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Structure of high-stage potassium-intercalated graphite
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We have used x-ray diffraction to study the structure of stage-4 through stage-11 potassium-
intercalated graphite as a function of temperature. The (00.L) diffraction patterns are analyzed in
terms of the Hendricks-Teller model for a disordered one-dimensional crystal. Stage 4—5 samples
are best described by phase separation of two different stages, while higher-stage samples are best
described by a broad distribution of many stages. In plane, all samples show a high-temperature
two-dimensional fluid structure of the potassium atoms. In the stage 4—6 samples, the fluid peak
gradually sharpens on cooling and increases in intensity to form a two-dimensional incommensurate
superlattice. This evolution is consistent with a second-order transition. By contrast, the higher-
stage samples show a strongly first order, hysteretic transition to a commensurate ~7 X ~7 super-
lattice at 235 K. In all cases, the expansion of the two-dimensional lattice upon freezing agrees
within experimental error with the 2—4% increase in out-of-plane density of potassium layers.

INTRODUCTION

The last decade has seen intense research in the
structural and electronic properties of graphite intercala-
tion compounds. ' This interest is due in part to the
lower-dimensional character of these materials. The
phenomenon of staging, in which intercalant atoms fill
some galleries and not others in a periodic fashion, is
essentially one dimensional, while the ordering of inter-
calant atoms within each layer can be either three-
dimensional or quasi-two-dimensional (2D). The effective
dimensionality of each system depends on the type of
transition, the intercalant, and the stage of the sample.
Potassium-intercalated-graphite (K-Gr) has been widely
studied, in part because of its simplicity and ease of
preparation, and because the interactions are well under-
stood.

From a structural point of view, the in-plane structure
of intercalation compounds, the degree of stage disorder,
and the relationship between in-plane and out-of-plane
structure are all subjects of current research. Possibilities
for the in-plane structure of high-temperature, disordered
intercalant phases include true "lattice gasses, " with inter-

calate atoms sitting in the centers of Gr hexagons, liquids
with intercalate atoms moving freely through the host gal-
leries, and a variety of intermediate structures, all of
which have short-range order. The weakness of the dif-
fracted signal generally precludes a detailed determination
of the fluid structure, however, the in-plane density can be
deduced from the position of the first fluid diffraction
maximum. Recent work by Nishitani et al. , conducted
in situ at 600 K, has shown that the peak position of K-
Gr, and thus the in-plane density, is not a constant for a
given stage, but rather depends on the K chemical poten-
tial. Also, at room temperature or below, there are sys-
tematic variations in in-plane peak position versus stage,
with higher stage compounds containing less dense in-
plane fluids.

At low temperatures, the K atoms form ordered struc-
tures within the Gr galleries. The freezing-transition tem-
peratures and the lowest in-plane peak positions are
shown in Table I. At room temperature the K in the
stage-one compound, KC8, is ordered into a three-
dimensional solid, ' with a commensurate 2&2RO su-
perlattice in-plane and aPy5 stacking along the c axis. At
high temperature the superlattice metals into an in-plane

TABLE I. Positions of lowest in-plane peaks in disordered and solid phase, melting transition tem-
peratures, and in-plane solid structure versus stage. IC denotes an incommensurate structure.

Stage g~;q (A ) Q„~ (A ) T (K) Solid structure References

1

2
3—4
5—7

1.45—1.34
1.23~ I.178

1.178~1.15
1.13

1.47
1.20

1.17~1.13
1.11

700
125
200
235

2X2R0
IC
IC

V 7 && V 7R 19.1'

7
7, 10,12,21,24
11
42,43
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fluid; at room temperature and high pressure the in-plane
structure becomes v 3 )& V 3R 30'. Stages 2 through 4 are
incommensurate in-plane ' at all temperatures. There
has been considerable speculation about the detailed na-
ture of these structures. "" ' Models include static
distortion waves in an almost commensurate intercalant
lattice, ' ' periodic distortions of the Gr host, "' a ro-
tated, incommensurate lattice in which the atoms relax
into the centers of the nearest Gr hexagons, ' and a lattice
of disclinations in a commensurate &7X~7R 19' (Refs.
2, 17, and 18) or 9)&9R 0 (Ref. 19) lattice. In general, the
diffraction from such phases consists of Bragg peaks from
the pure Gr host, Bragg peaks from an ideal unmodulated
incommensurate lattice, and all sums and differences of
these vectors; to distinguish between the various models
requires a careful study of the intensities and positions of
all these peaks. Stage-2 K-Gr orders at around 125 K
into a 3D superlattice which is incommensurate with the
graphitic planes and which is highly faulted along the c
axis. This appears to be either a continuous transition or
a smeared first-order transition. Then, at 95 K there is a
first-order transition to a structure which has fewer stack-
ing defects out of plane. ' The stage-3 compound has a
broad ordering transition at 190 K to an in-plane incom-
mensurate solid, and a second broad ordering transition at
130 K in which three-dimensional correlations appear. In
this paper we investigate the in-plane structure for stages
4 and above.

Since staging is seen in intercalation compounds with
very different in-plane structures, and in many cases the
stage is unchanged while the in-plane structure goes
through a structura1 transition, a one-dimensional model
can be used to describe staging in intercalation com-
pounds. The first such model, due to Safran, has repul-
sive Coulomb interactions between filled galleries, and an
attractive interaction (due to elastic deformation of the
graphite lattice) between intercalants within a gallery.
The Hamiltonian employed is

1H — p go, , Uo go;+, g V, o, o.

where p is the chemical potential, o.; are the layer occu-
pancies, Uo is the averaged in-plane attraction, and V;~ is
the repulsive interplanar interaction. Since the inter-
calants usually reside at preferred sites, the in-plane struc-
ture has been modeled as a lattice gas with attractive in-
teractions. A mean-field approximation then gives a form
for the in-plane energy contribution as given above in the
Uo term. Based on band-structure calculations, ' Safran
takes

The phase diagram calculated by searching for periodic
solutions to this model shows a high temperature transi-
tion to stage 1 for all intercalant densities. Since high-
stage structures are entropically less stable there is a ten-
dency for higher stages to disorder at progressively lower
temperatures. There is a relatively narrow range of densi-
ties allowed for each pure stage; coexistence regions
separate neighboring phases.

Although the Safran model reproduces the overall

features of the experimental phase diagrams, it has several
deficiencies. First, in addition to integer staging struc-
tures, this model predicts "fractional stages, " in which
there is more than one filled ga11ery per repeat distance.
Indeed, it was shown by Bak and Bruinsma, that the
complete devil's staircase of staging structures exists for
this model. With one exception these fractional stages
have not been observed experimentally. Secondly, the
Safran model is symmetric in density about stage 2, while
the experimental phase diagram of LiC measured by
Woo et a/. is skewed towards low concentration. (The
stage 2 of Woo et al. is also stable to a much higher tem-
perature than Safran's model predicts. ) Finally, the entro-
py of stage disorder is not included in this model.

Several other calculations ' have used modified
forms of Safran's Hamiltonian. For example, fractional
stages are eliminated by strong screening of the out-of-
plane interactions. Likewise, the in-plane commensura-
tion energy and the possibility of more than one in-plane
structure can have an important effect on the staging
structure. ' The entropy of stage disorder is most signifi-
cant at high temperature and high stage. Assuming
finite-sized domains parallel to the planes of the host ma-
terial, Kirczenow finds that at high stage or high tem-
perature, several randomly mixed stages may be present.
At low temperatures pure stages are found, with narrow
coexistence regions, in agreement with experiment. As
the chemical potential decreases, the average stage in-
creases, and the phases become less pure, consisting of
mixtures of three or more stages. Thus, a sample
prepared with a stoichiometry intermediate between stage
1 and stage 2 would be expected to phase separate into al-
most pure stage 1 and stage 2 regions; we might refer to a
sample that was 70% stage 1 and 30% stage 2 by compo-
sition as being nominal stage 1.3, with the understanding
that actual phase separation was implied. By contrast, a
sample with nominal stage 10.3 would be expected to con-
sist of a distribution of many package types such that the
average package contains 10.3 carbon layers. The highest
stage for which pure staging exists decreases with both in-
creasing temperature and decreasing in-plane domain size.
Computer simulations have shown similar effects.

Direct experimental measurements of staging order
have been somewhat more limited. Misenheimer and Za-
bel found evidence for finite stage miscibility gaps in an
in situ study of K-Gr; the size of the transition regions de-
creased with increasing stage. In another in situ study of
staging in K-Gr, Nishitani et al. claim to find no evi-
dence of stage mixing up to stage 7. The apparent
discrepancy of this result with our measurements will be
discussed after the presentation of our data. The resistivi-
ty of the KC series has been measured by Phan et al.
The most striking feature of these measurements is the
crossover from a positive temperature coefficient of resis-
tivity for stages 4 and below to a negative temperature
coefficient for stages 5 and 7. Small, hysteretic anomalies
in the resistivity were interpreted as being due to in-plane
structural transitions. In the stage-7 sample, the resistivi-
ty anomaly occurs at 235 K. Fuerst et al. ' studied the
c axis structure using x-ray and neutron diffraction to
further investigate this anomaly. These measurements in-
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dicated that the staging order was not perfect, but that
their sample was a random mixture of 75% stage 7 and
25% stage 8 at room temperature, in qualitative agree-
ment with the model of Kirczenow. Corresponding to the
resistivity anomaly was an abrupt change to 90% stage 7.
Recently, Kim et al."' have studied the structure of stages
1—3 K-Gr under pressure at room temperature. They ob-
serve both wide pressure regions in which the stage struc-
ture and disorder evolve continuously, and narrow pres-
sure regions in which the average stage changes rapidly
with pressure. The rapid stage changes are associated
with in-plane structural transitions.

In this paper we describe a series of detailed x-ray dif-
fraction measurements on stage 4 and higher potassium-
intercalated graphite compounds, measuring both in-plane
and out-of-plane structures. Our main findings are that
the staging disorder increases with increasing stage, and
that small discontinuous changes in the average stage are
closely related to in-plane ordering transitions. Some of
these results have been previously reported.

Experimental details and methods of data analysis are
given in Sec. II. In Sec. III we present our experimental
results for samples of stage 6 and above, and in Sec. IV we
present results for two stage-4 samples. Section V
discusses the significance of our results.

EXPERIMENTAL TECHNIQUES AND ANALYSIS

A. Experimental techniques

Most of our samples consisted of highly oriented pyro-
litic graphite (HOPG); two of the samples were natural,
single-crystal Gr. All of the samples were intercalated
with K via the standard two-zone technique, in which the
Gr is heated and exposed to K vapor. The potassium was
maintained at a temperature of 250'C, while the Gr host
was held at a temperature between 350 and 480'C, de-
pending on the desired stage. After approximately one
day of exposure to K vapor, the samples were allowed to
cool to room temperature over a period of several
minutes. For fast characterization, samples were sealed
inside pyrex ampoules which had walls about 1 mm thick.
For more detailed measurements, the samples were
mounted inside either thin-walled aluminum or beryllium
sample cells. The interior of the cell was filled with argon
to improve thermal contact with the sample. The samples
were mounted either by gluing the sample directly to a
phenolic post attached to the sample cell, or by wrapping
the sample with aluminum foil which was then clamped
to the cell; the second technique made it easier to re-
intercalate the same Gr host but introduced aluminum
peaks into the diffraction spectrum. The sample cells
were then mounted on the cold finger of a Displex model
202W closed-cycle cryostat. The temperature was mea-
sured with a platinum resistance thermometer and con-
trolled using a lock-in amplifier, Zilog Z8 single-chip mi-
crocomputer, a platinum resistance thermometer and a
standard resistor in a bridge, and a wire resistance heater;
this configuration controlled the sample temperature to
within 0.1%.

Our diffraction measurements used the Mo Ka radia-
tion from a Rigaku Ru-200 rotating anode x-ray generator

operating at 5 kW. Most measurements were made in a
high intensity, low-resolution configuration, using the
(00.4) reflection from a 2-in. cylindrically bent HOPG
monochromator before the sample and 0.10 Soller slits
between the sample and a NaI scintillation detector. This
low-resolution configuration, with a longitudinal resolu-
tion of about 0.01 A ' half width at half maximum
(HWHM), was particularly important in measuring in-
plane diffraction from K atoms in the high-stage samples,
where the stoichiometry is approximately KC96 and hence
the superlattice Bragg peaks are due to diffraction from
only 1% of the atoms. For c-axis scans, selected measure-
ments were made in a triple axis configuration, using ger-
manium monochromator and analyzer crystals; the reso-
lution in this case was approximately 0.0003 A
HWHM. Since HOPG is cylindrically powder averaged,
all available information can be obtained by measuring the
diffraction in one reciprocal space plane, which we will
call the H-L plane. The L, direction is along the c axis,
while scans done in the perpendicular H direction mea-
sure a circular powder average in the Gr basal plane.
Typically scans were done with either H=0 (c-axis scans)
or L=O (in-plane scans). In a few cases measurements
were made on a grid covering the entire H-L plane. For
the single-crystal samples, some measurements were made
covering a grid in the H Kplane (basa-l plane).

B. e-axis analysis

c-axis scans were analyzed by least-squares fits to vari-
ous models for a partially disordered staging structure.
One model for such disorder is a partially random se-
quence of different layers. Each layer, in our case,
represents a package of a different stage with an appropri-
ate form factor and thickness. Hendricks and Teller
(HT) derived an exact, analytic expression for diffraction
from a one-dimensional, disordered lattice; this model was
subsequently refined by Kakinoki and Komura. The
HT model describes the scattering for a restricted type of
layer disorder, in which the system is described by the fol-
lowing two probabilities: first, the probability of finding a
layer of type i at a point in the crystal, and second, the
probability that the next layer will be a layer of type j
given that the current one is of type i. These probabilities
are denoted as f; and PJ, respectively. There are con-
straints on the probabilities:

g Pj.= 1,

where ~ is the number of layer types. These probabilities
can be put into matrix form; for an infinite lattice the cal-
culation of the diffracted intensity reduces to taking the
trace of a product of matrices which include information
about the form factor, phase shift (i.e., cell thickness) for
each type of cell, and the probabilities. Details of this
analysis are given in Ref. 43. For K-Gr, the phase shift
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and form factor can be simply calculated using the C-C
layer spacing co, the C-K-C layer spacing do, the number
of C layers per package (i.e., the stage), the in-plane densi-
ty of the K atoms, and the C and K atomic form factors.

The qualitative features of scattering from one dimen-
sionally disordered systems include systematic shifts of
peak positions from the indexed Bragg positions,
anomalous broadening of some peaks but not others, and
diffuse scattering between Bragg peaks. To take a specific
example, consider a sample consisting of 75% stage-7 and
25% stage-8 packages, randomly mixed. Both the (00.8)
peak of an ideal stage-7 crystal and the (00.9) peak of an
ideal stage-8 crystal are close to 1.9 A ', the pure Gr
(00.2) position. Even though only stage-7 —like peaks will
appear, those peaks which are c1ose to the "constructive
interference condition, " such as the (00.8) and the (00.16),
will be relatively sharp and unshifted, whereas those peaks
that are at substantially different positions from their
stage-8 counterparts, such as the stage 7 (00.3), will be
broadened and shifted in the direction of the nearest
stage-8 peak. We give an explicit example of such
broadening below. Fuerst and co-workers ' compared
the deviations of their peak positions from ideal Bragg in-
dexing with the predictions of the HT model to calculate
the fraction of each stage that was present. We have ex-
tended their analysis to perform least squares fts of entire
diffraction profiles, resulting in greater sensitivity to the
details of the disorder present.

Several variants of the HT model are used in analyzing
our data. In some cases, we use a model employing a par-
tially random mixture of two different layer types. We
call this the "two-stage" model. In this case, two parame-
ters are needed to completely describe the probability dis-
tribution, one determining the overall stoichiometry and
the other determining the amount of disorder present. We
choose the following parameterization of the probability
matrix P:

1.0

PHASE SEPARATION

0.5—

RANDOM
I

.0 f

0.5

1.0—

FICs. 1. The allowed values of f, and a, and the stage struc-
ture in the (f&,a) plane for a two-phase Hendricks-Teller model.

stage-5 peaks to a highly disordered profile incorporating
diffraction maxima from both structures.

As will be discussed in Sec. IV, we used a two-stage HT
model with a large and positive (typically in the vicinity
of 0.8) as a model for phase separation in stage-4+ stage-
5 K-Gr. Strictly speaking, this model is an oversimplifi-
cation. In a stage-4+ stage-5 two-stage model, although
packages are correlated via the parameter a, the correla-
tions are forced to be the same everywhere in the sample,
i.e., the environment of a stage-4 package is assumed to be
the same everywhere. For large a, the structure will con-
sist of extended regions of pure stage 4 followed by ex-

P=
f, (1 —a)+a
f, (1—a)

f2(1 —a)
fq(1 —a)+o.

max 1— &&x &1,

where f& ——1 f2. The allow—ed values of f, and a and
the dependence of stage structure on a and f ~

are shown
schematically in Fig. 1. If o.'=1, then the system has
complete phase separation; a type one layer can only be
followed by a type one layer and vice versa. As u is de-
creased, the layers become more mingled, and at +=0 the
two types of layer are randomly mixed. The probability
of finding a type-1 layer after either type of layer is just
the overa11 probability of finding a type-1 layer. On the
other hand, when cx becomes negative, the layer most like-
ly to follow a type-1 layer is a type-2 layer; a heterostruc-
ture is formed of alternating layers. In a 50:50 mixture
with a = —1, the layers alternate perfectly. Figure 2
shows a sequence of calculated diffraction profiles for dif-
ferent o.'values in a mixture of stage-4 and stage-5 K-Gr.
With decreasing a the calculated diffraction profiles
evolve continuously from a sum of sharp stage-4 and

10'
CA

LLI 10

10-1—

10 2
0 0.5

l l

2.0 2.5

FIG. 2. Hendricks-Teller diffraction profiles for mixtures of
50%%uo stage-4 and 50% stage-5, K-Cxr. Upper: a=0.9 (almost
complete phase separation). Middle: a =0.5. Lower: a =0.1

(an almost completely random mixture). The scale has been
offset by multiplying the middle and upper curves by 30 and
1000, respectively.
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fi(1 —a)+a
P= 1 f, (l —a)

1+af3
fi

f2(1 —a) f3
f2(1 —a)+a f3

f2 f3(1+a)

We refer to this model as the three-stage model. (A simi-
lar algorithm appears to work we11 for pressure-induced
disorder. ')

An alternative modification of the basic HT model is to
redefine the layers. Consider a model where the first layer
is defined as a stage-5 K-Gr package, and the second layer
is defined as a bare carbon layer. We will call this a
"stage+ carbon" model. If the probability of a stage-6
package is 0.5 and a is large and negative, then a stage-6
package will probably be followed by a bare C layer; the
result is a stage-7 package. If more C layers follow then
the stage will be higher. Using this definition of the
layers, with the same number of variables as the two-stage
model, yields a distribution of many different stage pack-
ages. The probability G(n) of finding a package of stage
n in a stage N +carbon model is

0, n(N
G(n)= f2(1 —a)+a, n =N

f2fi(1 —a)'[fi(1 —a)+a]" ', n )N
where f, is the probability of a C layer and f2 is the prob-
ability of a stage-N package. With this probability distri-
bution the average stage and the standard deviation of the
stage distribution are

tended regions of pure stage 5. By contrast, in thermo-
dynamic equilibrium such a system should consist of
separated stage-4 —rich and stage-5 —rich regions. An im-
proved model ' to describe equilibrium phase separation
would sum two independent two-stage HT models, with
two sets of parameters f; and PJ. This model has the
disadvantage that at least three new arbitrary fitting pa-
rameters are introduced, at the expense both of increased
computational time and of reducing the uniqueness of the
fit. We therefore have not pursued this approach.

We found that diffraction from higher stage samples
could not be described by a random mixture of two dif-
ferent stage packages. Specifically, the experiments found
more diffuse scattering between peaks than was predicted
by the model. In an attempt to describe the additional
disorder, two modifications of the above model were
developed. This first modification is to add a third layer
type to the model. Parametrizing the probabilities in this
case is surprisingly tricky. Instead of one parameter
describing the probability distribution, there are three.
We chose a probability distribution in which two types of
package are mixed with a variable amount of randomness,
as above, and a third package type is mixed completely
randomly with the other two. The probability parame-
trization is

This probability distribution can peak at either stage N or
stage N + l. It has a sharp cutoff at low stage and a long
tail on the high stage side of the distribution. Fortunate-
ly, this is physically reasonable since the energy difference
between stages gets smaller as the stage gets higher.
The stage probability function for a stage-6 + graphite
HT model is shown in Fig. 3. Note that there is zero
probability of finding a stage-5 package, but a nonzero
probability of finding up to stage 12 and higher.

To give more flexibility in the distribution we also use a
three package model with stage N, stage N —1, and C
layers. For this model the N —1 package is a randomly
distributed layer. In this case

(n)=N+ fi f3—
2+ 3

and

f3(f2+2f» —f i
n —n

(f2 +fi)'
fi(1+Pii) —&f3P3i

(f2+f3)(1—Pii)

where f, is the probability of a C layer, f2 is the probabil-
ity of a stage-% package, f3 is the probability of a stage-
(N —1) package, and P» is the probability that a C layer
will follow a C layer.

The probability of finding an intercalant layer of type-
M stage-N package thicknesses away, G~(M), is approxi-
mately G~ i(M)Gi(M) if Gi(m) is close to 1. Correla-
tions between intercalant layers thus fall off like IC "for
some constant K; this type of probabilistic model implies
either exponential correlations or perfect long-range order
within each phase if P~J =13;~. The Fourier transform of
an exponential correlation function yields an Lorentzian
function, and thus well separated diffraction peaks in HT
profiles have approximately Lorentzian shapes.

In fitting actual c-axis diffraction data, the bare HT
line shape was convoluted with a Gaussian resolution
function. (A Gaussian resolution function, R (q —qo)
~ exp[(q —qo) /5 ], is expected to provide a much better
approximation to a mosaic-limited low-resolution instru-
mental configuration than to a Darwin width limited
high-resolution configuration, and indeed the detailed line

0.8

0.6—

0.4—
CD
D
CC

0.2—

(n)=N+ 0.0
4 8 10

S1AGE

WF

12 14

(( 2) (n )2)1/2 f2(1+a)
f i(1 —a) FICJ. 3. Probability distribution derived from stage-

6+ graphite HT fits to sample I (OO. L) scans at 200 and 300 K.
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FIG. 4. c-axis scan on sample 1. Solid line is a HT stage-
'7 + carbon fit times q with y =0.36.

shape fits worked much better for our low-resolution data
than for our high-resolution data. ) The convolution,
which was somewhat time consuming, was done numeri-
cally using a variable step-size integration algorithm. The
line shape was also multiplied by Lorentz and polarization
factors. Several slowly varying factors, such as beam at-
tenuation by the sample and illuminated volume effects,
could not be calculated and were not included in our
models. These slowly varying factors could empirically be
modeled by a multiplicative factor of the form q ~, with

y allowed to vary. Figure 4 shows a c-axis diffraction
scan from 0 to 8 A ', the solid line is a two-stage model
with all parameters allowed to vary, multiplied by q
(Note that since our diffraction data show considerable
dynamic range in intensity, we have used a logarithmic in-
tensity axis in this and subsequent figures. ) For most of
our fits we did not include a q ~ factor, but simply re-
stricted the range of the fits to the 0 & q (3 A

We used the convolved HT line shapes to perform
least-squares analysis of all our c-axis diffraction scans;
the analysis was done on a LSI 11/23 microcomputer. In
principle, the fitting parameters included the staging
probabilities, a multiplicative factor for the scattered in-
tensity, a term to correct for small errors in the centering
of the diffractometer (2-0 offset), co and do, the instru-
mental resolution, and a constant additive term represent-
ing background scattering. In practice, the instrumental
resolution was held fixed at its measured value, and for
sequences of fits to measurements on a particular sample
the 2-0 offset, layer spacings, and background terms were
held fixed at their average values. The goodness-of-fit pa-
rameter, 7, was quite sensitive to the value of the 2-0
offset, which always fit to less than +0.02', or less than
10% of a resolution half width. However, the other
parameters were almost completely uncorrelated with this
parameter. The layer spacings always came close to their
nominal values of co ——3.35 A and do ——5.35 A.

Least-squares fits are done by numerically varying the
independent parameters in a model to minimize the
goodness-of-fit parameter 7, which is a sum of

[(model —data) X weight] . In the present case, the
weighting for each point is determined by Poisson statis-
tics. Since there is considerable dynamical range on inten-
sity and hence statistics in our c-axis scans, the fitting pa-
rameters tended to be determined by the detailed shape of
the most intense peaks, rather than the overall shape of
the entire diffraction profile. To mitigate this effect, we
sometimes did fits with various parameters held fixed and
chose as the best fit that which appeared by eye to con-
form best to the data over the entire range measured, rath-
er than necessarily that which gave the best 7 . Also, al-
though we believe that the HT model contains most of the
features needed to describe the data, there were still sys-
tematic differences between the model and the data.
Therefore, if two otherwise identical scans were counted
for different lengths of time fits to them would give dif-
ferent values of 7 . Thus, although X was the figure of
merit used by our programs in minimizing fitting parame-
ters, it was not always useful to use it in comparing fits to
different data sets.

C. In-plane analysis

In-plane peaks were fit to a variety of empirical models.
Liquid structures have short-range order which may be
expected to decay approximately exponentially; it was
found that diffraction maxima in the disordered phase
could be well described by Lorentzian line shapes. For
commensurate 2D inplane structures with long-range or-
der, the ideal scattering function is a Bragg rod, described
as a 5 function in the H direction and a slowly decaying
function in the I. direction. The ideal crystal 5-function
peak is broadened by both finite-size effects and instru-
mental broadening; for our measurements, only the latter
were important. Thus, commensurate inplane solid peaks
were well described by resolution-limited Gaussian func-
tions. An ideal incommensurate 2D inplane solid should
display long-wavelength fluctuations resulting in a
power-law cusp in the diffraction; this function,
broadened by finite size in instrumental effects, can be ef-
fectively mode1ed by a Lorentzian lineshape. Aside
from the difference in peak position, a smeared power law
line shape can be distinguished visually from a
resolution-limited Gaussian by the higher degree of dif-
fuse scattering in the tails of the peak. It was found
necessary in all of our in-plane fits to add a background
term due to air scattering, inelastic scattering from the
sample, and other incoherent sources of diffraction. This
background term was typically described as a slowly vary-
ing polynomial, the coefficients of which were determined
by fits to a low-temperature scan and held fixed thereaf-
ter.

III. HIGH-STACJE SAMPLES

We studied over twenty K-Vr samples of stage 6 and
above; we present data for five of these samples. (The
nominal stage and host material for all of our samples is
summarized in Table II.) Most samples we prepared from
an HOPG host; one sample was prepared from natural,
single-crystal Cir. Data from the first sample, 1, is
described in more detail than the other samples because it
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TABLE II. Nominal stage and host materials for intercalated
samples.

107

Sample Host

HOPG
HOPG
HOPG
HOPG

Gr (single crystal)
HOPG

Gr (single crystal)

Nominal stage

7
7
6
8

11
4
4

610

510

410

510

410

serves to illustrate most of the structural features found in
samples with stages greater than 5 ~ The results of the oth-
er samples are then presented, and differences from sam-
ple 1 are noted. For sample 1, we will first discuss the c-
axis data, with emphasis on the different models used to
describe the c-axis diffraction profiles. Then the change
in c-axis structure is shown as a function of temperature,
and finally the in-plane structure is presented and
analyzed.

A. Sample 1

Sample 1, which was nominally stage 7, came from the
same batch as the sample used by Phan et al. in the first
study of staging disorder in K-Gr. One large piece of
HOPCi was intercalated, then cut into several samples.
We found that different samples from the original piece
had slightly different average stage at room temperature,
and thus different concentrations of intercalant. These

samples had been stored at room temperature in sealed
Pyrex ampoules for four years between preparation and
measurement. It is possible that the observed variation in
concentration is due to deintercalation in the slightly dif-
ferent environments of the different ampoules. Alterna-
tively, the spread in concentrations might be due to inho-
mogeneities in the original intercalation process. We
baked sample 1 inside its Pyrex ampoule, which contained
no K, several times, making intermediate measurements
of the c-axis structure. After each bake the concentration
of K in the sample decreased slightly, but the diffraction
profile was otherwise unchanged. We therefore infer that
concentration inhomogeneities within each sample were
not a problem.

Figure 5 shows c-axis scans from sample 1. (The addi-
tional scattering near 1.4 A is due to 2k/3 higher-order
contamination of the beam. ) As discussed in the analysis
section, the (00 n+ 1) pea. ks of stage n samples are close
to the position of the pure Cyr(00. 2) peak, and thus these
peaks are expected to be sharp even in a disordered mix-
ture of many stages. In the present case, we find that the
stage-7 (00.8) peak is resolution limited with a 0.025 A
half width; this peak serves to determine our resolution
function. The (00.4) peak has a halfwidth of 0.046 A
This width, if interpreted naively, would imply a correla-
tion length of 19 A; this distance is to be compared with
the stage package thickness of 26 A. Thus, this sample is
highly disordered. The bottom half of Fig. 5 shows the
results of a fit to the stage-7 + stage-8 two-stage HT

10
0. 0 0. 5 l. 0 l. 5

L(A)
2. 0 2. 5

FIG. 5. Sample c-axis scan at 300 K fit with different HT
models. Upper: stage + carbon HT fit. Lower: two-stage HT
fit.

model. The ordering parameter a has been set to zero;
fits in which a was allowed to vary gave slightly better 7
values but gave a considerably worse fit to the low-
intensity peaks. It can be seen that the two-stage fit
disagrees with the data in several regards. First, there
several spurious peaks in the range 0.3—1.7 A '. Second,
although the peak intensities are in fair agreement with
the data, the model underestimates the diffuse scattering
between the peaks. By contrast, a fit to the stage-
6+ carbon model, shown in the upper half of Fig. 5, is
considerably better, although there are still a few sys-
tematic discrepancies. In general, we find that for sam-
ples of stage 6 and higher, the stage+ carbon model
describe the data better than the two-stage model, imply-
ing that these samples are highly disordered. Table III
shows the results of baking on the sample 1. As discussed
above, the average stage of the sample increased when it
was baked. There was not much change in o.„after the
first bake, but it was significantly larger after the second
bake.

Table IV shows parameters derived from fits to c axis
scans between 0.1 and 2.5 A ' at four temperatures. At
around 235 K there is a subtle but distinct change in the
c-axis structure, with the average stage decreasing from
7.54 to 7.13 with decreasing temperature. Figure 3 shows
the probability of different stage packages derived from
the stage+ graphite HT model at 200 and 300 K for this
sample. The sum of all the probabilities must of course
equal 1; as the temperature is lowered the average stage
decreases and the probability distribution function also be-
cornes more sharply peaked, implying a decrease in the
disorder. The most dramatic change in the raw data is
the intensity of the (00.1) peak, which shifts slightly in
position and decreases by roughly 20% in intensity going
through the transition. In characterizing the related in-
plane transition, we monitored only the (00.1) peak at
each temperature as an indication of change in the c axis
structure. Fits to the long (OO. L) scans show that most of
the other parameters do not change greatly with tempera-
ture, and show no anomalies at the transition. Figure 6
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TABLE III. Effect of baking on sample 1. Parameters are "carbon-layer fraction" and "ordering"
parameter for a stage-6 + carbon model, as described in text; (n ) and o„are the average stage and
width of the stage distribution function. Both the average stage and the stage disorder increase slightly
upon annealing.

(n)
0.562
0.566
0.604

—0.498
—0.508
—0.498

7.28
7.30
7.53

0.99
0.99
1.14

First measurement
Baked at 200'C for 14 h
Baked at 300'C for 21 h

shows the results of stage+ carbon fits to the (00.1) peak
as a function of temperature, with all parameters except
the intensity, probability of a C layer, and ordering pa-
rameter a held fixed. Comparison to Table III shows that
fits to the (00.1) peak alone yield results which are quali-
tatively similar, but numerically slightly different from
fits to the entire spectrum up to 2.5 A '. Note that the
average stage changes quite abruptly by about 0.5 in a
narrow temperature range between 235 and 245 K.

We now discuss the in-plane structure of sample 1. The
temperature at which the c-axis structure changes abrupt-
ly corresponds to the in-plane solidification temperature.
Above the transition there is only a broad fluid-like peak
at 1.124 A ' (bottom of Fig. 7). The low-temperature
in-plane structure is a two-dimensional, +7XV 7 com-
mensurate solid (top of Fig. 7). The low-temperature in-
plane superlattice K(H, K) peaks are resolution limited,
implying that the in-plane spatial correlations extend over
more than 250 A. Analysis of the positions of the in-
plane superlattice peaks and Gr(10.0) show that the super-
lattice is commensurate to better than 0.5%; the posi-
tion of the lowest-order K(1,0) peak is 1.102(10) A
Indeed, all low-temperature superlattice peaks could be
indexed to a commensurate ~7X ~7 lattice, without ad-
ditional peaks due to incommensurate modulations. Scans
done through the K(1,0) peak in the L direction showed
no evidence of a 0.25 A periodicity, as would be
expected for a 3D superlattice. Rather, the slow variation
of intensity of c-axis scans through the K(1,0) peak can be
completely accounted for by the change in sample absorp-
tion and the evolution of the K atomic form factor with
q.

fit to coexisting Lorentzian and Gaussian peaks, with the
amplitudes of the peaks allowed to vary and the widths
and positions of the two peaks fixed at their extremal po-
sitions. The results of these fits are shown in Fig. 9. The
observation of coexisting sharp peaks (characteristic of
the solid phase) and broad peaks (characteristic of the
fluid phase), rather than a continuous evolution of the line
shape, is expected for a first-order transition. We also ob-
served a 5-K hysteresis in the temperature dependence of
the peak positions, again consistent with a first-order
transition.

Note that the in-plane fluid expands on freezing. The
shift in the K(1,0) peak position from 1.124 A to 1.102
A corresponds to a 2% increase in nearest-neighbor dis-
tance or a 4% decrease in in-plane density. The number
of occupied galleries increases to compensate for this de-
crease in in-plane density. From Table IV, the fractional
change in the number of occupied galleries is

=0 05
N; 7.56

Thus, within our experimental error the stoichiometry of
the sample is conserved and remains constant upon re-
peated temperature cycling.

8.0

~ o ~

Figure 8 shows the thermal evolution of the lowest-
order K(1,0) peak. To analyze the in-plane data versus
temperature, the 220-K K(1,0) peak was first fit to a
Gaussian line shape plus a cubic polynomial, and this
fixed background plus a Lorentzian line shape was used to
fit the 240-K fluid peak. The rest of the scans were then

7.0

l3—
~ ~

300
273
250
200

0.609
0.610
0.607
0.531

—0.493
—0.489
—0.540
—0.593

7.56
7.56
7.54
7.13

1.16
1 ~ 17
1.08
0.79

TABLE IV. Results of stage+ carbon fits to c-axis scans on
sample 1 versus temperature: probability of carbon layer, "or-
dering" parameter, average stage, and stage distribution stan-
dard deviation.

(n)
0

0.9
220

I 1

240
~(K)

I

260

FICx. 6. Mean stage (upper) and standard deviation (lower) of
stage distribution from fits to (00.1) peak of sample 1.
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0.628
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0.7285
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1.2461
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0.076
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0.0033
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likely due to difficulty in correcting for geometrical sam-
ple absorption and illumination effects in the particular
geometry that was employed. Stage+ carbon HT fits to
the high-resolution scans gave values for the mean stage
and stage distribution of (n ) =8.0, cr„=1.7 at 239 K, and
( n ) =7.4, o„=1.3 at 222 K; similar fits on low-
resolution scans of sample 2 gave (n ) =7.7, cr„=1.3 at
300 K and (n ) =7.3, o„=0.9 at 222 K. The differences
between the two sets of fits are illustrative of the varia-
tions between HT fits using slightly different algorithms,
sets of fixed parameters, or data sets: the exact values of
mean stage, stage width, or other parameters may vary,
but the shift to lower stage with decreasing temperature is
not highly model dependent. Similarly, we found that fit-
ting single peaks, rather than entire diffraction profiles, to
HT line shapes yielded slightly different parameters, and
in this case we feel that it is desirable, when possible, to
analyze entire profiles. Indeed, it was the systematic
discrepancy of the intensity between peaks, rather than
peak positions or widths, that led us to develop the
stage + carbon HT model.

The in-plane structure of sample 2 is the same as that
of sample 1: the high-temperature two-dimensional fluid
has a first-order transition to a v 7X V 7 solid at around
235 K. We illustrate the transition by plotting the intensi-
ty of the (00.1) peak and the K(1,0) peak versus tempera-
ture (Fig. 10). Note the coincidence of the change in in-
plane and out-of-plane structures, and the hysteresis in the
transition.

Figure 11 is a contour plot of diffraction intensity in
the entire H Lplane of-sample 2. (The pattern is powder
averaged about the L axis, so that all directions in the H-
K plane are equivalent. ) The vertical spine at H=O is
composed of the (OO. L) diffraction peaks, with stage-7 su-
perlattice periodicity. The tails of the c-axis mosaic are
seen clearly around the strong (00.8) peak (2 && 10
counts/sec max), extending almost 45' from the H=0
direction. The three smooth ridges at H= 1.1 A ' (290

1 1 I I } I I I I I 1

2. 0

'~ i. 0—

0. 0

0. 0 1. 0
H (A)

2. 0

FIG. 11. Contour plot of diffracted x-ray intensity from sam-

ple 2 at 200 K. Contours are given at 100000, 31620, 10000,
3162, 1000, 316, 100, and 66 counts/sec.

0

counts/sec), H=1.9 A ' (120 counts/sec), and H=2.2
A ' (90 counts/sec) are, respectively, the (1,0), (1,1), and
(2,0) Bragg rods due to 2D in-plane ordering of the K
atoms. The vertical spine at H=2.95 A ' is the Gr
(10.L) diffraction profile; the modulation of the intensity
along the (10.L) direction is due to the ABAB stacking of
the C layers and also the stage-7 superlattice. [Recent
work by Nishitani et al. has shown that the stack-
ing order of graphite and K layers is

~

( AB)„&z
~

(BC)«z
~

(CA)«z
~

for even-stage compounds
and

~
A(BA)I„,~&z ~

A(CA)~„, ~zz ~

for odd-stage com-
pounds, i.e., the stacking sequence alternates between odd-
and even-stage compounds. ] These periodicities are
washed out to some extent by the c-axis mosaic and are
also affected by stacking fault disorder. The irregular
rings with radii of 2.65 and 3.1 A are due to scattering
from aluminum in the sample cell.

200— K(l,Ol C. Sample 3

C3

CA

100—

V)

LLJ
I—

6.0—

~ ~-~
0

~ ~ ~

0 1 50 200 250 300

FIG. 10. Sample 2 fitted peak intensities versus temperature.
Upper: intensity of in-plane K(1,0) peak. Lower: intensity of
c-axis (00.1) peak. Arrows indicate the path taken.

Sample 3 consisted of nominal stage-6 K-HOPG. The
upper half of Fig. 12 shows two-stage and stage + carbon
fits to c-axis scans of sample 3. The stage+ carbon fit (b)
clearly reproduces the observed peak-to-valley ratio better
than the two-stage fit (a). A three-stage fit incorporating
a small random mixture of stage-5 packages did not im-
prove the fits. The sharp peak at —1.4 A ' is due to
higher-order contamination of the beam. The two-stage
HT fits yield (n ) =6.35, cr„=0.48 at 300 K and
(n) =6.17, r„=c0.38 at 150 K, while the stage+ carbon
model yields ( n ) =6.35, o „=1.10 at 300 K and
(n ) =6.08, o„=1.00 at 150 K. A better model to the
data would probably involve mixing a small amount of al-
most pure stage 5 with larger amounts of more disordered
stage 6 and stage 7, with o.=0.9; in any case we can con-
clude that the stage distribution is less broad at nominal
stage 6 than at stage 7, and that the shift to lower average
stage with lower temperature is still observed. The aver-
age stage is relatively constant between 300 and 243 K,
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106

510

fraction of pure Gr increased relative to the stage-8 com-
ponent. {The baking was done by heating the sample to
-300'C overnight and then quenching to room tempera-
ture. )

10

8
U) 10
C)
m

104

C 5e 10
C

10

l0
0. 0 Q. 5 1. 0 l. 5

L(P j

2. 5

FKJ. 12. c-axis scans for various samples. Solid lines are fits
to HT models. (A) Sample 3, T=150 K; solid line is stage
6+ stage 7 model. (B) Sample 3, T=150 K; solid line is stage
6+ carbon model. (C) Sample 4, room temperature; solid line
is a stage 7+ carbon model, with an additional Gaussian peak

o

at 1.881 A . (D) Sample 5, room temperature; solid line is a
stage 10 + stage 9 + carbon tnodei, with an additional Cxanssian

peak at 1.876 A

then drops sharply over a 20-K range as in-plane freezing
occurs.

The in-plane structure of sample 3 is virtually identical
to that of higher-stage samples. At high temperatures,
the in-plane diffraction is well described by a Lorentzian,
while at lower temperatures a series of v'7 X ~7 Gaussian
peaks appear. The evolution in in-plane line shape is
again better described by coexisting sharp Gaussian and
broad Lorentzian peaks than by a single peak with evolv-
ing width. The transition is quite broad, with the coex-
istence between peaks beginning at 240 K and continuing
to 210 K, and shows a 5-K hysteresis.

D. Sample 4

Sample 4 was drawn from the same batch of K-HOPG
as samples 1, 2, and 3, and was nominally stage 8. Curve
C in Fig. 12 shows a room-temperature c-axis scan. The
solid line is an HT stage-7 + carbon fit with an additional
Gaussian peak inserted at 1.881 A ', the position of the
pure Gr(00.2). Although this line shape has peaks in the
right places, the peak-to-valley ratio is clearly too large
between 0.3 and 1.4 A, indicating that the HT model is
not sufficiently disordered. The pure Gr peak intensity is
34000 counts/sec and the superlattice (00.9) peak intensity
is 98000 counts/sec. This sample appears to be composed
of approximately 25% pure Gr plus highly disordered
stage 8. We were unable to prepare any HOPG sample
with nominal stage higher than 8. If the same sample was
kept inside its pyrex container and repeatedly baked, the

E. Sample 5

Curve D in Fig. 12 shows a c-axis diffraction scan from
sample 5, a natural, single crsytal of Gr intercalated to
nominal stage 11. The solid line is an HT model incor-
porating stage-10 packages, stage-9 packages, and pure C
layers, as well as an additional Gaussian peak at 1.876
A . The fit gives (n)=10.9, cr„=2.17, and it is again
clear that this fit does not incorporate nearly enough dis-
order to account for the flatness of the diffraction profile.
In this case the estimated percentage of pure Gr in the
sample is 21%, based on the peak heights. In plane,
the position of the K(1,0) peak is 1.11(1) A ' rotated
19(+4) degrees from the 2.92(+1)-A ' Gr(10.0) peak.
Thus, the in-plane structure is a v 7X ~7R 19.1 superlat-
tice. The in-plane superlattice melts at 240 K. Scans
done in the c-axis direction through the K(1,0) peak
showed no evidence of three-dimensional ordering down
to 40 K.

The observation of coexistence between pure Gr and
staged structures requires some discussion. %'e think it is
unlikely that this coexistence is an equilibrium condition,
because the interaction between the intercalant galleries is
repulsive; there is no mechanism to keep intercalant atoms
from invading a pure Gr region. It is more likely that the
samples are being observed during the very slow process
of deintercalation. Presumably the area near the surface
of the samples consists of pure Gr, while deeper areas
have not yet deintercalated. The observation that single-
crystal hosts, which have longer in-plane coherence
lengths than HOPG, can support higher staged structures
is in general agreement with the model of Kirczenow.

To summarize our results for high-stage samples: The
c-axis structure of all samples with stage 6 and above was
better described by a stage+ carbon model than the more
ordered two-stage HT model. The stage disorder in-
creases with increasing stage An in-p. lane fluid structure
freezes to a commensurate &7Xv 7 solid at 235 K; the
coexistence of sharp and broad peaks and the hysteresis
observed in the evolution of the diffraction are consistent
with a first-order transition. The expansion of the in-
plane lattice upon freezing forces a shift to lower average
state to conserve sample stoichiometry. Perhaps coin-
cidentally, this shift to lower average stage always appears
to be accompanied by a shift to smaller stage distribution,
i.e., a slightly purer phase.

IV. LOW-STACJE SAMPLES

We studied two stage-4+ stage-5 K-Gr samples, one
using HOPG as a host material and one using single-
crystal graphite. In both cases we found that a dramatic
shift to lower stage at around 150 K was correlated with
an in-plane freezing transition into an incommensurate
superlattice.
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A. Sample 6 107

We discuss first our measurements on sample 6, which
consisted of stage-4 + stage-5 K-HOPG. The contour
plot in Fig. 13 shows 3D (OO. L) and (10.L) peaks, and 2D
Bragg rods due to in-plane ordering of the K atoms. The
in-plane structure is not commensurate; the strong peaks
at H= 1.13 and 2.26 A ', and the weak peak at 1.96 A
index as incommensurate superlattice (1,0), (2,0), and (1,1)
peaks. The low-temperature K(1,0) peak, as measured in
both high- and low-resolution configurations, is better
described by a resolution-limited Lorentzian with Q= 1.13
A ' than by a Gaussian, consistent with the power-law
line shape expected in a 2D incommensurate lattice.
The strong peak at H=1.85 A ' is most likely a (1,0)
modulation peak around the Gr(10.0). Between 130 and
170 K the K(1,0) peak gradually broadens and decreases
in intensity. At high temperatures, scans in the (HKO)
plane reveal a liquidlike peak corresponding to a lower
density than that observed by Mori et al. ;" a Lorentzian
fit to this peak yields Q=1.144 A ' and a.=0.13 A
implying that the in-plane lattice expands upon freezing
as seen in the high-stage samples.

Figure 14 shows the evolution of c-axis structure in
sample 6 as a function of temperature. HT analysis of
these scans shows that the c-axis structure is best
described as a partially ordered mixture of stage-4 and
stage-5 packages, with &x =0.75, corresponding to a simple
model for phase separation of stage-4 and stage-5 regions.
The addition of a third package did not significantly im-
prove the fits; fits with the stage+ carbon model were
significantly worse. With decreasing temperature, fits to
low-resolution scans show that the sample evolves from
54% stage 4 to 60% stage 4 between 300 and 200 K, and
then changes rapidly to 75% stage 4 as the temperature is
lowered to 150 K (Table VI). The evolution from stage
4.54 to 4.27 implies a 5% decrease in the number of K
layers to unit length. HT fits to high-resolution (OO. L)
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FIG. 14. Low-resolution c-axis scans, sample 6 (stage-
4+ stage-5 K-HOPG). Temperatures are (3) 250 K, (B) 200
K, ( C) 180 K, and (D) 105 K. Solid lines are stage-4+ stage 5
two-package HT fits, as discussed in the text.

TABLE VI. Results of fits to stage 4+ stage 5 K-HOPG
(OO. L) scans to a two package HT model: probability of a
stage-4 package, "ordering parameter, " average state, and se-
quence (low or high resolution).

Temperature (K)

scans from this sample showed the same trends as fits to
the low-resolution data, although the agreement was not
as good; this discrepancy is most likely due to difficulty in
modeling the resolution function for a high-resolution
configuration, as described above. The evolution in the
fraction of stage-4 packages is somewhat larger in this
case (Table VI).

300
250
225
200
180
150
105

Low resolution
0.542
0.585
0.587
0.597
0.631
0.746
0.746

0.269
0.369
0.367
0.366
0.364
0.301
0.301

4.46
4 42
4.41
4.40
4.37
4.26
4.26

2. 0O. 0 1. 0
w (EY)

FIG. 13. Contour plot of x-ray intensity in (HOL) plane of
stage-4+ stage-5 K-HOPG (sample 6) 105 K. Contours are at
316200, 100000, 31620, 10000, 3162, 1000, 316, 100, an'd 66
counts/2 sec. Semicircular contours about q=2.7 and 3.1 A
are due to scattering from the Al sample cell ~

300
290
200
190
179
170
107
40

High resolution
0.453
0.443
0.535
0.547
0.616
0.647
0.750
0.735

0.419
0.426
0.376
0.369
0.343
0.341
0.323
0.285

4.54
4.56
4.47
4.45
4.38
4.35
4.25
4.27
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B. Sample 7
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Diffraction scans in sample 7, a single Gr crystal inter-
calated to stage 4+ stage 5, confirm our identification of
an incommensurate in-plane superlattice structure. In-
plane diffraction spots can be indexed as primary Gr(10.0)
and Gr(11.0) peaks at 2.94 and 5.16 A, primary super-
lattice peaks from a triangular lattice with qo ——1.17 A
rotated 19+2 from the Gr(10.0) direction, and (1,0)
modulation peaks about the Gr(10.0) and Gr(11.0) pri-
maries. (Our resolution was not sufficient to allow us to
unambiguously distinguish primary and modulation peaks
in most cases; further measurements are anticipated. )

Note that the primary incommensurate lattice is quite
close to the ~7Xv 7R 19.1 commensurate lattice, with
reciprocal-lattice constant 1.11 A

As the temperature is increased, the in-plane superlat-
tice peaks and their angular widths increase to eventually
form an orientationally ordered ("hexatic") in-plane fluid.
Figure 15 shows a set of longitudinal scans through the
K(1,0) peak as a function of temperature. Fits to the
low-temperature line shapes yielded ambiguous results.
The solid lines in Fig. 15 are the results of fits to a
Lorentzian line shape with a fixed polynomial back-
ground; the background function was fixed by fits at low
temperature. Such fits yield a quantitative measure of the
temperature evolution of peak position and width, al-
though the Lorentzian line shape does not describe the
data perfectly. Likewise, a Gaussian line shape did not
perfectly reproduce the diffraction profiles; it seems likely
that the best function would be a smeared power-law line
shape. Alternatively, a line shape consisting of a linear
sum of characteristic low-temperature and high-
temperature line shapes gives a comparable fit to the data.
We therefore cannot distinguish from these measure-
ments, which were done with relatively low instrumental

resolution, between a smeared first-order transition and a
truly continuous freezing transition. In fact, the observed
temperature evolution of correlation length (Fig. 16) is
very similar to that observed in low-resolution scans of
the melting transition of 2D xenon adsorbed on the sur-
face of graphite; in that case higher-resolution
scans ' have sho~n that the incommensurate super-48, 51 —53

lattice melts into a hexatic fluid via a second-order transi-
tion. This similarity in the spectra would suggest that the
present transition is also continuous, although the hys-
teresis of the electrical resistivity over a broad region of
temperature would argue for a possibly smeared first-
order transition. Future high-resolution synchrotron
studies may help to resolve this issue. Note that the
change in character of the freezing transition from stages
4—7 can be explained by the change of symmetry of the
low-temperature phase. The high-stage freezing transition
to a V7X~7 commensurate solid can be described by a
seven-state Potts model; such a transition must be first or-
der. By contrast, the stage 4—5 freezing transition to a
modulated incommensurate structure could be first order,
but it could also occur via a second-order transition of the
Kosterlitz- Thouless type. No out-of-plane correlations
were seen in either of our stage 4+ stage 5 samples down
to 45 K. %'e can thus set an upper limit of n =4 for the
appearance of 3D effects at low temperature in K-Qr.

V. DISCUSSION

0.14

0.12— ~ il

Analysis of our (OO.L) scans shows that stage 4 + stage
5 samples are best described by a partially random mix-
ture of two package types, while samples of stage 6 and
greater are best described by a mixture of many package
types. The trend to increased package miscibility at
higher stage areas agrees qualitatively with the staging
model of Kirczenow. In all samples with stage n )4, a
sudden decrease in average stage occurs at the same tem-
perature (and shows the same hysteresis, if any) as the in-

plane transition. Indeed, the 6%+2'Fo decrease in in-
plane density upon freezing agrees within experimental er-
ror with the 2—4% increase in out-of-plane density, sug-
gesting that the system increases the number of filled gal-
leries to compensate for the decreased number of K atoms
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FICx. 15. Sample 7 (single-crystal K-Gr) K(1,0) diffraction
peaks. Solid lines are results of Lorentzian fits as described in
the text.

FIG. 16. Values of ~ (inverse correlation length) from
Lorentzian fits to sample 7 K(1,0) peaks.
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in each gallery. The complementary effect has been seen
in K-Gr at high pressure ' and Li-Gr at low tempera-
ture in which the number of filled galleries is decreased
to maintain sample stoichiometry as the intercalants form
a denser in-plane structure.

The c-axis structure of all samples with stage 6 and
above was better described by a stage+ carbon model
than by the more ordered two-stage HT model. This im-
plies that, at high mean stage, pure staging structures do
not exist—the equilibrium structure is a disordered mix-
ture of several package types. ' The stage disorder in-
creases with increasing stage. An in-plane fluid structure
freezes to a commensurate v'7)&&7 solid at 235 K; the
coexistence of sharp and broad peaks and the hysteresis of
the diffraction are consistent with a first-order transition.
We found no high-stage K-C compound which produced
resolution limited (OO. L) peaks, even though all high-stage
compounds had a v 7&&V7 in-plane structure. This im-
plies that high-stage K-C will not form an ordered staging
structure even if the stoichiometry should happen to be
KCj4„ for some integer n. The expansion of the in-plane
lattice upon freezing forces a shift to lower average stage
to conserve sample stoichiometry. This is the opposite of
the trend to higher stage at 1ower temperature predicted
by Safran's model, which neglected in-plane interac-
tions. This shift to lower average stage appears to be al-
ways accompanied by a shift to a narrower stage distribu-
tion, i.e., a slightly purer phase. This could be a true
thermal reduction in the entropy of stage disorder, or it
could be related to the fact that coincidentally all our
samples had stoichiometry slightly greater than some
mean integer stage rather than slightly less.

The observation of coexistence between pure Gr and
staged structures requires some discussion. It is possible
that we are observing a "maximum" stage of 11 for
single-crystal hosts and 8 for more highly-disordered
hosts. The observation that single-crystal hosts, which
have longer in-plane coherence lengths than HOPG, can
support higher staged structures is in general agreement
with the model of Kirczenow. The energetic basis of a
maximum stage is unclear; there is no mechanism which
would keep intercalant atoms from invading a pure Gr re-
gion. However, there are several effects which could ac-
count for the observed coexistence. We may be observing
spatial inhomogeneity due to the intercalation process.
Presumably, the area near the surface of the samples con-
sists of pure Gr, while deeper areas have not yet deinter-
calated. (Alternatively, the surface may "pin" staged
structures while the interior may reflect the true dilute
equilibrium state. ) It is also possible that inhomogeneous
strains or defects could prevent intercalation of some re-
gions in the high-stage regime, where intercalation is bare-
ly favored energetically in any case. This would account
for the higher stages produced by the more pure graphite
hosts.

Moss et al. have suggested that transverse phonons
from misoriented crystallites may contribute to the diffuse
scattering between 0 and 2 A ' and distort the parameters
obtained from HT fits. Indeed, there are a number of
such effects that we have not included, including q-
dependence of the background scattering, the detailed

shape of the resolution function, geometric illumination
and attenuation factors, and multiple scattering, all of
which become important when diffraction measurements
over several orders of magnitude in intensity are analyzed.
As discussed above, the parameters obtained from the fits
tend to depend somewhat on the model employed, and the
range of data included. On the other hand, our primary
results, that the staging disorder increases with increasing
stage and that there is a shift to lower stage at the melting
transition, are relatively insensitive to the details of our
fits.

Since our measurements were made on samples that
had been quenched rather than high-temperature in situ
samples, detailed comparison with in situ measurements is
difficult. Nevertheless, our observation that a sample
containing coexisting stage-4 and stage-5 phases must be
described using a model for disordered phase separation
appears to be consistent with the recent in situ rneasure-
ments of Misenhiemer and Zabel, which showed in-
creased stage disorder with increasing stage and a misci-
bility gap at the stage-4 to stage-5 transition. Nishitani
et al. have performed in situ energy-dispersive diffrac-
tion measurements of K-HOPG up to stage 7. They ob-
serve that all the (OO. L) diffraction peaks case be assigned
to one or two diffraction peaks, and thence argue that
there is no microscopic mixture of two stages up to stage
7, in contradiction to our observation of substantial stage
disorder above stage 6. However, as long as the mean
stage is well defined the primary effect of stage disorder is
to broaden selected peaks and increase the amount of dif-
fuse scattering. The Nishitani et al. experiments were
done with fairly low momentum resolution and would not
have been sensitive to such disorder. Their measurements
do provide evidence for finite miscibility gaps even up to
quite high stage.

As Table I shows, there is a genera1 trend in K-Gr com-
pounds for the in-plane density to decrease and, except for
stage 1, the freezing transition temperature to increase
with increasing stage. Thus, the change from
stoichiometry KC8 at stage n = 1 to approximate
stoichiometry KC&2„ for higher stages is simply part of a
general trend to lower in-plane density with increasing
stage, with the biggest jump occurring as expected be-
tween n = 1 and n =2. KC8 is the only stoichiometric
member of the K-GIC fami1y; its 3D melting transition
does not involve coupling between in-plane and out-of-
plane densities. At the dilute extreme, average stage 6
or higher, we found ground-state structures in which non-
stoichiometry is accommodated by stage disorder while
the in-plane density is clamped by the commensurate
V7)&v 7 superlattice. Intermediate cases such as KCz4
probably exist in a variety of ground states, depending on
the specific K/C ratio. This view is supported by the
differing results obtained on supposedly the same com-
pound by different groups. ' It is unclear at this point
whether these ground states are stabilized by in-plane or
interlayer interactions. The increase of the freezing tran-
sition temperature with increasing stage is contrary to a
simple mean-field picture in which as the K layers evolve
from a 3D structure to a quasi-2D structure the freezing
transition should decrease in temperature. It appears like-
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ly that the energy scale of the freezing transition is set pri-
marily by in-plane interactions, with commensurate struc-
tures melting at higher temperature than incommensurate
ones.
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