
off. There is also a small contraction (decrease in c) as the
concentration increases to its close-packing value. Such a
contraction has been observed in stage-2 Li compounds
with varying in-plane density" as well as in overcharged ac-
ceptor compounds, " and interpreted as arising from the
competition between electrostatic and elastic energies. '

In Fig. 2 the projection of the phase diagram on the
temperature-concentration plane for f'=0 is shown. The
temperature is in units of kT/(Xcp2). In-plane concentra-
tion for filled layers (T=O) is N;/N, = —,~

to —,3 for stages
1 1

2 and 3, and stage 1 occurs in the concentration range
This range can be made narrower (almost equal to

1 1

s ) by taking different values for a and P for stage 1 than
for the higher stages. Since our interest lies mainly with
pressure-induced transitions in the higher stage compounds,
we have not done so in our calculations here. The fraction-
al stage

3
does not occur for f=0 in our model. Previous

models have had to invoke strong screening to eliminate
fractional stages under ambient conditions. As temperature
increases stage 1 occupies more and more of the phase dia-
gram and is the only stable stage at very high temperatures
(not shown).
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presented here, which retains the same simplicity of earlier
models while having a broader scope, adequately describes
the equilibrium staging properties of alkali-metal-graphite
compounds. It may thus be used as the starting point for
the study of domain growth kinetics and other studies.
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