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The order-disorder transition in Cs-intercalated graphite has been studied using x-ray
scattering. In CyCs the Cs layer transforms into a liquidlike phase in which the average
Cs-Cs separation is incommensurate with the carbon net. Fundamentally different beha-
vior is observed in a Cs-deficient stage-1 sample where commensurate “lattice-gas”
melting occurs. Evidence is presented which shows that in low-stage material, staging
is closely related to the melting transition in support of the model of Daumas and Hérold.

It is well known that certain chemical species
form pure-stage graphite intercalation compounds
which exhibit regular layer-stacking sequences
along the ¢ axis. In an elegant series of x-ray
diffraction studies,' Parry and co-workers showed
that whereas stage-1 C,M (M =K, Rb, Cs) is three-
dimensionally ordered at room temperature, nth-
stage compounds C,,, M (n >2) contain two-dimen-
sionally disordered M layers which order (or
freeze) at 7=98, 159, and 163 K for M=K, Rb,
and Cs, respectively, More recently, Onn, Fo-
ley, and Fischer? have studied the temperature-
dependent resistivity of C,,,M (n=2, 3) and have
observed anomalies which indicate the presence
of two transitions. While stage-2 and higher-
stage alkali intercalates have been extensively
studied, there has been to date no quantitative
analysis of the order-disorder phase transition
in graphite intercalates. In addition, with the
exception of a preliminary report by Ellenson et
al.,® melting of the M layers in stage-1 com-
pounds has not been addressed. Moreover, the
relationship between melting and staging in
graphite intercalates has not been examined.

In this Letter we report x-ray-diffraction stud-
ies of stage-1 C,Cs and of unusual stage-1-stage-
2 mixtures. We will show that Cs layers in C,Cs
melt three-dimensionally and that the melting is
dependent on the vapor pressure of the Cs sur-
rounding the sample. The melting transition is
either quasi second order and of the lattice-gas
type, in which Cs atoms commensurately occupy
preferred carbon hexagon sites, or is first order
and incommensurate., To verify these points we
will present data for the liquid structure factors
of the melted layers. We will also discuss the
applicability of the four-state Potts model? to the
second-order lattice-gas transition, Finally, we
will show that melting and staging are closely
related phenomena in graphite intercalates and
we will present direct evidence in support of a
model for staging which, though proposed several
years ago by Daumas and Hérold,® has received
little attention,

Samples were prepared from highly oriented
pyrolytic graphite (HOPG) using the two-bulb
method of Heérold.® 8x8x0,5-mm? pieces of
freshly cleaved HOPG were sealed in evacuated
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Pyrex tubes (25 cm long, 8 mm i.d,) with an ex-
cess of Cs metal to provide a saturated vapor at
the intercalation temperature., The samples were
held at 523 K for 12 h while the Cs metal was kept
at 463 K: Pure homogeneous stage-1 ordering
and afBy Cs-layer stacking” was verified from ob-
servation of the (007) and (kkl) x-ray reflections,
respectively. The samples were then sealed off
in situ with a final capsule volume of about 0.5
cm?. Some of the samples were sealed off with a
small excess of Cs metal to provide a saturated
vapor environment. Hereafter, samples encapsu-
lated with and without excess Cs will be referred
to as “excess” and “nonexcess,” respectively.
The x-ray-scattering studies were carried out on
a Picker automatic four-circle diffractometer
with a standard 1-kW graphite-monochromated
Mo Ka source. A resistance-heated furnace was
constructed which allowed the temperature of the
excess Cs, if any, in the base of the sample bulb
and that of the sample itself, to be varied inde-
pendently. This enabled us to have some control
over the vapor pressure inside the bulb, Chromel-
Alumel thermocouples were placed at the base of
the bulb and on the Pyrex next to the sample
where the temperature stability was 1 K.

We consider, first, x-ray-scattering studies
of excess samples, In equilibrium, it is supposed
that the stoichiometry of such samples remains
constant at Cy,Cs in the solid phase. The struc-
ture of the Cs layer is shown in Fig, 1 with near-
est-neighbor hexagon sites excluded because of
the large ionic radius of Cs (1.69 A). In the ab-
sence of a large number of vacancies, this struc-
ture cannot melt into a liquid of the lattice-gas
type, commensurate with the carbon net. How-
ever, it is still possible for the filled Cs layer
to melt into a liquid with an average Cs-Cs dis-
tance that is incommensurate with the carbon net
and with short-range order governed primarily
by the Cs-Cs interaction as in the case of a norm-
al three-dimensional (3D) metal, Experimentally,
we find that the Cs layer becomes disordered
above 608 K, Figure 1(a) shows the liquidlike
structure factor measured in the disordered
phase of the excess sample., This the first to be
reported for an intercalate. In simple close-
packed liquids, it is possible to infer the approxi-
mate nearest-neighbor distance from the position
of the first peak in the liquid structure factor
(LSF). Using this approach,® we find that the av-
erage Cs-Cs separation in the liquid phase of the
excess sample is 5.78 A some 179 larger than in
the solid phase and is close to the 5,90-A spacing
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found in the 3D Cs metal,

Because the first peak of the LSF develops at a
different wave vector than the Bragg scattering
we can monitor the scattering from the liquid and
solid phases independendently. Figure 2 shows
the temperature dependence of the integrated in-
tensity of the (100) Bragg peak (scanned between
the limits, 1.389 A™!<g <1,561 A™Y) together
with an integrated section bracketing the first
peak of the LSF (1.265 A"'<g <1.,409 A™"), The
(100) Bragg peak arises solely from the (2x2)
lattice of the Cs layer and its integrated intensity
is, therefore, a measure of the intercalate order-
ing, It can be seen from Fig. 2 that as the tran-
sition is approached from above, the scattering
from the liquid phase decreases, and simultane-
ously the Bragg scattering from the solid regions
grows throughout the transition range until even-
tually the Cs layer is completely ordered. The
(100) peak remains of resolution limited width
(0.02 A™Y) throughout the solid phase but in the
liquid phase, the LSF grows and overlaps the
position of the Bragg peak. For this reason, the
integrated intensity at the position of the Bragg
peak does not fall to zero above the melting point
but remains at the level of the liquid scattering,
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FIG. 1. Scattered—x-ray intensity (a) in disordered
phase of excess sample (CgCs) at 700 K, (b) in disor-
dered phase of nonexcess sample at 700 K, and (c) (2%0)
reflections from CgCs at 300 K, indexed on the 2X2
Rudorff (Ref. 8) structure shown in the inset. (Intensity
scale is reduced by a factor of 10.) Step counts for 200
s were made at intervals of 0.015 A~! for (a) and (b)
and 0.005 A-! for (c). In (a) and (b) the statistical fluc-
tuations (vertical bars) have been averaged out and the
pure-graphite (100) Bragg peak at 2.94 A~! subtracted
for clarity.
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FIG. 2. Intensity of scattering from ordered phase
{upper trace) and disordered phase (lower trace) of the
excess sample as a function of temperature. Open sym-
bols, heating; closed symbols, cooling. Rate of tem-

perature change ~0.2 K min~?,

Thermal hysteresis of about 70 K is observed
at the melting transition. However, the transi-
tion here is complicated by the dynamics of the
intercalate in that the decrease of the packing
density in the liquid phase implies that some Cs
must be expelled from the sample upon melting
of the Cs layer. On cooling slowly back into the
ordered phase, inspection of the (007) and (101)
reflections shows that the sample regains pure
stage-1, 3D order and so Cs is replaced from
the vapor during solidification, The internal
strains and nucleation barrier associated with
this Cs transport are probably responsible for
the large amount of thermal hysteresis observed.
It was possible to cycle the sample reversibly
and reproducibly around the hysteresis curves
shown in Fig. 2 and similar curves were obtained
on a second excess sample produced under identi-
cal conditions to the first.

We now discuss experiments on nonexcess sam-
ples. The nonexcess sample, like the excess
sample, was characterized as pure stage 1 after
sealing the ampoule. Referring to Fig. 3, it can
be seen that on the first heating cycle, the inter-
calate disorders at about 608 K in agreement with
the behavior of the excess sample shown in Fig,
2. The (101) peak, whose behavior is shown in
Fig, 3, is about ten times more intense than the
(100) peak., These two reflections were found to
behave identically at the transition, a clear indi-
cation that the melting is 3D. This also shows
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FIG. 3. Intensity of scattering from nonexcess sam-
ple as a function of temperature. The (101) peak is
scanned between the limits 1.419 A~!<¢<1.578 &-!
[intensity around the (101) peak position does not fall to
zero at transition because of contributions from ther-
mal diffuse background and liquid scattering (e), cen-
tered on ¢ =1.473 A~1]1. The solid line is the power-law
fit described in the text. The stage-2 peak (+) has been
normalized to the cycled (101) intensity at room tem-
perature. Open symbols, heating; closed symbols,
cooling. Inset: (a) classical stage-2 model, (b) Dau-
mas-Hérold (Ref. 5) stage-2 model.

that order within the Cs layer and order along
the ¢ axis change simultaneously. In contrast,
Ellenson et al.® found from neutron-diffraction
studies that C,Rb undergoes a stacking rearrange-
ment from AcABAYASA to AaABA prior to melt-
ing. (Here A referes to the carbon net and a, B,
y, 0 refer to the ordered Rb layers,) On cooling
the nonexcess sample, the Bragg peak does not
reappear until 503 K, Now the Cs expelled from
the sample during melting does not reenter on
cooling but is absorbed by the Pyrex ampoule
which becomes slightly discolored. Indeed, the
(007) reflections in the solid phase indicate that
the sample is a mixture of stage 1 with 10-209,
of stage 2 so that the mean layer coverage is on-
ly about 809 of its original value, as estimated
from the decrease in intensity of the (101) peak
in Fig. 3. On the second and subsequent heating
cycles, the order-disorder transition is continu-
ous within the resolution of the experiment (the
sample temperature, which may differ slightly
from the thermocouple temperature, is precise
to +1 K).

The x-ray scattering in the disordered phase
of the nonexcess sample is shown in Fig. 1(b)
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and in this case the positions of the peaks in the
LSF coincide with those at which Bragg scatter-
ing from the solid phase occurs, consistent with
a lattice-gas disorder. We note also, the more
pronounced second and third peaks in the LSF

of the commensurate case relative to those in

the incommensurate case reflecting the more dis-
tinct site separations in the lattice-gas model.

The four-state Potts model, of which the C,Cs
layer is an experimental realization, has been
predicted to display a first-order phase transi-
tion in three dimensions,® whereas in two dimen-
sions a second-order transition is expected,!!
Accordingly, a power-law fit, I=a#*®, has been
made to the data shown in Fig., 3, where [ is the
integrated intensity of the (101) reflection after
the diffuse background has been subtracted, g
and B are adjustable parameters, ¢ is the reduced
temperature, ¢=(T,— T)/T,, and T, is the transi-
tion temperature. The fit was made over the
range 0,004 <¢ <0,40 with =0.046+ 0,01, This
value of B3 is significantly smaller than that ex-
pected from renormalization-group calculations
for the 2D case (8=0.10) 2 and implies that the
transition is being driven weakly first order by
the interlayer coupling, i.e., that the melting is
3D, Similar studies of in-plane ordering in the
higher-stage intercalates with weaker interlayer
coupling would, thus, be of great interest.

In Fig. 3, we have also plotted the intensity of
the (006) reflection from stage-2 regions within
the mixed-stage nonexcess sample just described.
It is seen that the intensity of this reflection falls
to background exactly at the melting point of the
stage-1 regions. A full scan of the (007) reflec-
tions in the liquid phase reveals only stage-1
stacking. On cooling below the transition, (007)
reflections associated with stage-2 stacking re-
appear. Thus, it is apparent that there is a close
relationship between staging and melting in the
stage-1-stage-2 mixtures. The relationship can
be qualitatively understood in terms of the Dau-
mas and Hérold (DH) model® for staging which is
compared with the classical model in the inset of
Fig. 3. In the latter model interlayer spaces are
either fully occupied or completely empty where-
as all interlayer spaces contain intercalant in
the DH model. Our x-ray results of Fig. 3 sug-
gest that on melting at 608 K some cesium is ex-
pelled from each intralayer space as expected
from the work of Salzano and Aronson.’® Subse-
quent cooling below 503 K results in freezing of
the Cs into clusters of C,Cs laterally contiguous
to regions of stage-2 compound, the stoichiome-
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try of which is unknown. The relevant x-ray line-
widths indicate that the stage-1 clusters are
three-dimensionally ordered with typical dimen-
sions >200 A. Similarly, the stage-2 regions ex-
hibit regular c-axis stacking over distances >200
A. On melting, cesuim atoms in the C,Cs clus-
ters migrate to the empty interlayer spaces in
the stage-2 regions thereby transforming the
sample from mixed stage 1 and stage 2 to “pure”
stage 1 but with a stoichiometry C,Cs with p >8.
Such staging via intralayer migration of interca-
lant atoms is the key element of the DH model.
But the justaposition of stage-1 and -2, ~200-A
clusters would, in the absence of dislocations,
produce unreasonably large distortions in the
carbon layer planes. Thus, we suggest that low-
stage intercalation compounds contain a nonnegli-
gible number of edge dislocations.
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