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X-ray observation of a v/3 x+/3 superlattice in KCg at high pressure
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A single-crystal x-ray study under pressure reveals a phase transition from an in-plane 2X2 commensu-
rate potassium superstructure to a new V/3x~/3 commensurate superstructure. This is the first such transi-
tion to be observed; it is related to the recently discovered staging transition of KCg under pressure. In ad-
dition, we observe this staging transition to occur more slowly and at much lower pressures than in the re-
ported neutron-scattering experiment on highly oriented pyrolytic graphite samples.

Layer intercalates are quasi-two-dimensional impurity-
host systems whose gross structures are defined by the (or-
dered) sequence of host layers and intercalant monolayers
(i.e., the stage), by the in-plane registry of the intercalant
within the monolayer (the in-plane structure), and by the
relative lateral displacements of the impurity and host two-
dimensional lattices (stacking). The phase transitions asso-
ciated with the staging phenomenon in donor-intercalated
graphite have received much attention recently. The stage
of an intercalated compound is known to be strongly affect-
ed by temperature, pressure, and chemical potential. It has
been demonstrated that at lower temperature! and high pres-
sure,? intercalated compounds tend to form denser packing
in the layers, maintaining stoichiometry by reducing the
number of filled galleries (i.e., increasing the stage). The
temperature- and chemical-potential-driven phase transitions
were modeled by mean-field free-energy expansions,’- and
the pressure-induced transitions were described by an exten-
sion of these models.* The temperature and pressure phase
diagrams in Ref. 4 clearly indicate the preference to higher
stage upon reducing temperature or applying pressure at
constant concentration. A relation between the temper-
ature-driven and the pressure-induced phase transitions was
proposed recently,! and was shown to fit the LiC;s phase-
transition data.’

For a transition to a higher stage to occur, the in-plane
density of the initial stage must be less than maximal so
that it can accommodate more intercalant after the transi-
tion. For example, in the case of KCy4, Clarke, Wada, and
Solin? found the transition KCjzx;— KCgx3 at 6 kbar and
300 K, in which the ambient dilute-disordered stage 2
transformed into dense-ordered stage 3. In all the cases
where a phase transition under pressure was detected, the
low-density phase of the compound was in-plane disordered,
while the high-pressure ordered phase exhibited the ‘‘ordi-
nary’’ density characteristic of stage-1 compounds at 1 bar
(2x 2 superstructure for K, Cs, or Rb, and ~/3x~/3 for Li
graphite). First-stage K, Rb, and Cs compounds which al-
ready exhibit the registered 2 X 2 superstructure were report-
ed not to undergo a similar phase transition at pressures of
up to 12 kbar, and it was therefore assumed that these ions

cannot form a closer packing. However, the resistivity of -

KC;g under pressure showed a discontinuity at about 14
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kbar,® and it was suggested that this was related to a staging
transition. This assumption has been verified by a
neutron-diffraction experiment on highly oriented pyrolytic
graphite (HOPG) KCs.” Thesé authors reported two
sequential phase transitions at about 15 and 19 kbar. In the
intermediate region they found a mixture of stage 1 and a
new phase with a repeat distance corresponding to stage %—
(i.e., CKCCK . . . layer sequence). The latter disappears at
the second transition, and a stage-2 phase appears. The in-
plane structure or stacking reflections could not be detected,
as they were working on HOPG, which spreads these reflec-
tions in cylinders in reciprocal space, because of the rela-
tively low scattering factor of potassium for neutrons, and
because of the weak modulation along C* associated with
stacking imperfections, .

We report here the results of x-ray diffraction experi-
ments on single crystal KCg from ambient pressure up to 30
kbar. Natural graphite single crystals of typical size of
0.2x0.2x 0.05 mm? were intercalated with potassium to first
stage by the two-bulb method.] The samples were then
transferred under a 50:50 mixture of degassed and
potassium-purified pentane-isopentane to a Bassett diamond
anvil cell. The pentane-isopentane provides a hydrostatic
medium up to 80 kbar at 300 K. The pressure was mea-
sured using the standard ruby R; fluorescence technique.
The pressure was determined to better than +0.5 kbar, us-
ing a double-grating spectrometer. It has been confirmed,
using x-ray technique and monitoring pure potassium, that
the pressure medium did not react with the sample for
periods of months (see also Refs. 6 and 7). The high-
pressure cell was mounted as needed on a precession cam-
era, oscillation camera, or on a Picker 4-circle diffractome-
ter. We used a fine-focused sealed Mo tube at 45 kV and
20 mA. At ambient pressure, precession photographs re-
vealed the expected diffraction patterns for Fddd space
group [the previously reported KCg structure with a 2x2
potassium superstructure, Fig. 1(a)]. When the pressure
was raised to about 10 kbar, a second set of reflections asso-
ciated with v/3x~/3 superstructure emerged. The intensity
of these reflections increased gradually with pressure, rela-
tive to the intensity of the 2x2 superlattice [Fig. 1(b)].
The appearance of the new V3 x+/3 superstructure was ac-
companied by a pronounced increase in the diffuse scatter-
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FIG. 1. X-ray oscillation pictures of KCg single crystal in a dia-
mond anvil pressure cell. The intense streaks are diffractions from
the diamond anvils. The diffraction rings are from the beryllium
filters (a) at about 1 kbar, (b) at 11 kbar, (c) at 23 kbar. The re-
flections from the sample are indicated on the diagram on the right
of the picture. The diffraction on hexagon 2 corresponds to reflec-
tions from graphite and potassium. The diffraction spots on hexa-
gon 1 correspond to the 2X 2 superstructure. The spots on hexagon
3 correspond to the V3x/3 in-plane structure. Closed circles indi-
cate observed reflections. All the possible reflections on this dia-
gram were confirmed using a 4-circle diffractometer.

ing, which formed circular broad lobes. Upon further in-
crease of the pressure, the 2Xx 2 superstructure faded gradu-
ally, and at about 26 kbar disappeared completely, while the
high-pressure +/3x+/3 superstructure intensified [Fig. 1(c)].
In the coexistence regime of the two phases, the v/3x+/3 re-
flections intensified slowly with time, over a period of
several days at constant pressure. A similar effect was also
reported in KCy4.2

Scans were performed along the c* directions of the gra-
phite lattice (10/), (11 ), along the 2x 2 superstructure po-
sitions (301, (§ + ), along the /3% /3 superstructure po-
sitions (34 ,(3+% 0, as well as along all the other
equivalent positions. The results were very hysteretic, but
reproducible. The experiments were performed on three
different samples, and the results were consistent with vari-
ations of the onset pressures of about *3 kbar. These vari-
ations were mainly attributed to time effects, which seem to
play a major role in these processes (see below).

The results can be summarized as follows.

(1) The ambient-pressure 2X2 superstructure phase
disappears completely about 29 kbar [Fig. 1(c)]. It reap-
pears only when the pressure is completely released. Even
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then, the phase-transition cycle introduces a high concentra-
tion of stacking faults, which produces an unresolved pat-
tern along c¢*. The high pressure V3x-/3 superstructure
phase shows three-dimensional order with a high occurrence
of stacking faults (unresolved pattern of the reflection pro-
file along c*). It disappears completely only upon releasing
the pressure. The rocking curves of both reflections in the
basal plane reveal relatively sharp structure with a spread of
4° centered around the 2x2 and v/3x+/3 superstructures,
respectively. The widths of these profiles were pressure in-
dependent. This indicates that the commensurate-to-
comgmensurate in-plane phase transitions is of the first or-
der.

(2) The modulation of the intensity profile of the_graphite
(10/) and (11 )) reflections along c* is about 0.4 A~! wide
and is almost pressure indegendent, corresponding to a c-
axis correlation of about 15 A. A rocking curve in the basal
plane through the rod line showed a slightly narrower pro-
file than the superstructure reflections (3° spread). A simi-
lar value was found for other graphite reflections. This im-
plies at least five times better long-range order in the basal
plane than in the c direction, and suggests a high occurrence
of stacking faults (every 3-5 layers).

(3) Consequently, the repeat distance extracted from
these profiles in the c* direction is not exactly consistent
with stages 1, 2, or -23— This is not surprising, as it is well
known that stacking faults not only broaden the lines but
are also responsible for the distortion of the reflection maxi-
ma from their expected positions. 1

(4) The similar widths of (101) and (111) reflections
along c* indicate that the stacking disorder is more compli-
cated than just a random mixture of the familiar stacking
disorder ABAB— ABCABC in which two carbon layers, 4
and B, in graphite or intercalants with stage n > 1, are
known to form.!! As noted by Franklin!! both ABC and 4B
structures have a (110) and a (111) reflection, so that a
simple disorder between them would have left the width of
these reflections unbroadened. However, the (10/) reflec-
tions appear at different / values for the two different stack-
ing sequences, and in a random sequence of the two stack-
ing orders, considerable broadening of the reflections pro-
files is expected. The complicated stacking sequence of this
compound is actually not unexpected. The high-pressure
phase has, as we showed, a V3x/3 in-plane superstructure.
This unusual situation combines two different elements of
lateral displacement: an AB stacking translation between
two adjacent carbon layers, and three («,8,y) possible ar-
rangements of the v/3x+/3 K intercalant. The total number
of independent lateral displacements can be shown to be 9
for stage %— A full account of the line-shape analysis in-
duced by these stacking faults should follow a scheme simi-
lar to the one outlined in Ref. 9, and is beyond the scope of
this paper. However, the variety of possible stacking faults
makes it probably an important factor in the phase transi-
tion (but see the following).

For the detection of the (00 /) reflections, a sample was
mounted on its edge in the pressure cell. The pressure was
then raised to 5.2 kbar. An (0Q/) scan revealed the correct
KC; c-axis repeat distance 5.28 A. The sample was then left
in the cell for 2.5 months under pressure. The pressure
dropped to 4.2 kbar during this time. A second (00 /) scan
at this pressure revealed a profile very similar to the one
earlier reported to appear at about 15 kbar (the intermediate
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FIG. 2. (00/) scan of KCg at 4.2 kbar. Two sets of peaks were
predominantly detected. (In addition, some fainter peaks also show
up, possibly of another phase.) The repeat distance of one set was
identical to that of stage 1 KCg. The other sequence of peaks was
very similar to the one obtained at 15 kbar, using neutron scatter-
ing, which was identified as stage % (Ref. 10).

pressure in Ref. 7). The reflections can be identified as be-

longing predominantly to two phases, one to stage %— and

the other to stage 1 (Fig. 2). A second (00/) scan at 28
kbar revealed a completely different intensity profile with
broad bands instead of narrow Bragg reflections. Even after
three weeks at that pressure not much change was seen, and
this spectrum has been left unresolved.

Aside from the definite high pressure +/3x+/3 structure

demonstrated by our experiment, four other observations .

should be noted: (i) the highly frequent occurrence of
stacking faults, (i) the wide range of pressures in which the
two in-plane structures coexist (10-23 kbar), (iii) the long
time scale that the system needs to achieve equilibrium, and
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(iv) the large hysteresis of the transition pressure (to reob-
tain the low pressure in-plane structure, the pressure must
be practically released, as was the case with all other high
pressure experiments on KCg).%7 Bak and Domany!? first
noted the importance of stacking faults in the phase transi-
tions of intercalcated compounds. They pointed out that
these compounds are physical realizations of one-
dimensional randomness of the type introduced for the Ising
model by McCoy and Wu.!3 They concluded that the effect
of this randomness is to smear the first-order transition
temperature. As the transition temperature and transition
pressure are related by the Clausius-Clapeyron equation,!
this will also induce spread in the transition pressure in our
experiment. Therefore, it seems reasonable that the high
concentration of stacking faults is responsible for the coex-
istence of two in-plane densities over a large range of pres-
sure, and we are observing a first-order smeared transition
of the McCoy-Wu type. : )

We do not have, however, a consistently good explana-
tion for the time effects involved in the experiment, nor for
the probably associated hysteresis effect. The in-plane data
suggest time-dependent effects of the order of days or
weeks, and this has also been observed in some other high-
pressure experiments on single crystals.2 Our observation
of the intermediate pressure phase (1+ %—) after three

months at about 5 kbar (but on only one sample) suggests a
very long relaxation time. On the other hand, neutron and
resistivity data®’ consistently show a sharp transition at 15
kbar to this phase on HOPG samples with no more than
several hours of relaxation. In all experiments, however,
the pressure must be completely released to reobtain the
low-pressure phase. This may indicate a lower-pressure
transition than the one obtained by the experiment, and
therefore a much longer relaxation time. This is an open
question that can be resolved by a high-pressure experiment
at higher temperatures, where the kinetics are more rapid.
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FIG. 1. X-ray oscillation pictures of KCg single crystal in a dia-
mond anvil pressure cell. The intense streaks are diffractions from
the diamond anvils. The diffraction rings are from the beryllium
filters (a) at about 1 kbar, (b) at 11 kbar, (c) at 23 kbar. The re-
flections from the sample are indicated on the diagram on the right
of the picture. The diffraction on hexagon 2 corresponds to reflec-
tions from graphite and potassium. The diffraction spots on hexa-
gon 1 correspond to the 2X 2 superstructure. The spots on hexagon
3 correspond to the V3xA3 in-plane structure. Closed circles indi-
cate observed reflections. All the possible reflections on this dia-
gram were confirmed using a 4-circle diffractometer.



