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The basal-plane resistivities p of stage-2—4 potassium-graphite intercalation compounds
(K-GIC’s) have been measured as functions of temperature T and pressure p using a contactless
method. The pressure range investigated was 0—1.4 GPa. For stage-2 K-GIC (KC,4) measurements
were made in the temperature range 90—300 K, while for the higher-stage materials the range was
mainly limited to 245—300 K. In all cases p increases with p through the anomalous regime near
the phase transitions, whereas dp/dp is always negative in the stable high-p (high-stage) phases.
Approximate p-T phase diagrams are deduced from anomalies in p corresponding to the staging and
in-plane order-disorder transitions, respectively. In all cases the slopes dp/dT of the phase boun-
daries for the high-pressure staging transitions are such that the transitions extrapolate to positive T
at atmospheric p, although no such transitions have been reported. The low-p staging-ordering
phase boundary of KC,, is particularly complex, involving segments with both
dp /dT —0 (125 <T <200 K) and dp /dT— o (T =125 K). The p-T diagrams are compared with
recent structural experiments and models. We suggest that the complexity of the KC,4 phase dia-
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gram is attributable to the weakly incommensurate in-plane structure at low p and 7.

I. INTRODUCTION

Although potassium-graphite is one of the best investi-
gated of all graphite intercalation compound (GIC) sys-
tems, there are still large gaps in our knowledge. Alkali-
metal GIC’s exhibit""? a variety of structural phase transi-
tions as functions of metal density, temperature 7, and
pressure p, and many such transitions can be understood
from simple thermodynamic models. As an example,
LiC,¢ transforms from stage 2 at 300 K, 0.1 MPa (atmos-
pheric pressure) to a mixture of stage 2 and stage 3 at ei-
ther 245 K, 0.1 MPa or 300 K, 0.3 GPa (3 kbar). (Stage n
indicates that there are n graphite monolayers between
each intercalate layer.) The staging transition is accom-
panied by a change in areal density from an open struc-
ture with roughly 25% vacant sites in each intercalate
layer to an ordered commensurate close-packed V/ 3xXV73
superlattice. DiVincenzo et al.’ calculated the slope
dp/dT of the corresponding phase boundary in the p-T
phase diagram from the thermodynamic relation
dp/dT=dS /dV, using a mean-field approximation for
the configurational entropy. The result, dp/dT =5.6
MPa/K, is identical to the slope found experimentally,
implying that the relevant energies are independent of T
and p. Even simpler phase diagrams are found* in the ac-
ceptor system HNOj;-graphite, where all sites are occu-
pied, making staging and in-plane densification impossi-
ble: Low-stage (2<n <4) HNO; GIC’s exhibit an in-
plane ordering transition at 7,~250 K, 0.1 MPa, the
same transition also occurring at 300 K and 0.4 GPa.

The potassium-graphite system is more complicated,
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and several phase transitions are known to occur as func-
tions of T or p. For stages-2—4 K-GIC’s combined stag-
ing and in-plane ordering transitions are found®>~7 at high
pressures near 300 K, in agreement with simple theory.>®
At atmospheric pressure, on the other hand, two different
transitions are known to occur in all three materials at
T <300 K, but these transitions involve’~!? only potassi-
um in-plane ordering and changes in the stacking se-
quence, and no low-T staging transitions have been ob-
served. The high-T—high-p behavior of K GIC’s thus
differs significantly from that at low T and low p, and
there has been no reason to suspect that the high-p staging
transitions in these materials should be connected with the
low- T ordering transitions.

Neutron scattering experiments’ on K-GIC’s show that
restaging at high p occurs through a combination of con-
tinuous and abrupt processes, starting at pressures below
0.1 GPa. As an example, for KC,, there is an abrupt in-
crease’ in the proportion of stage 3 (to well over 50%) at
0.35 GPa. Using the model of DiVincenzo et al.,’ with
the entropy calculated from a dilute lattice-gas model at
low p, we estimate a slope dp /dT =1 MPa/K for the cor-
responding phase boundary. This slope is much smaller
than for LiC4, due to the larger volume per K site, and
implies that this transition extrapolates to ~0 K at p =0.
However, in the case of K-GIC’s the true dS is probably
larger than that given by the lattice-gas model so the tran-
sition should, in fact, occur at some 7T >0 at p =0. Re-
gardless of the reliability of the estimated dp /dT, the ab-
sence of a low-T staging transition is also quite puzzling
because the pressure-induced staging transition starts’
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below 0.1 GPa at 300 K.

We were thus stimulated to investigate the p-7 phase
diagrams of stages-2—4 K-GIC’s, and we report here the
results of this investigation, which was carried out
through measurements of the basal-plane resistivity p as a
function of 7T and p in the range 90—300 K and 0—1.4
GPa. The phase diagrams were mapped through the
anomalies observed in p at the various transitions in-
volved. As described in a preliminary report'’> we have
found that the 0.35-GPa resistance anomaly (and staging
transition) in KC,, is actually connected by a continuous
boundary to the in-plane ordering transition at 7, =125
K. Near 300 K this boundary is linear and extrapolates
exactly to T,, but at lower T it curves away from the T
axis such that dp/dT—0 below 150 K, and is then con-
nected by a short segment with very large dp/dT to T, at
0 GPa. We have also mapped the phase boundaries for
the 0.75-GPa anomaly®’ and for the low-T anomaly at
T,.° For comparison, the high-temperature part (T > 245
K) of the phase diagrams for KC;s and KCyg has also
been studied. In all cases we find that the staging transi-
tions extrapolate to T'>0 K at 0.1 MPa, in direct con-
tradiction to the experimental evidence at low p and low
T.

The paper is organized as follows. In Sec. II we briefly
describe our experimental method and equipment. Sec-
tion III is devoted to a description of, and a discussion of,
our experimental results for (initially) stage-2 K-GIC,
while Sec. IV deals with stages 3 and 4 K-GIC’s in a simi-
lar way. This is followed by Sec. V, containing some gen-
eral conclusions.

II. EXPERIMENTAL DETAILS

The samples studied were approximately 5X5X0.5
mm? and were based on highly oriented pyrolytic graphite
(HOPG). They were intercalated at the University of
Pennsylvania in Philadelphia using the standard two-zone
vapor method' and characterized by x-ray diffraction be-
fore being shipped to Umeé in sealed glass tubes for the
high-p measurements. The glass tubes were always
opened under Ar gas in a glove bag, where the sample
thickness d was measured before the sample was
transferred to the liquid-filled pressure cell, a procedure
that usually took less than a minute. After each run the
samples were returned to the same glass capsules.

The basal-plane resistivity p was measured using a re-
cently developed contactless method described else-
where.!*!>  Although the absolute accuracy obtained is
not very good, relative changes can be measured with high
precision. The resolution was usually better than 0.1%
near 300 K and better than 0.03% near 100 K. Since the
quantity measured is actually d/p we must correct the
measured data for the c-axis compression in order to find
the true pressure dependence of p.

After each experiment p always returned to within 2%
of the original value at 0.1 MPa. It was obvious from the
color of the KC,; samples, however, that some stage-3
phase was present after the runs. Some samples were
therefore returned to Philadelphia for x-ray analysis,
which in all cases showed less than 10% admixture of
stage 3. (The corresponding deintercalation was probably

caused by reaction with water or oxygen dissolved in the
pressure medium.) The presence of 10% of the stage-3
phase in an otherwise stage-2 sample might possibly
modify the phase diagram through the resulting stage dis-
order. This was checked by studying one KC,, sample in
three different experiments, first as a virgin sample, and
later twice after a return trip to Philadelphia for x-ray
analysis. In all three experiments the absolute value of p,
its p and T dependence, as well as the location of the
phase boundaries, were identical to within the experimen-
tal errors over the range 100 K < 7" <300 K and at all p.
Small amounts of stage disorder thus do not affect the
phase diagram of KC,, as reflected in the measured p.

The high-pressure equipment has also been described
elsewhere.”® In most experiments the pressure medium
used was a 50-50 mixture of n-pentane and isopentane,
since this medium has excellent hydrostatic properties to
below 150 K. Near 300 K pure n-pentane or silicone oil
(1 mm?/s Dow Corning DC200 fluid) was sometimes
used. No significant change in p due to contamination
was observed before or during any pressure run. T was
measured with a type-K thermocouple to within 0.2 K at
300 and 1 K at lower T (due to temperature gradients),
while p was measured by an in situ Manganin gauge cali-
brated to within 1% at 300 K. (Below 200 K the accura-
cy is assumed to be 2%.) The pressure medium always
solidified at 120—140 K, depending on p. This could
easily be observed from the Manganin resistance which is
very sensitive to anisotropic strain. Below the glass tran-
sition of the medium p was calculated from an empirical
pressure-versus-load curve believed to be accurate to
within 0.015 GPa or 5%, whichever is larger. In this
range accurate data for p could only be obtained from iso-
baric measurements of p(T), since the strain induced in
the coil system when changing p caused very large
changes in output phase and voltage. A few attempts
were made to measure p(p) near 110 K, as discussed in
Sec. III, but the results were, at best, ambiguous.

III. EXPERIMENTAL RESULTS
AND DISCUSSION: STAGE-2 K-GIC

A. Structure and phases of stage-2 K-GIC

At 300 K and 0.1 MPa stage-2 K-GIC has the nominal
composition KC,,, but pure stage 2 is found for composi-
tions ranging’ from KC,; to KC,s. [However, here and in
the following we shall often use the shorter expression
KC,, with x =24, 36, and 48, to denote stage-(2—4)
K-GIC’s, without implying that the materials have these
exact compositions.] The in-plane structure may be
described""'® as liquidlike, with no long-range order but
some degree of short-range order and some orientational
correlation with the graphite network. At 0.1 MPa there
are two phase transitions at low 7, correlated with
anomalies”!” in both p and the c-axis resistivity p.. These
were first attributed by Hastings et al.'° to in-plane order-
ing at T, =125 K and a change in stacking at 7, =95 K.
Below T, the K atoms are believed'® to form regular
commensurate V7 X V7 (or'? V201 x v'201) superlattices
within hexagonal domains separated by discommensura-
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tions. (In this model the high-T structure results from a
gradual randomization of the discommensuration
domains with increasing 7.) Below T, however, recent
work by Rousseaux et al.,!'" Winokur and Clarke,!? and
Cajipe and Fischer!® show that the situation is more com-
plicated. Apart from a change in the c-axis stacking se-
quence!© there is an intralayer K reordering'! to a com-
plex, probably commensurate ordered phase.'? Small vari-
ations in the K-C ratio, however, can produce large differ-
ences in structure.!®

At 300 K KC,, transforms at high p into an ordered
stage-3 phase with a commensurate 2 X2 K superlattice.>>
The transformation occurs through a mixture of continu-
ous and abrupt processes.>’ The proportion of stage 3 in-
creases’ with p from zero at 0.1 MPa to approximately
40% at 0.34 GPa, where there is an abrupt increase to
65% at constant p. A corresponding anomaly in p, is re-
ported® at 0.35+0.02 GPa. The amount of stage-3 materi-
al then continues to increase slowly until at 0.7 GPa there
is a final, abrupt transformation to almost pure stage 3,
again correlated with a large anomaly in p, at 0.75+0.04
GPa.

B. Pressure and temperature dependence of the basal
plane resistivity of KCyq4

In all, five samples were studied, but only four of these
under pressure. The measured p at STP was 8+2 uQcm,
in good agreement with literature®?® values, except for
one sample which had p=13.6 yQcm. This high ap-
parent p was probably due to some mechanical flaw in the
sample, since the measured p(p) unambiguously indicated
a stage-2 sample.

Figure 1 shows p versus p for one sample at 293 K.
(All results shown in the figures are uncorrected for c-axis
compression.) Two anomalies are immediately obvious,
one consisting of a drop in p at 0.32 GPa, the second a
large increase in p with p terminating in a plateau above
0.7 GPa. These anomalies are readily identified as the
abrupt parts of the staging transition discussed in the
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sample.

Relative resistance R (p)/R(0) vs p for one KCy,

preceding section. The general features of p(p) can be ex-
plained from the results of Kim et al.” Near p =0, p de-
pends little on p, as would be expected for a metallic ma-
terial like KC,,. Already below 0.15 GPa, however, the
staging transition starts,” and part of the increase in p be-
tween 0.15 and 0.32 GPa is doubtless caused by increasing
stage disorder. The sharp drop at 0.32 GPa corresponds
to a sudden increase’ in the amount of stage-3 material.
A similar drop in p. occurs at the same pressure.® Be-
tween 0.32 and 0.6 GPa the amount of stage 3 increases,
which is reflected in a corresponding increase in p, until at
about 0.7 GPa the sample is transformed into virtually
pure’ stage 3. In the stage-3 phase, p decreases linearly
with increasing p up to at least 1.4 GPa (not shown on
plot). Extrapolating back to p =0 we find p to be 30% to
50% larger for stage-3 KC,4 than for stage 2. The sharp
rise in p immediately below 0.7 GPa can be described as a
percolation phenomenon:?! Since the resistivity of the
stage-2 phase is substantially lower than that of the
stage-3 phase, the effective p will depend mainly on the
resistivity of the stage-2 phase as long as there is a con-
tinuous stage-2 matrix in the sample. Not until quite near
the end of the transition will most of the stage-2 channels
break up, causing the effective p to rise toward the stage-3
value. The two anomalies will be discussed further in the
following subsections. We only note here that p decreases
at 0.32 GPa, in spite of the fact that a large proportion of
the stage-2 material simultaneously transforms into
stage-3 material with more than a 30% higher resistivity.

For the pure stage-3 phase above 0.7 GPa dp/dp was
always negative. For the results shown in Fig. 1,
dp/dp =—0.052 uQcm/GPa, and the pressure coeffi-
cient of p, defined as

y=[1/p(0)]dp/dp , (1

was ¥ = —0.050 GPa~'. In most experiments dp/dp for
this phase was measured only over a small range in p, but
between 110 and 300 K, dp/dp was always negative and
| ¥ | mostly larger than 0.05 (see Fig. 3 below). Since p(p)
was usually slightly nonlinear immediately above the tran-
sition, we take ¥ = —0.050 GPa~! as our best estimate of
the true ¥ near 300 K. The c-axis compressibility k. of
the stage-3 phase is’ approximately 0.037 GPa~—!, from
which we obtain a corrected (“true”) value of y=—0.09
GPa~!. This value is similar to that for* stages >4
HNO; GIC’s but differs even in sign from data for most
low-stage acceptor compounds.® 1522

The resistivity of GIC’s is usually assumed to be dom-
inated by electron-phonon scattering,? like in most other
metallic materials, but due to various imperfections in the
material there is also usually a large residual resistivity. It
has recently been suggested®* that the latter is dominated
by electron scattering from Daumas-Hérold domain?’
walls, and that the pressure dependence of this mechanism
should add significantly to the observed pressure depen-
dence of p. However, since the residual resistivity in our
case is less than 10% of p near 300 K, even a strong pres-
sure dependence of this term would have little effect on
the total measured ¥, and in our analysis we shall assume
p to be dominated by electron-phonon scattering. (In
principle, our measurements at low 7 might show effects
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of domain size changes,24 but in practice our data are not
accurate enough.) p(p) will then depend on the combined
effects of pressure on the phonon spectrum and on the
electron band structure, respectively. The influence of the
change in the phonon spectrum can be estimated from the
well-known expression?®

d(Inp)/d(InV)=2y; , (2)

where ys is the Grineisen parameter. Little is known
about v for GIC’s, but for pure graphite it is extremely
anisotropic?’ (y g = — 1.0 in the plane and +0.5 along the
¢ axis) with a bulk or mean value of 0.25. For GIC’s the
in-plane value should be similar to that of pure graphite,
and for KC,, the c-axis value is*® 0.86. The bulk y is
thus probably about 0.5, making the theoretical
d(Inp)/d(InV) =1, significantly smaller than the experi-
mental result 2.35. Still ignoring any pressure effects on
the small residual resistivity (see above) we conclude that
the effect of pressure on the electron band structure is
more important than its effect on the phonon spectrum in
determining p(p) in stage-3 KC,4. (This is also the case
for pure graphite’ and most acceptor GIC’s.*??) The
lack of data on band structures for the high-p phases of
K-GIC’s makes a further discussion impossible at present.
[Note, also, that the reverse conclusion is not possible: If
the experimental value for d(Inp)/d(In¥V) equals that cal-
culated from Eq. (2), this might be a coincidence, and p(p)
might still be determined mainly by band structure
changes with pressure.]

For the low-p stage-2 phase we cannot measure dp/dp.
The staging transition is reported’ to start below 0.1 GPa,
and the results shown in Fig. 1 show a sharp break in
dp/dp at 0.15 GPa that might be connected with this
feature. Similar results (p=const to 0.1—0.15 GPa, fol-
lowed by a step in dp/dp) were obtained for three sam-
ples. This might indicate that the staging transition
sometimes starts at slightly higher pressures than those
given by Kim er al.” If this interpretation is correct
| dp/dp | =0 in the pure stage-2 phase, with the true y
small and negative.

In contrast to the nonlinear behavior of p(p), p was al-
most linear in 7, in agreement with literature data.®?%3
A small T? term was evident only in measurements over
large ranges in 7. Figure 2 shows some typical isobaric
results, chosen to show the typical behavior of p(T) at the
various transitions mentioned in Sec. IIIA. Curve A4
shows the same transition (arrow) as that at 0.7 GPa in
Fig. 1. The two curves are radically different: The large
step anomaly of Fig. 1 is reduced to a change in dp/dT in
Fig. 2. Curves B and F show the same transition as that
observed in Fig. 1 at 0.32 GPa, and curve E shows the
anomaly at 7; only. Curve G shows the anomalies at
both T, and Tj, as obtained at 80 MPa. The anomalies in
these curves are quite similar to those found previously by
Onn et al.® at 0.1 MPa. Curves C and D, at 0.65 and 0.07
GPa, respectively, show the T dependence of p over large
ranges in 7T in the (almost) pure stage-3 and stage-2
phases, respectively.

Both dp/dT and the temperature coefficient of resis-
tivity were different for different stages, and also varied
between samples. Data for p(T) were obtained for three
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FIG. 2. Relative resistance R (p,T)/R(0,293) vs T for

several KC,, samples at the pressures indicated. Curves C and
D have been displaced upward and curve E downward to avoid
overlap. The arrow indicates the staging transition at 0.60 GPa.

samples. For two of these dp/dT was approximately 0.05
puQem/K in stage 2 at low p, and >0.11 pQ2cm/K in the
stage-3 phase, while for the third dp/dT was slightly
smaller (0.04 uQ2 cm/K) at low p, and significantly small-
er (0.05 uQ2cm/K) in the stage-3 phase. These figures are
all valid near 300 K, but due to the quadratic term in T
evident in curves C-E in Fig. 2 dp/dT was up to 35%
lower near 100 K. No systematic difference was detected
between the values of dp/dT above and below T,. These
data are all compatible with the results of Onn et al.’ Al-
though p for the stage-3 phase was 30—50 % higher than
that of the stage-2 phase at 295 K, the higher dp/dT of
the former led to the two resistivities being approximately
equal near 100 K. Between 0.1 and 0.5 GPa, dp/dT was
observed to increase with increasing p, both above and
below the anomaly. This was attributed to the increasing
proportion of the stage-3 phase.

It has been suggested’’ that KC,, may be a supercon-
ductor at very low T, but no indications of this have been
found*?! for p <1 GPa and T >70 mK. We note that
for metals, the p dependence of the electron-phonon in-
teraction parameter, and thus 7T,, can be calculated
from p(p,T), provided band structure effects are taken
into account. In principle our results for p(p,T) in the
high-p phase could be used to calculate whether dT, /dp
is positive or negative, i.e., whether there is any hope that
KC,; might become superconducting under pressure. In
practice we do not know enough about the band structure
at high p to give a definite answer to that question. The
negative dp/dp, however, might indicate’® that the
electron-phonon interaction decreases with increasing p,
and thus that no superconductivity should be expected
under pressure.

C. Phase boundary for the 0.7 GPa anomaly
(end of staging transition)

As demonstrated by Fig. 3 the upper anomaly in p
could easily be traced as a function of T. The data shown
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FIG. 3. Resistivity vs p for one single KC,, sample at the
temperatures (in K) indicated. Filled symbols indicate increas-
ing p, open symbols decreasing p. The inset shows the data for
p at 245 K and 0.6 GPa plotted vs time ¢.

are for one single sample and mainly for increasing p, but
one set of data (open symbols at 285 K) is shown for de-
creasing p to show the hysteresis. The transition pressure
ps was defined as the final sharp break in p, or, if this was
not possible, as the intersection of two lines fitted above
and below the anomaly. The final rise in p near p, was
rather sluggish. At T >200 K we could almost always
observe a slow, upward drift in p if p was kept constant
within about 0.1 GPa below p;, and a typical curve for
p(t) (at 245 K) is shown in the inset. The drift persists for
several hours and p seems to saturate at a value below that
for the stage-3 phase. The equilibrium phase at this T
and p is therefore probably still a mixture of stages 2 and
3, and the “pure” stage-3 phase is not obtained until at
some higher, well-defined pressure (=p,). The ¢ depen-
dence made it difficult to obtain accurate values for p;.
Above p;, however, all systematic ¢ dependence disap-
peared, in agreement with the results of Kim and Fisch-
er.’® Also, well below Ds, p is dominated by the resistivity
of the stage-2 phase and no ¢ dependence is observed,
since small changes in the composition of the sample does
not affect the effective p. Similarly, below 200 K the
resistivities of the phases are almost equal and no drift
with f can be observed.

The change in p at p; gets smaller at low T as would be
expected from the difference in dp/dT between phases.
We could follow the transition down to below 150 K, but
below this the pressure medium was no longer hydrostatic
at p; and changes in p caused strains which made accu-
rate measurements impossible. Above 150 K we have
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mapped the phase boundaries corresponding to the upper
anomaly in p for both increasing and decreasing p. All
measured values for p; in this range were weighted ac-
cording to the estimated error in the measurement and fit-
ted to a linear function of 7. For increasing p the mean
transition pressure was 0.74+0.02 GPa at 300 K with a
phase boundary slope dp/dT=1.7 MPa/K, while for de-
creasing p the corresponding values were 0.67+0.02 GPa
and 1.9 MPa/K. The hysteresis thus tends to increase
slightly at lower 7. For increasing p, all experimental
points except one (Fig. 1) were within 30 MPa (4%) of
these lines, with a slightly larger scatter for decreasing p.
The transition pressures are in excellent agreement with
literature data.®’

For stage-2 LiC4 the slope of the phase boundary cor-
responding to the staging transition can be calculated
from a mean field theory for the entropies of the two
phases.> Applying the same calculation in the present
case, and in particular assuming a dilute lattice gas model
at low p and zero entropy in the high-pressure phase, the
difference in site volume between K and Li atoms will re-
sult in a slope of approximately 1 MPa/K, or 60% of the
observed value. The difference is not very surprising since
the lattice gas model is not a very good description of the
low-p state of the material. Recent calculations support a
model'® in which some amount of short-range order per-
sists even at room temperature. The configurational en-
tropy of the low-p phase is thus probably in between the
low value of the ordered lattice gas model and the high
value of a completely disordered liquid, leading to a value
for dp /dT in better agreement with experiment.

D. Phase boundary for the T, ordering transition

The shape of the 0.32 GPa anomaly in Fig. 1 is typical*
of an order-disorder-type transformation. Cooling
through the same transition at 7 >200 K and p >0.2
GPa produced curves of the more familiar type’ shown in
Fig. 2 (B,F,G). The step change in p, Ap, was between 0.1
and 0.6 1) cm, depending on the sample, but with no sys-
tematic dependence on either ¢, T, or p. The transitions
were quite rapid. At the actual transition point p de-
creased toward the final value with a time constant of a
couple of minutes, but increasing p further by a few MPa
usually completed the transition within seconds. Below
the anomaly p was perfectly stable with ¢ over at least 24
h but above the anomaly a small, slow drift with ¢ was
sometimes observed. Fitting all transition points in the
range 200 to 300 K to linear functions of 7 gave mean
transition pressures at 300 K of 0.332+0.005 GPa for in-
creasing p and 0.300%£0.005 GPa for decreasing p. The
agreement between different samples, and between dif-
ferent runs on the same sample, was excellent, with only
two points differing by more than 10 MPa (3%) from the
curves. The slopes dp/dT of the phase boundaries were
1.9 MPa/K for increasing p and 1.7 MPa/K for decreas-
ing p, almost identical to those found for the 0.7 GPa
phase lines. Also, the 0.3 GPa transition extrapolates to
T,*+4 K at p =0, and we thus inferred at an early stage
that the 0.3 GPa anomaly was identical to the ordering
transition-at T,. Repeating the experiment at 7" <200 K
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to check this, however, revealed that the phase boundary
curved out and away from the T axis, such that
dp/dT—0as T—T,.

The final phase boundary found is shown in Fig. 4.
Different symbols denote different samples; open symbols
denote passing through the phase line in the direction to-
ward high p or low T, and filled symbols in the opposite
direction. Both phases are stable in the hatched area, de-
pending on past history. The very small slope dp/dT
below 200 K is clearly evident in the figure, as is the fact
that this “horizontal” phase line is joined by a “vertical”
phase line to T, at zero pressure. The slope dp /dT of the
latter is, to within the experimental error, infinite. No
anomalies in p were found except on the phase boundaries
shown. This is demonstrated by curves D and E in Fig. 2,
and by Fig. 5, which shows measured data for p along the
trajectory ABCD (indicated in Fig. 4), which carries us
from the low-p or high-T phase into the medium-p or
low-T phase, around the sharp bend in the phase line, and
back into the first phase again. During the initial isobaric
cooling at 170 MPa we find a transition at 190 K but no
further anomalies. At 115 K (well below T, at p =0) pis
slowly decreased to 50 MPa. During this decrease no step
(order-disorder) anomaly of the type shown in Fig. 1 is
observed, although such anomalies are found at both in-
creasing and decreasing p at any 7 > 125 K. However,
there is a change in dp/dp at approximately 90 MPa, cor-
responding to passing through the extrapolation of the
lower phase line in Fig. 4, and similar to the correspond-
ing change in dp/dp at 150 MPa and 295 K (Fig. 1). At
50 MPa the sample is then heated to 137 K, again show-
ing an anomaly in p at 125 K similar to that observed at
190 K. The similarity is shown more clearly by the final
curve (triangles), which shows p(7) during cooling at 30
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300

FIG. 4. Part of the p- T phase diagram for KC,,, showing the
locations of all resistance anomalies corresponding to the
T,—low-p transition. Open symbols denote passing through the
transition in the direction toward high p and low 7, filled sym-
bols the opposite direction. Different symbols denote data for
different samples. Where no error bars are shown, the max-
imum error is smaller than the extent of the symbol. Resistance
data measured along the dotted line ABCD are shown in Fig. 5.
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FIG. 5. Circles: Measured resistivity data along the trajecto-
ry ABCD shown in Fig. 4, in chronological order from left to
right. Triangles: Similar data for decreasing T at 30 MPa, tak-
en immediately after reaching point D. Triangles have been dis-
placed downward by 0.25 Q) cm to increase readability.

MPa immediately after reaching point D. At 30 and 50
MPa there is no doubt that the anomaly observed corre-
sponds to that at 7, =125 K at 0.1 MPa.

The rather unusual phase diagram in Fig. 4 is in sharp
contrast to that of the analogous compound® LiCj,. At
0.1 MPa staging transitions (versus 7T') are never observed
in KCy4, and the stable phase is pure stage 2, ordered
below T, and disordered above. The very large slope
dp /dT of the phase boundary near 7, is then easily ex-
plained. For the ordering transition in the pure stage-2
phase the entropy change dS is large but the volume
change dV quite small,?® resulting in a very large slope
dp/dT =dS /dV. The results in Fig. 4 then imply that no
staging occurs at 125 K until at above 100 MPa. Above
this the sample is’ a mixture of stage-2 material which, at
least above T, is disordered, and stage-3 material. Since
easily identified characteristic anomalies in p were always
observed when crossing the phase boundary in Fig. 4, but
nowhere else, and since the phase boundary is continuous,
it is probable that the curved boundary also represents
some kind of ordering phenomenon, probably the same in-
traplane K ordering within the stage-2 phase as below 100
MPa. However, there are other possibilities, such as a
general in-plane ordering of all K atoms, a similar order-
ing within the stage-3 phase, or a change in the c-axis
stacking sequence. The evidence available is:

(1) Ap is independent of p and T, and identical to that
found at the “vertical” boundary segment.

(2) The c-axis repeat distance of the stage-3 phase does
not change significantly at the transition near 300 K.
Figure 6(a) (adapted from Fig. 9 of Kim et al.”) clearly
shows this. The c¢ axis repeat distance of the stage-2
phase decreases by about 0.5%, and the resulting volume
decrease leads to a much smaller value of dp/dT
=dS /dV here than near T,,.

(3) Figure 6(b) (adapted from Fig. 7 of Kim er al.”)
shows a sharpening of the stage-2 diffraction peaks at the
transition, indicating increasing order. The stage-3 peaks
sharpen only gradually above the anomaly.

(4) On going through the extrapolated phase line below
120 K no step anomaly is found in p.

We conclude that the phase boundary in Fig. 4
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FIG. 6. (a) c-axis repeat distance vs p for stage-2 (circles,
left-hand scale) and stage-3 (squares, right-hand scale) KC,4. (b)
Diffraction peak width for stage-2 and -3 KC,;. Symbols as in
(a). Both figures adapted after Kim et al. (Ref. 7).

represents the same intraplane ordering of the K atoms in
the stage-2 phase as is seen at zero pressure near 125 K.
However, we cannot tell whether a similar ordering occurs
simultaneously in the stage-3 phase present. The in-plane
structures of several originally stage-2 alkali metal GIC’s
have been studied under pressure,>>*** but there are no
data for stage-3 KC,, below 0.3 GPa. Although KC,,,
RbCy4, and CsC,,4 should behave similarly under pressure
they certainly do not behave identically. For example, the
“floating solid” type phase found by Wada er al?* in
CsC,4 has never been observed in KC,,, and we shall not
extrapolate results for Rb and Cs GIC’s to the present
case. However, it is reasonable to expect the densely
packed stage-3 phase always to be ordered.

We summarize the results of Secs. IIIC and IIID as
follows. Above 150 K, KC,, is a pure disordered stage-2
material at 0.1 MPa, while above 100 MPa it is a mixture’
of disordered stage 2 and 0—40 % (ordered?) stage 3. At
0.15—0.33 GPa the stage-2 (and -3?) phase orders, and
above this the sample is a mixture of ordered stage-2 and
-3 materials. The strain energy released as the c-axis re-
peat distance decreases on ordering [Fig. 6(a)] allows a
simultaneous conversion’ of some stage 2 into stage 3.
Depending on T, the staging transition finally goes to
completion at 0.6—0.7 GPa. Below 125 K, on the other
hand, the absence of anomalies in p indicates that both the
stage 2 and the stage-3 phases are always ordered, from
0.1 MPa up to and above the start of the staging transi-
tion. The breaks in p(p) in Figs. 1 and 5 might indicate
that the latter starts at approximately the same p (=~ 100
MPa) at 115 and 295 K.
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E. Phase boundary for the ordering transition at 77,
and the low- T and/or high-p corner
of the KC,, phase diagram

Although T is well below the freezing temperature of
the pressure medium we were able to trace the transition
anomaly to above 0.5 GPa by making isobaric measure-
ments of p(T). The anomaly in p was always well defined
and the hysteresis in T small. No attempt was made to
observe any t dependence. The phase boundary found is
shown in Fig. 7, which shows all transition points found
in the p-T plane for KC,, using the same symbols as Fig.
4. The points denoting the transition at 7, are dis-
tinguished from those denoting the staging transition by a
small star inside the symbol.

The transition at 7, affects the stage-2 phase only.
This is shown by curve C in Fig. 2, obtained by complet-
ing the staging transition at 245 K, then cooling to 105 K
within the stage-3 phase without finding any anomalies in
p. Repeated isobaric runs between 100 and 150 K at
lower pressures revealed no anomalies until after crossing
the lower phase boundary for the stage-3 phase (~0.4
GPa at 150 K), when a large anomaly (Ap/p~0.07) im-
mediately appeared. Identical anomalies were always ob-
served for p <0.4 GPa. Increasing p again up through
the staging transition at 7 <150 K, however, a small
anomaly in p always remained even within the stage-3
phase, indicating the presence of some metastable stage-2
phase. This is indicated by the dashed high-p extension of
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FIG. 7. p-T phase diagram for KC,,, showing the location of
all resistance anomalies identified. Symbols are the same as in
Fig. 4, except that the stars at p =0 indicate T; and 7, from
Ref. 9, and that the transition at T; is indicated by a small star
in each symbol.
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the T, phase line (and the corresponding points) in Fig. 7.
No significant difference was observed between anomalies
obtained after increasing p at temperatures above or below
the 7, phase line, respectively, at 7' < 150 K, but crossing
the ‘“staging” phase line at higher temperatures led to a
rapid decrease in the size of the (metastable) 7; anomaly.
We conclude that the staging transition always goes to
completion [>95% (Refs. 7 and 33) stage 3] at T >245
K but that sizeable amounts of the low-p stage-2 phase
remain after pressurizing below 150 K. This may be due
either to the non-hydrostatic pressure at these tempera-
tures or to limited kinetics in the transition at low 7. The
slope of the T, phase line is approximately 7.5 MPa/K at
low p but seems to increase at higher pressures. This is
probably an experimental artifact due to the scatter in the
measured transition temperatures, but could possibly be
connected with the increasing amount of stage-3 phase
with increasing p.

There is some uncertainty as to whether there is still a
staging transition below 140 K. In Fig. 7, the phase line
for the staging transition extends to lower temperatures
and there is a triple point at 125 K/0.45 GPa (neglecting
metastability effects). However, we cannot safely distin-
guish between the diagram shown and a behavior similar
to that for the lower transition, with a sharp downward
break in the phase line down to T, since the solidification
of the pressure medium made it impossible to obtain reli-
able data for p(p) below 130 K. We made two isothermal
measurements of p(p) near 110 K, and in both cases we
found a sharp apparent increase in p between 0.4 and 0.45
GPa. However, these features may have been due simply
to nonhydrostatic strain in the coil system. These mea-
surements are represented by a common point at 110 K in
Fig. 7. A second indication of low-T staging is obtained
from plots of p versus p at 110 K, as obtained from the
isobaric measurements of p(7). At p >0.4 GPa p is
linear in p with a negative slope dp/dp similar to that ob-
served at 300 K, but at p <0.3 GPa, p is significantly
(> 5%) smaller than the extrapolated high-p value. Fig-
ure 7 thus gives the most probable phase boundary for
this region.

We conclude Sec. III by stressing the fact that Fig. 7 is
not a true phase diagram for KC,, showing equilibrium
phases versus p and 7, but only shows the p-T locations
of the anomalies found in p. Also, the figure does not
show the phase boundary pertaining to the start of the
2— 3 staging transition at low p discussed above.

IV. EXPERIMENTAL RESULTS AND DISCUSSION:
STAGE-3 AND -4 K-GIC

A. Structures and phases transitions

The nominal compositions of stage-3 and -4 K-GIC’s
are KC;¢ and KCyg, respectively. At 300 K and 0.1 MPa
the in-plane structures®® are liquidlike and similar to that
of KC,,, except for a slightly smaller in-plane K density.
Two anomalies are observed® in p for both materials at
low T. For KC,; these are similar to those observed in
KC,,, except that T, =250 K. For KC;¢, however, only
the lower anomaly is similar to those in KC,4 and KCys,
while the upper anomaly at T, =240 K is only a smeared

increase in dp/dT. The actual transitions giving rise to
the upper anomalies are®® more or less continuous between
120 K and 7', and probably similar to that in KC,,. At
high p both materials densify to closer packed, higher-
stage compounds. KC;q transforms’ smoothly, starting
near 0.1 MPa, from stage 3 to almost pure stage 4 at 0.65
GPa, the stage-4 phase persisting to approximately 0.75
GPa where the material abruptly transforms into mainly
stage 5. The latter transition is probably associated with
an in-plane densification to a close-packed 2X2 struc-
ture.’” Both transitions are reversible with a hysteresis
less than 0.1 GPa. KC,s behaves similarly,*’ transform-
ing smoothly to stage 5 at 0.7 GPa, then abruptly turning
into a mixed (mainly stage-6) close packed phase at 0.8
GPa. These staging transitions have been observed by
Fuerst et al.® as a number of anomalies in p, under pres-
sure.

B. Experimental results for KCjq

Three stage-3 samples were studied, one at high p at
295 K, and at 0.2 GPa down to 150 K, one between 295
and 245 K, and a third at 295 K only. The measured
values of p were 4.7, 5.3, and 6.2 uQ cm, respectively, at
STP, in excellent agreement with literature.>?° Figure 8
shows p(p) for increasing p for two samples, identified by
different symbols. Sample 1 (dots) was studied at 295 K
only while sample 2 (triangles) was also studied at 245 K.
As for KC,,, the anomalies in p correlate well with both
the anomalies in p, (Ref. 6) and the known staging transi-
tions under pressure.” In contrast to the case of KC,y, P
increases linearly with p up to 0.5 GPa, consistent with
the smooth stage 3—4 transition’ starting near 0.1 MPa.
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FIG. 8. Relative resistance R (p)/R(0) for two KCj4 sam-
ples, identified by different symbols. Upper two curves mea-
sured at 295 K, bottom curve at 245 K.
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Above 0.5 GPa, p increases faster with p, until at about
0.75—0.8 GPa there is a 25% decrease in dp/dp (hardly
noticeable on the scale of the figure), which we suggest
corresponds to the end of the 3— 4 staging transition.” At
0.85 to 0.89 GPa, depending on the sample, there was
then a small final step increase in p, corresponding to the
abrupt 4—5 staging transition.” Above 0.9 GPa dp/dp
was positive for sample 1 but negative for the other two
samples. No time dependence was observed in p at any p.
Our values for the transition pressure are in fair agree-
ment with the previous results 1.0+0.05 GPa (Fuerst
et al.®) and 0.79 GPa (Kim et al). The hysteresis was
approximately 0.09 GPa at the 4—5 transition, decreas-
ing to about 0.02 GPa at the 0.5 GPa ‘“knee,” and thus
similar to that found by Kim et al.’

The results obtained for the third sample at 295 K were
in excellent agreement with those for sample 2 shown in
the figure. The mean y observed for the high-pressure
stage-5 phase was very close to zero with an observed

scatter from +0.09 to —0.06 GPa~!. Using
k.=2.5%10"2 GPa~! for stage-5 KCj, from Kim et al.’
we obtain a corrected value y = —0.02 GPa~!, with an er-

ror given by the scatter, and a volume dependence
d(lnp)/d(InV)=1. Using again the discussion in Sec.
III C, with a y; value derived from Hardcastle and Za-
bel,® the corresponding theoretical value from Eq. (2) is
in the range 0.5—1. In view of the large possible error,
however, the good agreement with theory should not be
taken too seriously. No data for dp/dp can be obtained
for either the stage-3 or stage-4 phases.

It is evident from the figure that dp/dT is higher in the
high-p phase than at 0.1 MPa, just as for KC,,. Figure 9
shows p(T) down to 150 K for sample 1 at 0.2 GPa, and
for sample 2 between 250 and 290 K at 0.35 and 1.02
GPa. For sample 1 we observe the T, transition at
235+10 K (arrow). From Figs. 8 and 9 and similar data
we obtain the p-T phase diagram for KC;4 shown in Fig.
10. We indicate the positions of the 0.5 GPa “knee” and
the 4—5 staging transition by various symbols, as for
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FIG. 9. Resistivity vs T for two KCs¢ samples at the pres-
sures indicated. Bottom curve sample 1, upper two curves sam-
ple 2.
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FIG. 10. Preliminary p-T phase diagram for KCs,. Symbols
as in Fig. 7; the stars at 300 K show the results of Fuerst et al.
(Ref. 6). See text for further details.

KC,4. Only transitions toward high-p are shown. The
stars at p =0 and at 7 =300 K indicate the results by
Onn et al.’ for T, and by Fuerst et al.® for the 0.5-GPa
knee and 4-5 transition, respectively. The phase bound-
ary for the 4— 5 transition is shown by a line with a slope
of 2.3 MPa/K; the transition extrapolates to =0.21 GPa
at T'=0. The phase boundary for T, is shown as a verti-
cal line. The linearity of p(T) at 0.35 GPa down to 245 K
(Fig. 9) puts a lower limit on the slope of this line at ap-
proximately 25 MPa/K. Since T, indicates an ordering
within the stage-3 phase this boundary probably ends at
the stage 3—4 phase transition at ~0.6 GPa.

From Kim et al.” we know that an appreciable part of
the material transforms into stage 4 at quite low pressures
(<0.2 GPa). Since the slopes of the phase lines are fairly
large, our data indicate that it is reasonable to expect a
staging transition 3—4 (but not 4—5) at low 7. Such a
transition has not been reported to date.

C. Experimental results for KCy;

Only one KC,; sample was studied, at 295 and at 247
K. At STP p=12.2 uQcm, substantially higher than
literature data.>?® The high measured value must be
caused by some microscopic flaw, since x-ray analysis
characterized the sample as pure stage 4. Figure 11 shows
p(p) at 295 K. The results are quite similar to those for
KCj;6 and can be interpreted in the same way. The linear
increase in p at low p, followed by an increase in dp/dp at
0.55+0.1 GPa probably indicates the smooth transition®’
from stage 4 to 5, while the sharp break at 0.98+0.02 GPa
signals the final abrupt transition to (mainly) stage 6. The
hysteresis at 1 GPa was only about 0.05 GPa in this case,
while no hysteresis at all was found for the 0.55 GPa
“knee.” At 247 K, the two anomalies were found at
0.55+0.05 GPa and 0.87+0.01 GPa, and the slope of the
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FIG. 11. Relative resistance R (p)/R (0) vs p for KCyz.

5—6 transition boundary is thus 2.2 MPa/K. Bcth
anomalies extrapolate to positive pressures at 7 =0, but
since the staging transition actually starts®’ at low p we
again expect a low T staging transition at 0.1 MPa which
has not been observed to date.

(1/p)dp/dT was 10% larger in the high-p phase than
at 0.1 MPa, while ¥ in the high-p stage-6 phase was small
and positive, ¥ =0.02 GPa~!, at 295 K, but zero at 247
K. The general behavior is thus similar to that for KCs.
No k. data are available for the high-p phase. However,
k. should be 0.02—0.03 GPa~!, making the true y small
and negative with d(Inp)/d (InV) between O and 1. Extra-
polating the data of Hardcastle and Zabel?® to KC,s we
find a theoretical value from Eq. (2) of d(lnp)/
d(In¥V)=0.5, in good agreement with the experimental re-
sult. As noted in Sec. III C, however, this does not neces-
sarily indicate that electron-phonon scattering dominates
over band-structure effects under pressure.

V. CONCLUSIONS: p-T PHASE
DIAGRAMS OF K-GIC’s

A large amount of data has been collected on phase
changes in the p-T plane for stage 2—4 K-GIC’s. All
these materials have some general features in common.
Staging transitions are not observed at low 7 and atmos-
pheric pressure, but increasing p by < 100 MPa at 300 K
immediately initiates such a transition. The p-T loci of
anomalies in p induced by staging imply that a large part
of these staging transitions should appear at 0.1 MPa at
some T >0 K. These features contrast sharply with the
simple phase diagram found from p.(p,T) and x-ray dif-
fraction for the Li-GIC system.> Some possible explana-
tions for this anomalous behavior were discussed previous-
ly,!* and we shall here summarize that discussion together
with the new information available from this work.

Staging transitions are usually discussed in terms of the
Daumas-Hérold (DH) model,® in which it is assumed

that the number of intercalant atoms is roughly the same
in every graphite gallery in the GIC crystal. A well-
defined stage number is still obtained if the crystal is as-
sumed to consist of many small columnar domains, each
of which is well staged but with adjacent domains not
having the same graphite galleries filled. Staging transi-
tions then easily occur through local in-plane sliding of
intercalate islands between adjacent domains, in general
accompanied by simultaneous densification within each
intercalate layer. The details of this process, however, are
not yet known, although a great deal of work is presently
being done on this subject.>®

We recently suggested'? that the unusual phase diagram
of KC,4, and the difference between the K- and Li-GIC’s,
is the result of interaction between the DH domain walls
and the intraplane discommensuration or domain struc-
ture!® at low 7. Each DH domain probably contains
many locally commensurate regions bounded by discom-
mensurations. In a staging transition many discommen-
suration boundaries must pass through each DH domain
boundary, which can be considered as an array of disloca-
tions, and we argued that this movement is hindered by
the discommensuration walls being pinned by dislocations
at the domain boundaries at low 7. The in-plane graphite
corrugation potentials for the alkali metals has been es-
timated by DiVincenzo and Mele,*® who found barrier
heights for motion between adjacent hexagonal sites of
about 40kT for Li and 3—4 kT for the other alkali met-
als. Li-GIC’s therefore form commensurate structures
more readily than K-GIC’s, despite the fact that the in-
plane kinetics of Li-GIC’s are much slower. For K-GIC’s
in-plane ordering occurs on a time scale of minutes at
T =130 K, while for Li-GIC’s the ordering and staging
transition at 240 K takes days to complete. Although the
atomic diffusivity in K-GIC’s is thus large enough for lo-
cally commensurate regions to quickly form at T, these
regions themselves have effectively zero diffusivity at low
T due to pinning at the DH domain walls, and no staging
transition can occur in K-GIC’s at low T.

An alternative explanation may be inferred from a re-
cent experiment of Winokur and Clarke.'> They find that
the discommensuration-domain structure breaks up below
T, into at least four different commensurate ‘“micro-
phases,” each with different areal densities of K atoms.
By varying the relative amounts of such phases this mech-
anism could stabilize an average in-plane [K]/[C] ratio
near 47, regardless of the actual stochiometry, and thus
remove the driving force for a staging transition. Howev-
er, other recent experiments'® suggest that this may not
always be the case. Stage-2 samples with different
[K]/[C] ratios show subtly different T dependence in x-
ray 00! profiles, suggesting that at low [K]/[C] ratios
stage-3 packages may be formed at low T simultaneously
with the formation of Winokur-Clarke microphases.

The new results presented here also allow a third ex-
planation. The fact that staging in KC,, always seemed
to start at > 0.1 GPa led us to suggest!® that staging was
kinetically hindered at low 7. However, the very low p
necessary to initiate staging in KC3s and KCyg at 300 K,
together with large phase boundary slopes at high p, sug-
gests that staging may actually rather be kinetically hin-
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dered at low p. This ties in well with the observation of a
break in dp/dp at 0.1 GPa in KCy, at 295 K, together
with the vertical phase boundary near T,: There is no
staging transition until at ~0.1 GPa, almost independent
of T. This behavior could be explained in terms of the p
dependence of the graphite corrugation potential: At low
D, the potential is rather weak in K (as well as Rb and Cs)
GIC’s,* resulting in a liquidlike intraplane structure at
high 7. Cooling through T, the decrease in thermal en-
ergy coupled with phonon interactions* allows the forma-
tion of locally commensurate regions bounded by discom-
mensurations, as discussed above, but no truly commensu-
rate phase can be formed until below!? T;. As discussed
in Sec. III E, we do not know whether there is still a stag-
ing transformation below T7;; the formation of micro-
phases'? might inhibit staging completely. Increasing p,
however, the corrugation potential increases as the gra-
phite matrix is compressed. Taking KC,4 as an example,
at about 0.1 GPa the potential is large enough to allow
formation of a truly commensurate 2 X 2 phase, and thus
a stage-3 material. The increased potential will also make
formation of the ordered stage-2 phase easier, explaining
the sudden break in the phase line and the constant-p or-
dering between 125 and 200 K.

We thus have three different possible models for the
mechanism behind the low-T—high-p behavior of K-
GIC’s. The available data, however, are not sufficient to
allow us to identify which of these (or which combination
of these) is truly responsible for the observed behavior.
Obviously, the phase diagrams presented here are not tru-
ly phase diagrams; they give an indication of what hap-

pens when stage-n K-GIC is cooled or compressed but
they do not show the equilibrium phase at each p and 7.
(For example, in no case do we show the lower phase limit
for the high-p high-stage phase, since this is not known.)
The phase diagrams should be investigated further by
structural studies throughout the p-T plane. Of particu-
lar interest would be low-pressure studies up to 0.2 GPa at
temperatures down to well below 100 K to study the tem-
perature dependence of the start of the staging transitions
in the various materials. In view of the slow kinetics, and
the possibilities of metastability under nonhydrostatic
pressures (see Sec. III E), such studies should preferably be
made under truly hydrostatic pressures such as in He gas.
Such studies might also resolve the question whether
stage-3 KC,, is ordered below the 0.33-GPa stage-2 order-
ing transition. A second interesting possibility would be
to determine whether there exists a V7 XV'7 commensu-
rate phase in the low stage potassium GIC’s in any p-T
regime, since there is evidence*! that this is the low-T
ground-state of high-stage K-GIC’s.
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