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Stage Transformation and Staging Disorder in Graphite Intercalation Compounds
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Stage purity and staging transitions of potassium-graphite intercalation compounds have been in-
vestigated in situ by high-resolution x-ray scattering. The positions and profiles of (00L) Bragg re-
flections indicate staging disorder in thermal equilibrium for all compounds larger than stage 2,
which increases with increasing stage number. The transition region between stages exhibits a mis-
cibility gap for stage mixing whose size decreases with higher stages. The results are compared with
recent theories on the staging of graphite intercalation compounds.

PACS numbers: 64.70.Kb, 61.10,Fr, 61.70.ph

Graphite intercalation compounds represent a
unique model system for the study of the ground state
of a one-dimensional (1D) system. They consist of a
periodic sequence of graphite basal planes and inter-
calate layers stacked along the layer normal, usually re-
ferred to as staging. ' It has recently been pointed out
by Bak and Jensen2 that the staging phenomenon is
homologous to a 1D Ising model with long-range anti-
ferromagnetic interactions in an external magnetic
field. 3 This model predicts a complete devil's staircase
of commensurate stage numbers. Safran3 calculated
the first staging phase diagram based on an Ising-type
Hamiltonian with attractive intercalant-intercalant in-
teraction within the same plane and repulsive interac-
tion between separated planes. The latter was assumed
to be electrostatic in nature and of the form
V= Vot'~Z~, where Vo depends on the total charge
transfer between intercalant and graphite layer, and

~
Z

~
is the distance between two intercalate layers. To-

gether with an entropy term for the in-plane alkali-
metal mixing, this model predicts stability regions for
pure stages and transitions of first order between or-
dered stages.

The range of the interaction, ot, is related to the dis-
tribution of charge over the intervening graphite
planes. Values from 1 to 4 have been used for calcula-
tion of the phase diagram. As the stage number is in-
creased, the distance between intercalate layers ap-
proaches the range of the interaction and the differ-
ence in energy between a pure- and disordered-stage
graphite intercalation compound becomes negligible.
By a disordered stage we mean a mixture of different
stage packages, where a stage-n package consists of an
intercalate layer and n graphite layers. Kirczenows re-
cently showed that adding an entropy term for com-
plete stage packages in a Hamiltonian based on the in-
tercalate electrostatic interaction would allow for stage
disorder in high-stage compounds. His model also
shows that the disorder is strongly related to the inter-
calate in-plane domain size. For finite domain sizes
the stage transition becomes continuous with a
smoothly varying fraction of the dominant stage

number n across the transition region. A continuous
stage transition has also been predicted by Forgacs and
Uimin. 6

In this Letter we report the first x-ray study of stage
disorder of alkali-metal —graphite intercalation com-
pounds in thermal equilibrium. Stage disorder has
been observed previously in acceptor7 and donor com-
pounds. s 9 However, these measurements were car-
ried out ex situ and therefore were not decisive towards
whether the observed one-dimensional disordered
structure would remain in thermodynamic equilibrium
and if the amount of stage-(n +1) admixture in a
nominal stage-n compound is fixed or a continuous
function of the thermodynamic variables. In the
present in situ x-ray experiment we obtained for the
first time evidence that all stages n ~2 exhibit, in
thermal equilibrium, stage mixing, and that the per-
centage of stage-(n+1) packages in a stage-n com-
pound continuously increases when approaching the
n n+1 transition. Although the stage mixing in-
creases with increasing stage number, there remains a
finite miscibility gap of stage mixing at the staging
transition.

The present experiments were performed with Mo
Ka radiation in reflection geometry on a triple-axis
spectrometer, with use of (111) Si crystals in +1,—1

configuration. Triple-axis scattering geometry was
essential in this study in order to distinguish between
reflection broadenings which are due to stage disorder
and those due to sample transparency. to Pristine high-
ly oriented pyrolytic graphite of grade ZYB from
Union Carbide and potassium metal with a state purity
of 99.80/o from A. D. MacDay were used.

Figure 1(a) is a plot of diffracted intensity versus
scattering vector 0 = (4m /A. )sin (0), for the stage-5
(005) reflection at a sample temperature of 455 'C and
a potassium temperature of 230'C. The stage number
was determined from the complete (00L) profile by
use of the relation L,„=n + 1, where L,„ is the in-
dex of the reflection with highest intensity. As the
sample temperature was lowered, at constant alkali-
metal temperature, this reflection was seen to shift
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FIG. l. Intensity as a function of scattering vector, 0, for
(OOL) reflections taken in situ at constant chemical potential.
(a) Stage-5 (005) at TG=455'C. The solid line is a fit using
Hendricks-Teller (HT) theory, convoluted with instrumental
resolution; the dashed line shows the instrumental resolu-
tion. (b) Superposition of two reflections in the transition
region to stage 4. To=450'C. With time the lower-Q re-
flection grows at the expense of the higher. (c) Stage-4
(004) at TG= 444'C. The solid line is again a fit using HT
theory. Notice the shift and broadening of the two reflec-
tions in (b) compared to (a) and (c).

continuously toward lower Q values and to broaden.
This shift is contrary to what would be expected solely
from the thermal expansion of the sample. At each
temperature the sample was given time to equilibrate
and several measurements of the same profile were
taken to ensure that equilibrium had been reached. As
the successive lowering of the sample temperature was
continued, the stage-4 (004) reflection appeared at
450'C, Fig. 1(b). At this temperature the stage-4 re-
flection grew as a function of time and at the expense
of the stage-5 reflection. In the transition region a
dramatic increase in the peak widths of both reflec-
tions was noticed. After equilibrium had been
achieved the sample temperature was again successive-
ly lowered. The (004) reflection was seen to continu-
ously shift to lower Q towards its "ideal" stage-4 posi-
tion and to become narrower. Figure 1(c) shows the
reflection at a sample temperature of 444'C. Similar
observations were made at the stage 4 3 transition.
The stage 2 1 transition exhibited the same

FIG. 2. 20 positions and half widths at half maximum in-
tensity as obtained from Lorentzian fits to the (OOL) Bragg
profiles during in situ staging transformations at constant
alkali-metal temperature, TK = 230 'C.

behavior as in our previous measurements with less
resolution": In contrast to the higher-stage transi-
tions, there was no observable shifting of the reflec-
tions from their pure-stage positions nor broadening of
the reflections either within a stage or during the tran-
sition.

Figure 2 summarizes the results of the constant
alkali-metal temperature, i.e, constant chemical poten-
tial, experiment. The half width at half maximum in-
tensity of the stage-n (00n) reflections and peak posi-
tions, both in degrees 20, are plotted as a function of
the sample temperature. These parameters have been
obtained from fits of the Bragg reflections with
Lorentzian profiles. The continuous shift in position
with temperature is clearly evident as is the increase in
width near the transition regions, for high stages. The
slight negative slope in the stage-1 and stage-2 results
is consistent with thermal expansion.

Measurements were also taken at constant sample
temperature and varying chemical potential. The same
continuous changes in peak position and peak width
were seen within a stage (Fig. 3). Stage transitions
again exhibited a discontinuous change through a
two-phase region evidenced by a superposition of two
sets of reflection as in Fig. 1(b). Since the latter mea-
surements have been taken at constant sample tern-
perature, none of the peak shifts can be attributed to
thermal expansion. Both the shift and the width of the
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(00L) reflections clearly indicate that stage disorder exists in thermodynamic equilibrium and increases with
higher stage numbers as well as close to staging transitions.

In order to extract the fraction f' = v /gv; of stage-m packages in a nominal stage-n compound, where v is the
number of packages consisting of m host layers sandwiched between a pair of intercalate layers, we have analyzed
the staging disorder using the Hendricks-Teller (HT) model'2 for the x-ray structure factor of one-dimensionally
disordered lattices. In the HT theory the averaged diffracted intensity from a stack of r different and and uncorre-
lated stage packages with frequency of occurrence f„and stage form factor F„ is

cos($ +$„+n —a„)—K cos($ + @„—$+ u —~„)f. F. '+2 &m&n Fm Fn
1 —2K cos@+K

where @„ is the phase difference due to the thickness
of a package. The average phase factor $ and the con-
stant K are implicitly defined by

„sin
n=1

F„(Q)=f (Q) =f,(Q).' " sin(n@0)
sin

(3)

via

F„(Q)=F„(Q)e ' "= IF„(Q)le' ",

stage—3 2 I—
f I I

I
I I 1 I

I
$ I I I

I

I

I

I

I

I

28e (OOL& [deg]
—IO

4A ~ ~ ~ ~ ~ ~ ~ ~ y ~ ~ ~

0.06—

0.05—

0.04— 68 [deg]

0.03—

0.02—

0.0 I—

~ ~

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e

g ~ ~ ~

250 300
Tq( C}

FIG. 3. Same as Fig. 2 but for measurements at constant
sample temperature, TG = 381 C.
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The stage form factor F„(Q) follows from the stage-n
structure factor

with

@o,.= 2Q do,.
where do „are the pristine-graphite and stage-n layer
repeat distances, respectively. fA c(Q) are the atomic
form factors of the alkali-metal and carbon atoms, in-
cluding the layer stoichiometry of the compounds.
The HT intensity was convoluted with the experimen-
tal resolution and then fitted to the observed reflection
profile, with use of the package fractions f as fit
parameters. An experimental resolution function,
shown as a dashed line in Fig. 1(a), was obtained from
the stage-2 (002) reflection, close to the stage-1 transi-
tion which does not exhibit any positional shifts or line
broadenings characteristic for stage mixing (see Figs. 2
and 3). Typical fit results are shown as solid lines in
Figs. 1(a) and 1(c). Note that the calculated profile
and position of the Bragg reflection for the disordered
stage determine the quality of the fit. Since both
parameters are highly correlated a good fit is only ob-
tained by a well defined set of package fractions f„.
The stage-5 reflection in Fig. 1(a) is represented by a
mixture of 71% stage-5, 19'lo stage-4, and 10% stage-6
packages; the stage-4 reflection in Fig. 1(c) is
represented by a mixture of 94% stage-4, 4% stage-5,
and 2'lo stage-3 packages. The accuracy of the fit
parameters is better than +1%. Bragg reflections in
the transition region, like in Fig. 1(b), were not fitted
by the HT intensity since these reflections are time
dependent and do not represent an equilibrium state.

Figure 4 shows the fraction of the stage-n packages,
f„, obtained from the HT analysis as a function of the
chemical potential. According to this analysis, stage-1
compounds are always purely staged compounds
throughout the stability region, containing only stage-1
packages. Stage-2 compounds reach pure-stage order
near the stage-1 transition, but show some stage mix-
ing with stage-1 and -3 packages close to the stage
2 3 transition. Stage-3 compounds never become
purely staged, the maximum stage-3 fraction being
98%. The minority stages present are 2 and 4 with in-
creasing fractional amounts as either the stage 3 2
or the stage 3 4 transition is approached.
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Qualitatively, the present results are in excellent
agreement with Kirczenow's staging model. s Stage
mixing is seen to be a fundamental ingredient of the
staging phase diagram. The composition of a mixed
stage varies continuously across the stability region of
the dominant stage and the maximum purity that a
stage can reach decreases with increasing stage
number. However, there are a few significant dis-
crepancies with the staging model discussed above.
For the large intercalate domain sizes of about 5000 A
in donor compounds, '0 stage mixing should have been
rather negligible. In fact, the present results resemble
more the predictions for acceptor compounds, which
exhibit smaller domain sizes and less charge transfer
between the intercalate and graphite layers. '3 Thus, it
appears that the electrostatic repulsion in donor com-
pounds has been overestimated and a power law with
a=4 may be more realistic. Also, all staging transi-
tions measured show a discontinuous change in the
fractional amount of the dominant stage packages,
characteristic for a first-order transition and in contrast
to the prediction of a continuous staging transition.
The discontinuity follows from the coexistence of two
sets of reflections in the transition region from dom-
inantly stage-n and stage-(n+ 1) regions. This coex-
istence may be described as a miscibility gap in the

FIG. 4. Fraction f„of stage-n packages as a function of
the chemical potential at constant sample temperature. Ar-
rows on top of the figure indicate stability region of a stage-n
compound and dashed lines the staging transition. Fraction-
al staging is indicated by the following: crosses, stage 1;
open circles, stage 2; solid circles, stage 3; and triangles,
stage 4.

maximum allowed mixture of stage-n and -(n+1)
packages. The gap size, however, decreases with in-
I:reasing stage and the staging transition becomes more
continuous.
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iA stage-n compound refers to a structure in which any
two successive intercalate layers are separated by n carbon
planes.
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