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FIG. 2. Zero-temperature order parameter as a
function of quadrupole concentration. The solid curves
show percolation probability P (c) and conductivity o(c)
for the infinite simple-cubic lattice, as given in Ref. 7.
co is the percolation threshold.

of the usual spin-glass susceptibility. My results
with respect to energy and specific heat are
somewhat more ambiguous and suggest no strong
specific-heat anomaly at the transition. As the
quadrupole concentration is lowered, the order-
ing is destroyed in a manner reminiscent of the
reduction of the analogous network conductivity,
at least for the particular lattice studied. Work
currently in progress includes study of the be-
havior of the temperature-dependent properties
of such systems as they are diluted, and of their
dynamic response functions.

I am grateful to D. G. Haase for long and pa-
tient explanations of the experimental aspects of
the problem.

namic response of the quadrupolar system and
to understand the form of the excitation spectrum
present in this sort of glasslike ordering. This
is obviously a nontrivial undertaking, and to my
knowledge, remains to be done.

My results lead me to believe that a quadrupolar
interaction can cause local metastable ordering
in certain crystal structures. This ordering is
characterized by a rotational freezing, with some
proportion of the molecules locked into a locally
defined orientation. It seems to be accompanied
as well by the sort of susceptibility cusp typical
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Two structural phase transition in KC24 have been observed by x-ray diffraction:
order-disorder transition at TU-—126.0+ 0.5 K and a structural transition T~ at about 98
K. Details of these transitions are presented, as well as the stacking sequences of the
intermediate and low-temperature phases.

The existence of graphite intercalation com-
pounds in which metal-atom layers are inserted
between graphite layers has been known for al-

most fifty years. These systems have been of
interest recently because of the high basal-plane
conductivity and the highly two-dimensional na-
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ture of the electronic structure in some of these
compounds. ' X-ray structural studies on stage-2
alkali-metal compounds' M C,~ (M = K, Rb, Cs)
have shown the existence of an order-disorder
transition. However, recent resistivity measure-
ments' have shown not one but two anomalies as
a function of temperature for each compound.
For the three metals, one of each pair of transi-
tions can be correlated with the single order-
disorder transition temperature reported earlier. '

In this Letter we report x-ray scattering results
which reveal the structural nature of the two low-
temperature phase transitions in KC,4, a stage-2
graphite intercalation compound. The upper tran-
sition, TU=126.0+0.5 K, is an order-disorder
transition involving the potassium intercalant
while the lower transition T» at about 93 K, is a
structural transition involving a change in the
c-axis stacking of intercalant layers. The unu-
sual scattering profiles observed in the inter-
mediate phase are reproduced (within experimen-
tal error) by a model with stacking faults in the
graphite and intercalant layers.

The x-ray scattering data were collected on a
three-axis x-ray spectrometer using Cu K~ ra-
diation from a sealed tube. A pyrolytic graphite
monochromator and pyrolytic graphite analyzer
were used to reduce background. The sample,
made from highly oriented pyrolytic graphite, '
in the usual way, ' had dimensions 0.5 ~1 &&0.01
cm' and was sealed in glass throughout the mea-

surement. The sample has a well-defined c di-
rection but random orientation of the in-plane
a and b directions. For all measurements, the
graphite c axis was in the scattering plane. This
geometry allows both the in-plane structure as
well as the stacking sequence to be studied.

Scans were performed from room temperature
down to approximately 10 K. At high tempera-
tures, two different contributions to the scatter-
ing were observed: that from the ordered car-
bon-layer networks and that from the disordered
potassium intercalant. The latter appeared as
relatively broad peaks of in-plane scattering (no
variation of the l component). The strongest
peak was centered at about 1 20 A

p
which re-

flects the expected average in-plane distance for
disordered intercalant species in this compound
of composition KC,4. Intensity was also observed
about 2.40 A '.

Below TU, in the intermediate phase, diffrac-
tion peaks arising from the ordering of the po-
tassium intercalant were observed. The posi-
tions, in reciprocal space, of the more intense
peaks are shown schematically in Fig. 1. As in
previous studies, ' the sample appears to have
ordered into a number of structures, giving rise
to a multitude of diffraction peaks. Interesting-
ly, cycling of the temperature always led to es-
sentially the same diffraction pattern with only
small changes in relative intensities. If the po-
tassium lattice only ordered in the plane at TU,
it would have given rise to uninterrupted cylin-
ders of scattering parallel to /. This was not ob-
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FIG. 1. Schematic representation of the reciprocal
space for the more intense Bragg peaks of the interme-
diate phase at T =120 K. c is 26.5A, the repeat dis-
tance in the c direction of this phase, equal to 8 carbon-
metal-carbon sandwich thicknesses. The open circles
are scattering from the intercalant. The closed circles
are scattering both from the graphite and intercalant.
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FIG. 2. Temperature dependence of the integrated
intensity of the 1.71-A powder peak, with l = 0. Trian-
gles are heating, circles cooling. The solid line is a
guide to the eye.
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served, as is indicated in Fig. 1. At T~ both in-
plane and c-axis stacking occur.

The order parameter of the upper transition
was measured by observing the temperature de-
pendence of one of the peaks arising from potas-
sium ordering, the 1.71-& ' peak. These data
are shown in Fig. 2 and indicate a higher-order
phase transition. The widths of the diffraction
profiles narrow to resolution-limited peaks as
TU is approached from above, indicating that the
tail, seen in Fig. 2, is critical scattering. Be-
low 7.'» the intensity increases rapidly and smooth-
ly to a saturated value as in a second-order tran-
sition.

Two very interesting features of the intermedi-
ate phase are (1) the 1.71 A ' and also other peaks
arising from the ordered intercalant are not ex-
actly commensurate with the carbon-layer sub-
strate as calculated from the (110) (h = 5.084 A ')
and (101) (h = 2.935 & ') peaks of the graphite ma-
trix and (2) several series of peaks in the l di-
rection, in particular the (10l) graphite peaks
and also many from the intercalent do not appear
at integral values of l and are broadened, as
shown in Fig. 3.

We have found that the displacement and broad-
ening of the peaks can be understood in terms of
stacking faults. The features of the (10E) (k = 2.935
A ') peaks arising from the graphite matrix are
present at room temperature and do not change
down to approximately 10 K. The previous work'
showed the ideal stacking sequence below the
order-disorder transition for the Cs and Rb com-
pounds to be AnABPBCyCA. . . , where the graphite
stacking is indicated by the Roman letters and the
metal by the Greek letters. , This is also found in
the present measurements of the potassium com-
pound in the intermediate phase. The metal lay-
ers prefer to be surrounded by like graphite
neighbors (as in the AnA sequence). The possibil-
ity of stacking faults is quite likely in this system
since there has to be significant motion of the
carbon layers from the A&AB. . . stacking of pure
graphite to arrive at the stage-2 stacking se-
quence indicated above.

We have calculated the scattering profiles for
a model of the graphite intercalation compound
made of sandwiches of like graphite layers with
a metal layer in the middle. ln this model an un-
faulted region would have ABCABC. . . stacking of
sandwiches as in the fcc structure, and the fea-
tures in the diffraction profiles observed for KC24
are the same as those found in fcc metals with
stacking faults. This calculation makes use of a
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FIG. B. (a) Scan along l of two powder peaks from
the intercalant at T = 120 K, in the intermediate phase.
The solid circles are the measured data and the solid
line the calculation with the stacking-fault parameter
e = 0.88. Arrows indicate the peak positions in an un-
faulted. structure. (b) Scan along l of two (10l) graphite
peaks also at T = 120 K. Again the solid circles are the
measured points and the line a calculation with o. = 0.88.
Arrows indicate the peak positions in an unfaulted struc-
ture.

simple, exact method' for obtaining the appro-
priate correlation functions in a one-dimension-
ally disordered system. Next-nearest-neighbor
interactions, required to give the above stacking
sequence, were included. A single parameter,
e, the probability of finding a fault going from
one sandwich to another, is adjusted to give agree-
ment with experiment. The results, with n = 0.38,
are shown in Fig. 3 for both graphite and potassi-
um peaks. Each profile shows two peaks that
would occur at integral values of l in the unfault-
ed structure. This value of a corresponds to an
average unfaulted region of about 2.5 carbon-
metal-carbon sandwiches, less than one complete
stacking repeat distance. Thus in the intermedi-
ate phase the potassium-graphite interaction is
strong enough that the ordered potassium struc-
ture exhibits the same faulted structure as does
the graphite matrix.

The lower transition is not nearly as well de-
fined as the upper, since the sample has ordered
in more than one structure. However, between
95 and 90 K the sample undergoes a solid-solid
phase transition which appears to be first order.
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The scattering in the low-temperature phase is
shown schematically in Fig. 4. In the transition
from the intermediate to the low-temperature
phase, some of the potassium diffraction peaks
shift in the plane. In particular the 1.71-A ' po-
tassium peak shifts to the commensurate position
of 1.69 A ', calculated from the (101) and (110)
peaks from the graphite matrix. Also in this
phase, the stacking is the same as that observed
by Parry and co-workers' Aa. ABPBCyCAn'ABP'-
BCy'CA. . . . In this sequence the metal-metal
interaction must extend at least to 26 A, the a-o. '

separation. This stacking manifests itself in the
diffraction pattern by peaks appearing at half-
integral values of l (i =2m jc, c =26.5 A, the
thickness of three carbon-metal-carbon sand-
wiches). This yields the quite large unit cell of
six metal sandwich units. In addition the inter-
calant peaks have narrowed, indicating the ab-
sence of stacking faults in the potassium lattice
in this phase, while the underlying graphite lay-
ers do not change their stacking.

Neither of the phase transitions observed here
has a large effect on the electronic properties. '
Unlike other layered systems, the conductivity
remains metallic at all temperatures and the
resistivity anomalies are only of the order of
5/g at TU and T~. The magnetic susceptibility is
continuous through both phase transitions. ' The
occurrence of two resistivity anomalies in donor
compounds is consistent with many observations'

l2—

that the electronic structure is not highly aniso-
tropic; because of this small anisotropy, the
carrier scattering is sensitive to both kinds of
disorder. In the high-temperature region (T &TU)
excess carrier scattering arises from the two-
dimensional disorder of the intercalant layers;
in the intermediate phase (TU & T & T~) excess
scattering arises from the c-axis stacking faults.
In contrast, p(T) in acceptor compounds generally
exhibits only one anomaly of much greater am-
plitude. This can be understood as a manifesta-
tion of the highly two-dimensional character of
the intercalant electron wave functions so that
the two-dimensional disorder of the intercalant
is important to the electronic properties while
the stacking disorder, if present, plays no role.

In summary, we have shown the presence of
two transitions in stage-2 potassium-intercalated
graphite. The intermediate-phase stacking is
the same as that seen in the stage-2 Cs and Bb
compounds below their order-disorder transi-
tions. ' Because of multiple phases in the in-
plane structure is extremely difficult to deter-
mine; however, the stacking sequences and as-
sociated scattering along the E direction have
been interpreted with a simple model of fault-
ing. The presence of the stacking faults, and
their effect on the potassium ordering and the
critical temperature of the upper transition,
might be understood in the framework of phase
transitions in the presence of a random field.
These possibilities are being investigated with a
range of sample-preparation conditions.

We wish to thank B. Grayeski for sample prep-
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ing the graphite. The authors have benefitted from
discussions with J. Eckert, D. E. Moncton, and
R. Swedson. This research was supported in part
by the Division of Basic Energy Sciences, U. S.
Department of Energy, under Contract No. EY-
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FIG. 4. Schematic representation of the reciprocal
space of the more intense Bragg peaks of the low-tem-
perature phase at T =80 K. e is the same as in Fig. 1.
The open circles are scattering from the intercalant.
The closed circles represent scattering from both the
graphite and intercalant.
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We present evidence for the existence of phase separation in gelatin gels having metha-
nol-water mixtures as the gel fluid. The curves for the liquid-gel transition and the
spinodal line were determined using measurements of viscosity and of scattered or trans-
mitted light intensity, respectively. For the 307o-methanol-water mixture, the gelation
curve terminates at the critical point. We also analyze the observed phase equilibria of
the gels with a simple mean-field theory.

The existence of phase separation in covalently
crosslinked gels has recently been established. "
In this Letter, we present evidence that critical
phenomena and phase separation also occur in
weakly crosslinked gels in which the gel network
can undergo the liquid-gel transition reversibly.
We report results of light-scattering and viscos-
ity measurements used to determine the spinodal
line and the gel-sol transition for gelatin-water-
methanol systems. We also present a simple
mean-field-theory analysis which describes the
results of these measurements. The theory pre-
dicts that the temperatures of the two transitions
can be varied independently by adjusting the sol-
vent composition and the length of the polymer
molecules comprising the network. That two very
different transitions are occurring in a single sys-
tem makes gelatin-mater-alcohol an especially in-
teresting system to study in terms of critical phe-
nomena and the bond percolation problem. '

Calf-hide gelatin (General Foods Corp. ) was dis-
solved in mixtures of distilled water and meth-
anol with compositions of 0, 10, 30, and 50 vol-
ume percent methanol. The weight concentration
of gelatin ranged from 0.2%%uo to 60%%uo. According to
the manufacturers, the average molecular weight
of this gelatin is 10' dalton (1 dalton= 1 amu).

The liquid-gel transition temperature was de-
termined by measuring the viscosity of the sam-
ples as a function of temperature. We employed
the rolling-ball method of viscometry using mi-
cropipettes (inner diameter = 1.3 mm) and micro-
balls (diameter = 0.025 mm). Figure 1 shows the
results of such a measurement with the inverse
of the viscosity plotted versus temperature for a
sample made of 7% gelatin and 30'%%uo methanol. As
the temperature is lowered, the viscosity increas-
es. At 28'C, the viscosity appears to diverge.
This temperature is taken to be the liquid-gel
transition temper ature.

The spinodal line is defined to be the point at
which concentration fluctuations in the sample di-
verge. This point is readily observed, as the
sample then becomes opaque. We determined the
spinodal temperature for the various samples by
measuring either the transmitted light intensity
or the intensity of the light scattered at 90' as a
function of temperature. Transmission measure-
ments were used when it was necessary to avoid
multiple scattering associated with very strong
scattering in the intensity measured at a 90' an-
gle. The gel samples were placed in 5-mm-dj, am
culture tubes. Temperature control of the Sam-
ple holder was achieved to an accuracy of 0.05'C
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