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Systematic pressure-dependence studies have been performed on MC, and MC,,, (M =Rb, Cs and n = 2, 3, 4)
graphite intercalation compounds. Pressure-induced staging phase transitions similar to that which had been
previously reported for KC,, by Clarke er al. were found in these high-stage graphite intercalation compounds
(n >2). The 41 c x-ray experiments revealed the formation of a 2 X 2 superlattice under hydrostatic pressure from the
disordered intercalant layers at ambient conditions. The Raman spectra from RbC,,, (n = 2, 3, 4) gave clear
evidence for the pressure-induced staging transition by showing a change in the Raman intensities of the bounding
(1605 cm™') and interior (1582 cm™') E,, -like phonon peaks with pressure. In addition, the compressibilities k, of
CsC, and RbC, were measured as (1.56+£0.05) and (2.42+0.12)X 10~'> cm?®/dyn, respectively. The compressibility
results indicate that the interlayer-coupling strength varies drastically among alkali-graphite intercalation
compounds. The pressure-dependent Raman spectra of RbCy showed an appreciable change in the Fano resonance
shape at ~580 cm~' with pressure. The mode-Griineisen constant ¥, of pristine graphite for the for the interlayer
mode E,, was found to be 1.66=+0.13. The rates of Raman frequency shifts with respect to pressure, 3w /3P, were
measured to be (0.700.12), (0.510.09), (0.44+0.05), (0.540.08) cm~' kbar ™' for the bounding modes of CsC,,
and RbC,,, (n = 2, 3, 4), and (0.78+0.08), (0.32+0.12) cm~' kbar~' for the interior modes of RbC,,, (n = 3, 4),
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respectively.

I. INTRODUCTION

Graphite intercalation compounds (GIC’s) have
recently stimulated much interest as synthetic
metals with two-dimensional (2D) characteristics.?
Because of their highly anisotropic structures,
variety of intercalant species, and staging mech-
anism, these lamellar compounds afford a rich
opportunity for studying structural phase transi-
tions, especially those related to low dimension-
ality and dimensionality-crossover phenomena.?™®

Alkali-metal graphite intercalation compounds
(AGIC’s) are the best-investigated materials
among the donor compounds, because AGIC’s
have relatively simple structures and can be ob-
tained as a “pure stage”-n compound.” (A stage-
n compound consists of an alternating sequence
of » hexagonal graphite layers and an intercalant
layer. When a compound has one phase of this
long-range sequence, it is called “pure.”) Stage-
1 AGIC’s have an ideal bulk stoichiometry of
MC, (M =K, Rb, and Cs), in which alkali-metal
intercalant atoms form a 2 X 2 triangular super-
lattice on the matrix of graphite layers. Stage-1
AGIC’s are well defined 3D crystals at room
temperature.® Note, however, that recent theory®
and experiment!® have showed that the stoichiom-
etry of stage-1 AGIC’s can be continuously varied
with temperature and alkali-metal vapor pressure.
Stage-2 or higher-stage compounds have an ideal
bulk stoichiometry of MC,,, (M =K, Rb, and Cs
and =2, 3,4,..., where n designates the stage

of a compound). The intercalant layers are dis-
ordered at ambient conditions, and researchers
have found evidence for both a quasi-2D liquid-
like®**'!! and a lattice-gas-type®'®'!? disorder.
The nature of short-range ordering and its
relationship to stoichiometry and staging are
interesting and controversial subjects in high-
stage AGIC’s (n= 2).

Recently, Safran and Hamann'® proposed an
elastic dipole theory for staging, in which elastic
dipoles created by intercalant atoms between the
hexagonal graphite layers are responsible for
the attractive intralayer interaction and repulsive
interlayer interaction. The elastic theory natural-
ly suggests that external pressure should increase
the strength of elastic dipoles and, hence, of
intra- and interlayer interactions. Therefore,
one might anticipate structural phase transitions
to occur in GIC’s under high pressure.

In fact, Clarke, Wada, and Solin'* observed a
pressure-induced staging phase transition in
stage-2 KC,,. Under hydrostatic pressure, stage-2
KC,, transformed to pure stage-3 KC,,. The co-
existence of two phases was observed over a wide
pressure range. It was concluded that the dis-
ordered potassium layers at ambient conditions
(layer stoichiometry of KC,,) became ordered to
form a 2 X 2 in-plane superlattice (layer stoichiom -
etry of KC,) under high pressure (3-6 kbar).
Simultaneously, the stacking sequence changed
from that characteristic of stage 2 to that of stage
3 with the bulk stoichiometry of KC,, fixed. (Note
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that a stage-3 compound with a layer stoichiometry
KC, also yields a bulk stoichiometry of KC,,;
KC,x12 =KCsy). The transition was found to be
completely reversible, hysteretic, and of first
order. The sample dependence of the staging
transition was attributed to defects in the samples.

The Raman scattering technique has been ex-
tensively used to extract information on phonon
dynamics as well as charge delocalization in
GIC’s.’2° Although the hexagonal graphite layer
structure experiences changes such as a layer
distortion'? and an expansion of the carbon-carbon
(C~-C) distance® upon intercalation, the strong
coplanar covalent bonds of C atoms persist. As
a result, the well pronounced intraplanar Raman-
active mode E,, of pristine graphite (1582 cm™)
shows only slight frequency shifts upon intercala-
tion. Nemanich, Solin, and Guérard'® postulate
a “pearest-layer” model (NL model) which was
successfully applied to interpret the stage depen-
dence of the Raman spectra of donor and acceptor
GIC’s. They classified the graphite layers into
three types: type A, graphite layer bounded by
a pair of intercalant layers, type B, bounded by
an intercalant layer and another graphite layer,
and type C, bounded by other graphite layers as
in the case of pristine graphite. Stage-1 com-
pounds contain only type-A graphite layers, where-
as stage-2 compounds contain only type-B graphite
layers. Stage-n compounds (n = 3) contain a mix-
ture of type-B and -C layers.

Correspondingly, stage-2 compounds exhibit one
E,.-like Raman peak at ~1605 cm™, whereas stage-
n compounds (n> 3) exhibit two E,,-like peaks;
one at ~1610 cm™ originating from type-B layers
(bounding mode), and the other at ~1583 cm™ from
type-C layers (interior mode). The relative ratio
of the integrated Raman intensity of the bounding
mode to the interior mode was shown to be pro-
portional to the ratio of the number of type-B lay-
ers to type-C layers.!® Therefore, we should be
able to observe an evolution of the interior peak in
stage-2 compounds, and a change in the ratio of the
interior mode and bounding mode Raman intensities
in higher-stage compounds (n > 3), if we induce
staging phase transitions to higher stage in GIC’s.

Stage-1 AGIC’s exhibit quite different Raman
spectra from high-stage AGIC’s (> 2). They
contain two Fano resonances in the spectra.!®™®
The features at ~1500 cm™ have been attributed
to the Fano resonance of a graphite E, -like mode
with a continuum.!” In a recent theory by Miyazaki
et al.? the interaction of symmetry-allowed
phonons at 858, 1280, and 1580 cm™, with the
electronic interband excitation between the split
graphite 7 bands in stage-1 compounds, accounts
for the Fano resonance at ~1500 cm™. The Fano

resonance of CsC, at ~580 ecm™ was carefully
examined by Caswell and Solin,'® who found that
it was disorder induced and originated from
single phonon excitation.

In this paper, we report x-ray and Raman work
on Rb and Cs intercalated graphite systems under
hydrostatic pressure up to 10 kbar. We will focus
on pressure-induced in-plane ordering of inter -
calant atoms and staging phase transitions, es-
pecially in higher-stage compounds (n=> 3).
Quantitative properties of these compounds, such
as compressibilities and pressure-induced Raman
frequency shifts, will also be discussed. Experi-
mental apparatus and procedures are described
in Sec. II. Sections III and IV deal with x-ray and
Raman results and discussion, respectively.
Concluding remarks are given in Sec. V.

II. EXPERIMENTAL

A. Sample preparation

All the samples used in this experiment were
prepared from single-crystal graphite, using the
Hérold two-bulb method.?* Each single crystal
was cut with a razor blade and had an approximate
size of 0.35X% 0.35x% 0.05 mm?®. Details of our
intercalation procedure have been described
elsewhere.'’® Note here that single-crystal
samples are superior to the highly oriented
pyrolytic graphite (HOPG) for exploring the in-
plane structures of GIC’s. Since HOPG consists
of microcrystals of dimension ~1 um with their
crystalline ¢ axes oriented in one direction (to
within less than 1°) and their a axes oriented
randomly in the basal plane, it gives rise to
powder averaged in-plane diffracted x-ray rings.

Bassett diamond-anvil cells®* with a Be-Cu
gasket were employed to generate hydrostatic
pressure up to 10 kbar for both Raman and x-ray
measurements. A schematic diagram of the cell
with a typical x-ray scattering geometry is shown
in Fig. 1. For Raman scattering, instead of Be
supporting bases, hard-steel bases with tapered
holes for scattered light collection were used.
This cell was also used for some of the §L ¢ x-ray
scattering, though the scan angles were not as
wide as the cell with Be bases. Hydrostatic pres-
sure was calibrated before and after each mea-
surement by the ruby fluorescence technique.?®
The estimated error was +0.5 kbar.

Special precautions have to be taken when
handling AGIC’s, since they are known to be more
chemically active than virgin alkali metals.
Especially for Raman scattering, the good surface
condition is crucial, since the penetration depth
of visible light is <1000 A.'* Heavy mineral oil
which had been vacuum-degassed was found to be
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FIG. 1. Schematic representation of the gasketed
diamond anvil apparatus.

nonreactive with AGIC’s and so was used as a
pressure-transmitting medium. The stage of
each sample was determined by x-ray diffraction.
It was then sealed in a Pyrex tube. In an Ar-gas-
filled glove bag, the tube was broken under the
surface of the cleaned oil, and the sample was
transferred to the gasket chamber. After adding
several ruby crystals (~10 pm in size) to the
chamber, the cell was closed with -minimal pres-
sure. The whole sample transfer procedure took
less than 30 minutes. With a successful operation
no color change or bubbling of the sample was
observed. No sample degradation was detected
by either x-ray or Raman scattering in the dia-
mond anvil cell, even after several weeks.
X-ray diffraction measurements were carried
out on a Picker four-circle automatic diffracto-
meter with a Rigaku 12-kW rotating anode x-ray
generator, using Mo Ka x rays (X=0.71069 A).
Raman spectra were taken in the true backscat-
tering configuration, using a point-focused 5145
A Ar-ion laser incident beam and a Jarrel Ash
Model 25-100 double monochromator equipped
with Jobin Yvon holographic gratings. Since
AGIC’s can be damaged by strong laser power,'
it was limited to ~15 mW. To minimize the
fluorescent background from the diamonds and
mineral oil, the polarization of incident and scat-
tered light were always kept in the crossed
configuration.?® Details of the high-pressure
Raman technique can be found elsewhere.?

III. X-RAY RESULTS AND DISCUSSION

A. Stage 1

The package thickness d, or the distance along
the ¢ axis between the two nearest intercalant
layers, can be determined by measuring the (007)
Bragg peak positions. Figure 2 shows the data
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FIG. 2. Package thickness of CsCy as a function of
hydrostatic pressure. The circles without an arrow
show the first-run data points, which were taken con-
secutively up to the highest pressure. The arrows
indicate the second-run data points from the same sam-
ple. The straight line was obtained from the least-
squares analysis of the data points.

of package thickness of stage-1 CsC, as a function
of pressure at room temperature. From the slope
of the least-squares best fit straight line, the
compressibility 2, (Ref. 27) of CsC, can be ob-
tained. Here, the compressibility %, is defined

as
_1(ed
k“:do<aP)P=0’ (1)

where d is a package thickness and P is the pres-
sure. (Note that the coplanar covalent bonds of
carbon atoms are so strong that we may neglect
the in-plane contraction at pressures less than
10 kbar.) The compressibility %, for CsC, was
found to be (1.56 +0.05) x 1072 cm?/dyn. “First-

run” data points in Fig. 2, where the sample did

not experience the highest pressure, show some
deviation from the straight line at a pressure ‘
range of 3—6 kbar. The “second-run” data (taken
after reaching the highest pressure) seem to

obey Hooke’s law. This deviation of first-run
data might be related to an unstable stacking
sequence' found in CsC,. Thus it appears that
the sample experienced pressure annealing.

The x-ray compressibility results for stage-1
RbC, are shown as a plot of package thickness
versus pressure in Fig. 3. Above ~7.5 kbar, an
apparent deviation from Hooke’s law can be seen
in the figure, indicating a saturation effect. From
the slope of the straight line, the compressibility
of RbC, was found to be (2.42+0.12) x 1072
cm?/dyn.

For comparison, the compressibilities of
pristine graphite®” and MC, [M =K (Ref. 27), Rb,
and Cs] are tabulated in Table I. It is surprising
that there is a wide variation among the compres-
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FIG. 3. Package thickness of RbCy as a function of
hydrostatic pressure. The straight line indicates the
least-squares best fit of the data points below 7 kbar.

sibilities of stage-1 AGIC’s. CsC, was found to

be the “hardest.” It showed about a 75% increase
in the c-axis force constant relative to graphite.
By contrast, RbC, showed just a 13% increase.
(Note that Ellenson ef al.?® obtained a 20% increase
in the RbC, c-axis force constant relative to
graphite by neutron scattering. We believe that
our method gives more accurate compressibility
values than the technique employed by Elleson

et al.*®) This wide variation among the compres-
sibilities indicates that the strengths of interlayer
coupling, or the overlaps of intercalant s electrons
and graphite 7 electrons, differ substantially
among stage-1 AGIC’s.

The observed differences are consistent with
the resistivity measurements by Fuerst et al.?®
They found that the c¢-axis resistivity of KC,
(3.3x10™ Q@ cm) was larger than that of CsC,
(2x10™ © cm) at room temperature, whereas
their a-axis resistivities are similar. This
implies that the interlayer coupling in CsC, is
stronger than in KC,. (No data for the RbC, c-axis
resistivity is available.)

In the compressibility experiments on CsC, and
RbC,, we did not find any evidence for a phase
transition. The gL c x-ray experiments on CsC,
also revealed the 2 X 2 in-plane superlattice, but

TABLE I. The compressibility (¢;), the zero pressure
package thickness (), and the coefficient of least-
squares determination (Rz).

kg dy
(1072 em?/dyn) A) R?
Graphite?® 2.73+0.09 3.353+0.003  0.990
KGg? 2.13+0.09 5.355+0.004  0.986
RbCyg? 2.42+0.12 5.657+0.007  0.981
CsCy 1.56+0.05 5.943+0.004  0.979

2 Reference 27.
b The data points below 7 kbar were used.
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FIG. 4. (007) x~-ray profiles of CsCy taken at (a) 1.1,
(b) 5.7, and (c) 8.5 kbar. The profile (d) shows the
expansion of (c). The small peak next to the pronounced
peak at 26~ 13° was due to stage-1 regions on the sur-
face of the sample.

no other superlattice structures were observed

up to at least 10 kbar. Note, in particular, that
no evidence was found for a v'3 X v 3 superlattice.*®
The a-axis compressibility was negligible.

B. Stage 2

Figure 4 shows the (007) x-ray profiles of CsC,,
taken at different pressures. The x-ray profile
(a) at 1.1 kbar can be indexed as that of stage-2
CsC,,. (The small peak next to the 20= 13° Bragg
peak of CsC,, was due to stage-1 regions on the
surface of the sample. It was difficult to make
pure stage-2 CsC,,, since the sample’s surface
tended to intercalate to stage 1 while the sample
cooled in the intercalation process. Note that our
sample was quite small.) Although these (007)
profiles do not show the staging transition as
dramatically as those in KC,,,'* new stage-3
Bragg peaks can be observed at ~5 kbar growing
at the expense of the stage-2 peaks. The expansion
of the x-ray profile at 8.5 kbar indicates that the
sample has transformed to stage 3. In order to
see the staging phase transition more clearly,
the package thickness versus pressure was plotted
in Fig. 5. Here, the pronounced Bragg peak at
26~ 13° was used to calculate the package thick-
ness d with Bragg’s law. The appearance of
stage-3 domains is now perceived as an increase
in the package thickness at ~5 kbar in Fig. 5.
(Note that stage-3 CsC,, gives rise to a pronounced
Bragg peak which is very close to that of stage-2
CsC,,.) At ~17.5 kbar CsC,, is composed entirely
almost of stage-3 domains, and the package thick-
ness starts to decrease again with increasing
pressure, as is expected.
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FIG. 5. Package thickness of CsCy; calculated from
the 26~ 13° Bragg peak is plotted as a function of
hydrostatic pressure (see text).

In order to find the layer structure of Cs atoms,
gqLc x-ray experiments were performed using
a diffractometer. Because of large background
intensities from the Be bases, gasket, and
mineral oil, the diffuse x-ray peaks* expected
from the disordered Cs layers were not observed
at ambient pressures. However, at P>4 kbar,
both (#00) and (220) scans yielded instrumental
resolution-limited Bragg peaks at the positions
expected from the Cs 2 X 2 in-plane superlattice.
No other Bragg peaks suggesting other superlat-
tice structures were found.

The (007) x-ray profiles of RbC,, taken at
several different pressures are shown in Fig. 6.
The bottom profile (a) indicates that the starting
material was pure stage 2 at ambient pressure.
New Bragg peaks of stage-3 domains appear at
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FIG. 6. (007) x~ray profiles of RbC,, taken at (a) C,
(b) 2.5, (c) 4.0, (d) 5.3, and (e) 8.1 kbar.
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~2.5 kbar and develop with increasing pressure,
while the stage-2 Bragg peaks diminish. The
x-ray profile (e) at 8.1 kbar shows that the sample
consists of stage-3 domains with a slight admix-
ture of stage-2 domains.

In both RbC,, and CsC,, experiments the staging
phase transition was completely reversible. It
should be emphasized that this indicates that no
intercalant atoms were expelled from the sample
into the oil pressure-transmitting medium. If
the alkali atoms were expelled from the sample,
they would surely coalesce in the oil and not re-
enter the sample. We also report that no apparent
irreversible color change was observed in RbC,,
and CsC,, (stage-2 AGIC’s are deep blue). Both
CsC,, and RbC,, displayed staging phase transi-
tions similar to the one found in KC,,.'* The
staging transition in CsC,, occured at higher pres-
sure than in KC,, and RbC,,. This implies that
the repulsive part of the Cs intralayer interaction
is strong, possibly due to its large ionic size.

C. Stage 3

Figure 7 shows x-ray diffraction patterns of
CsC,, obtained at different pressures. The profile
(a) taken at 1 kbar shows a typical diffraction
pattern of stage-3 CsC,,. As pressure increases,
some of the small Bragg peaks become indistin-
guishable from the background, whereas the Bragg
peak at 20~ 26° broadens the splits into two peaks
at higher pressures. In order to examine their
line shapes the Bragg peaks at 26~ 13° and 26°
are shown expanded in Fig. 8. It is clear now
that new peaks evolve very close to the stage-3
1=4 (20~13°) and [ =8 (26~ 26°) Bragg peak
positions as pressure increases. The stage-3
Bragg peaks exhibit a reduction in their diffracted
x-ray intensities and shift to higher 26 values.
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FIG. 7. (001) x-ray profiles of CsCyq taken at (a) 1.6,
(b) 6.3, (c) 7.3, and (d) 10.3 kbar.
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The lattice contraction of stage-3 domains was
found to be ~1.7% at ~10 kbar. We think that these
new Bragg peaks arise from stage-4 domains in
CsC,q, because the package thickness 16.08 +0.13
A obtained at ~10 kbar is very close to the package
thickness 16.11 +0.05 A of stage-4 CsC,, obtained
in this experiment at ambient pressure. Since

the dynamics of the ordering process of inter-
calant layers is unknown, the definition of package
thickness of AGIC’s during the phase transition

is vague. Therefore, we did not attempt to de-
convolute the two peaks from the x-ray diffraction
profiles in Fig. 8 and obtain compressibilities

for each phase.
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FIG. 9. Calculated package thickness versus pressure
for three different CsCsq samples, designated as a, o,
and a.

Figure 9 shows a package thickness versus
pressure plot of three different CsC,, samples.
The package thickness was simply calculated
from the positions of Bragg peaks at ~13°. Thus,
as was the case for CsC,,, the staging phase
transition is visualized as an increase in the
package thickness with pressure. The purpose
of this figure is to demonstrate the sample de~
pendence of the package thickness and staging
phase transition in CsC,,. First, note that the
package thickness differs by ~2% from sample
to sample, whereas the estimated error of each
measurement is less than 0.4%. Secondly, the
transition pressure varies from 2.5-5 kbar among
these samples. It can be seen from the figure
that the sample with a smaller package thickness
experienced the staging transition at a lower pres-
sure. Elsewhere,' it has been shown that the
defects in KC,, samples affect the staging phase
transition. However, it is not clear why the
package thickness varies widely from sample to
sample. One possibility is that the stoichiometry
of CsC,, may not be fixed.

In order to confirm the pressure-induced staging
transition, in-plane x-ray experiments were
conducted, using both a precession x-ray camera
and diffractometer. Figure 10 shows a precession
x-ray photograph of CsC,; at ~8 kbar at room
temperature. The six Bragg spots (2= 9.55°)

FIG. 10. Precession x-ray photograph of CsCsq
taken at 8 kbar at room temperature. The ¢ axis of
the crystal was approximately parallel to the incident
Mo ke incident beam. The six Bragg spots (26~ 9.55°)
are reflections from the ordered Cs superlattice (see
text). The intense streaks are x-ray reflections from
the diamond anvils and the diffraction ring is from the
Be-Cu gasket of the pressure cell.
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seen in the picture are identified tentatively as
cesium (100) reflections from the Cs 2X 2 in-plane
superlattice.

The x-ray diffractometer experiments on CsC,,
yielded the expected graphite in-plane Bragg peaks,
but no Cs Bragg peaks at P<~4.4 kbar were
observed. (The diffuse peaks from the disordered
Cs layers were not observed because of the back-
ground, as was the case for CsC,,.) However,
both graphite and Cs in-plane Bragg peaks were
found at ~5.5 kbar. At higher pressures, both
(n00) and (h%0) in-plane scans confirmed the Cs
2 X 2 triangular superlattice, but no evidence for
other superlattices was found.

Figure 11 shows the (107) x-ray profiles of
CsC,e. In contrast to the staging transition in
KC,,,"* where the c-axis correlations of the super-
lattice developed with pressure, the profiles in
the figure show broad features at high pressures.
This indicates no definitive c-axis correlations
among these ordered Cs layers. Even after
keeping the sample in the diamond cell at ~10 kbar
for a month, the (10l) scan did not show any
significant development of the c-axis interlayer
correlations.

Stage-3 RbC,; was also examined by x-ray scat-
tering under high pressure. Figure 12 shows the
(007) x-ray diffraction patterns taken at three
different pressures. The x-ray profile (a) shows
a pure stage-3 diffraction pattern. Not much
change in the profile was observed below ~5 kbar.
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FIG. 11, C, (107) x-ray profiles of C,Cs¢ taken at (a)
7, (b) 10, and (c) 10 kbar. The profile (c) was taken
from the sample which has been kept at 10 kbar in the
diamond cell for one month longer than (b). Note that
the geometrical effect of the cell on the diffracted x-ray
intensities was not considered.
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FIG. 12. (007) x-ray profiles of RbCjq taken at (a) 0,
(b) 5.3, and (c) 9 kbar. The expected 260 values from
stage-4 domains are also indicated (see text). Note that
the abscissa is proportional to | d | rather than 2.

However, as can be seen from the figure, the
Bragg peaks become broader (note that some of
the Bragg peaks have an asymetric shape at higher
pressures), and some of the Bragg peaks up-shift
or down-shift with increasing pressure. For
comparison, the expected Bragg positions from
stage-4 domains are indicated in the figure.
Here, we used the package thickness 15.70 A
obtained in this experiment from stage-4 RbC,,
at ambient pressure.

Figure 13 shows a plot of the package thickness
of RbC,, versus pressure. Here again, Bragg’s
law for the stage-3 7=3 and 4 (260~ 10° and 13°)
peaks was used. Below 4 kbar, the package
thicknesses obtained from 7 =3 and 4 did not show
a deviation, implying no staging transition. How-
ever, at ~5 kbar, there is a sharp increase in
the package thickness obtained from the Bragg
peak at ~13°, whereas there is a drastic drop in
the package thickness from the 26~ 10° peak. It
is interesting to observe a sudden transition in
RbC,,, since this is quite contrary to the gradual
staging transitions described above.

In both CsC,; and RbC,,, considerable broaden-
ing of the (00!) Bragg peaks was observed when
pressure was released. [The full width at half
maximum (FWHM) of the original peak was less
than 0.2° in 20, whereas that value for the Bragg
peak after releasing pressure was about 0.3°.]

In RbC,, the stage-3 [ =3 peak after releasing
pressure yielded a different package thickness
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FIG. 13. Package thickness versus pressure plot of
RbCj¢. The values calculated from the 26~ 10° and 13°

diffraction peaks are designated as & and o, respectively.

The arrows indicate the second-run data points (the
sample had experienced the highest pressure).

from the original one, as can be seen in Fig. 13.
Since these intercalant atoms can not pass through
the graphite hexagons, layer slippages and mis-
matches play a crucial role in the staging mech-
anism as was first suggested by Daumas and
Hérold.®* One can imagine that a higher -stage »
compound requires more layer slippages and mis-
matches in order to change the ordered stacking
sequence of n graphite layers and an intercalant
layer to that of » +1 graphite layers an an inter-
calant layer. We believe that these substantial
changes, found after releasing pressure, were
caused by the defects produced during the staging
transformation. Note that the stage-2 AGIC’s

dis not show any detectable change after releasing
pressure, probably because the mechanical
deformation required for staging is minimal in
stage-2 compounds compared with higher-stage
compounds (z= 3).

It should be pointed out that if all the Cs layers
formed a 2 X 2 in-plane superlattice in CsC,,
then we would expect to observe an even mixture
of stage-4 and -5 phases:

CsCyxio(stage 3) *%Cscqxa(/stage 4)
+3C8C; 4(stage 5). 2)

Here the subscripts indicate a stage and a number
of carbon atoms per Cs atom in a layer. The
same equation should hold for RbC,,. However,
we did not observe any evidence for stage-5

2 .
[ == .
3 xI/10
g .
=
= (@ .
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Z |
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= xI720
> .
g SRR O
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al-
= xI/10
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20° i0° 0°
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FIG. 14. (007) x-ray profiles of CsCyq taken at (a) 0,
(b) 2.1, (c) 7.0, and (d) 10.5 kbar. The profile (a) was
taken after releasing pressure. The peak at 2= 20° is
from the diffuse diffracted ring from the Be-Cu gasket.
The abscissa is proportional to | J| rather than 26.

domains in RbC,, and CsC,, at these modest
pressures.

D. Stage 4

Figure 14 shows the (007) x-ray profiles of
CsC,, at different pressures. No drastic change
in the profiles can be seen, but some indications
of the staging phase transition are apparent. The
26~ 10° and 23° Bragg peaks (corresponding to the
1=4 and 9 Bragg peaks for stage-4 CsC,,) shift
toward a higher 20 value, whereas the 26~ 16°
(Z =6) peak shifts toward a lower value with in-
creasing pressure. A new peak appears at much
lower angle (20~ 2°) at ~7 kbar. Note that the
x-ray profile (a) at 0 kbar obtained after releasing
the pressure shows some complicated background.
This background may be related to the layer slip-
pages and mismatches during the staging transi-
tion, as was discussed above.

To examine the staging transition in CsC,,
more carefully, the package thickness was cal-
culated from the observed 2= 10° and 13° Bragg
peaks, using the Bragg equation for stage-4 7=4
and 5, respectively. The results as a function
of pressure are shown in Fig. 15. The package
thickness obtained from the 26~ 13° peak stays
almost constant with increasing pressure, whereas
the one from the 26= 10° peak starts deviating at
~3 kbar from the expected value for state-4 CsC,,.
Above 5 kbar the package thickness from the
26~ 10° peak also remains almost constant. These
results imply that the major staging transforma-
tion took place at a pressure range of 3-5 kbar.
The package thicknesses obtained from the I =4
and 5 Bragg peaks of above 5 kbar is close to the
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FIG. 15. Package thickness versus pressure plot of
CsCyg. The values calculated from the 26=~10° and 13°

diffraction peaks are designated as a and o, respectively.

The arrows indicate the second-run data points. The
expected values from stage-5 and -6 domains are also
shown (see text).

“expected” value of stage-5 domains. The ex-
pected values in Fig. 15 were obtained by insert-
ing the 26 value for stage n and mth Bragg peak
(n and m values are indicated in Fig. 15) at
ambient pressure into the Bragg equations used
for those data points. The results at high pres-
sures suggest that the compound consists of stage-
5 domains above 5 kbar.

Figure 16 shows the (007) x-ray profiles of
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FIG. 16. (007) x-ray profiles of RbCyq taken at (a) 0.7,
(b) 4.0, and (c) 9.8 kbar. The diffracted peak at 26= 20°
is from the Be-Cu gasket. -
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RbC,, taken at different pressures at room tem-
perature. Again, no drastic change can be seen,
but, with increasing pressure, some shifts of

the Bragg peaks are apparent. The package
thicknesses were calculated from the observed
26 =~ 10° and 13° Bragg peaks in the same way
described above. The plot of package thickness
obtained from the 26~ 13° peak decreases slightly
and jumps suddenly at ~7.5 kbar, whereas the
value obtained from the 20= 10° peak decreases
drastically and drops suddenly at ~7.5 kbar. The
expected package thicknesses from stage-5 and
-6 domains are also shown in Fig. 17. Note that
the effect of pressure on lattice compression was
not considered when the expected package thick-
nesses were calculated. If we include the pres-
sure effect, say a 2% contraction of the lattice
constant at high pressures, then we find these
“observed” package thicknesses in the figure are
very close to the expected value of stage 5 at a
pressure range of 5-7.5 kbar, and that of stage

6 above 7.5 kbar, as can be seen in the figure.
Therefore, we believe that the sample of pure
stage-4 RbC,, transformed to a mixture of stage-4
and -5 domains and then transformed to a stage-6
phase as pressure was increased. It should be
said that if all the Rb atoms form a 2X 2 in-plane
superlattice, then we will have a pure stage 6,

16.0r Stage 6,m=7
Stage 5,
o gm=6
[ o o o
— * . . .
03 ° ° o ° o ‘z o9 ' B
n f
Q155 L ]
=4 a
X
Q
R . ‘
Stage 5, & '
w m=5 |
o se |
§l5.0‘- “% 4
g Stage 6,m=6
a
| a
14501 TR
L I t 1
(0] 50 10,0

PRESSURE (kbar)

FIG. 17. Package thickness versus pressure plot of
RbCys. The values calculated from the 26~ 10° and 13°
diffraction peaks are designated a and o, respectively.
The arrows indicate second-run data points. The ex-
pected values from stage-5 and -6 domains are also
shown (see text). The ---- lines indicate the expected
values, including the pressure effect (2% lattice con-
traction which makes the expected values smaller by
~0.3 &, see text).
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as can be seen below:
Rbc4><1z(stage 4) "RbCSXB(stage 6). (3)

It is interesting that a sudden transition was
also found in RbC,, as was the case for RbC,.
This is contrary to the gradual staging transitions
observed in other compounds.'* The mechanism
by which the high-stage Rb intercalation com-
pounds (% =3 and 4) exhibit sudden transitions is
not well understood.

Figure 18 also shows in-plane precession photo-
graphs of RbC,, taken at 0 and 8.8 kbar. No
evidence for an ordered structure of Rb layers
can be seen at ambient pressure. However, the
photograph (b) taken at ~8.8 kbar shows six Bragg
peaks at 26~ 9.55°, implying a formation of the
2 X 2 in-plane superlattice under high pressure.
Even in stage-4 RbC,;, the same x-ray results
for in-plane ordering of intercalant layers were
observed.

IV. RAMAN RESULTS AND DISCUSSION

A. Graphite

Figure 19 shows the results for Raman scatter-
ing measurements of the pristine graphite intra-
layer mode, E,, as a function of hydrostatic pres-
sure. The straight line shown in the figure is the
best linear fit of the data points. From the slope
of this line, the rate of Raman shift with respect
to pressure, awo/aP, was found to be 0.500 (1
+0.08) cm™ kbar-. The Raman peak did not show
any apparent change in its shape under pressure.

The a-axis component 7,, of the mode-Griineisen
constants for an anistropic material®® can be ex-
pressed as

1 3(lnw,) 1 A(lnw,)

Yu= =5 3(na) 2 A(lna) ’ @)

where w, is an intralayer phonon mode; a is the

(b) '

FIG. 18. dlc precession x-ray photographs of RbCyg
taken at (a) 0 and (b) 8.8 kbar at room temperature.
The reflections from the 2 x2 in-plan superlattice are
indexed in the photograph (b).
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FIG. 19. Raman shift of graphite is plotted as a
function of hydrostatic pressure. The straight line in-
dicates the least-squares best fit of the data points.

a-axis lattice constant. The value ¥, for the
graphite E,, mode was found to be 1.66+0.13, using
the elastic constant C,, =(1.056+0.016) x 10*®
dyn/cm? obtained by Blakslee ef al.3 [since &,

= (1/ao)(8a/8P)P:0= l/cu]-

B. Stage 1

Figure 20 shows the Raman spectra of the 580-
cm™ Fano resonance line in stage-1 RbC, taken
at several different pressures at room tempera-
ture. We do not observe any dramatic change in
the resonance shape under pressure. This agrees
with our x-ray measurements in which no phase
transition was found in RbC,. The resonance
shape, however, changes gradually with increasing
pressure: The background intensity of the Fano
resonance below 580 cm™ diminished, as com-

RAMAN INTENSITY (arb. units)

I T T
A
RGN ol
(c)
(b)
M
| L 1

700 600 500
RAMAN SHIFT (CM™)

FIG. 20. Raman spectra of the 580-cm~! Fano reson-
ance line in RbCg, taken at (a) 0, (b) 2.3, (c) 4.3, (d) 6.8,
(e) 8.3, and (f) 9.6 kbar.
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pared to the background intensity above 580 cm™!.
This implies that the continuous density of states,
which resonates with the Raman mode, may change
substantially with pressure. Also note that the
peak position of resonance up-shifts slightly with
increasing pressure, as is often the case for
Raman peaks of usual materials. We did not an-
alyze the Fano resonance at ~ 1500 cm™ because
the pronounced Raman peak at 1333 cm™ from
the diamond anvil masked part of the resonance
features.

C. Stage 2

The high-pressure Raman spectra of the E, -like
mode in RbC,, is shown in Fig. 21. Because there
are only type-B graphite layers in stage-2 com-
pounds, the spectrum taken at ambient pressure
exhibits one pronounced E,, -like Raman mode at
~1608 cm™!., A new peak evolves gradually at
~1580 cm™ with increasing pressure. This new
peak should originate from type-C graphite lay-
ers, which have been produced during the staging
transformation. Figure 21 gives clear evidence
for the pressure-induced staging transition in
RbC,,. It should be pointed out that the final spec-
trum (d) in the figure is almost identical to that
of stage-3 RbC,, at ambient pressure, which will
be shown later.

Figure 22 shows the pressure-dependent Raman
spectra of E, -like mode of CsC,,. The evolution
of the interior Raman mode can be seen, though
it is not as clear as in RbC,,.

In both RbC,, and CsC,,, we observe the Raman
frequencies increase appreciably with increasing
pressure. The plot of Raman frequency versus
pressure is shown together with the least-squares
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FIG. 21. Raman spectra of RbCy, taken at (a) 0.0, (b)
3.8, (c) 5.9, and (d) 8.4 kbar.
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FIG. 22. Raman spectra of CsCy, taken at (a) 1, (b) *
6.3, and (c) 10.0 kbar.

best fits in Fig. 23. The numerical results for
RbC,, and CsC,, are tabulated in Table II. Note
that the value, dw,/8P for RbC,, is comparable
to that of graphite, whereas that value for CsC,,
is substantially larger than graphite.

D. Stages 3 and 4

Figure 24 shows the Raman spectra of RbC,,
taken at several different pressures. As we pre-
dicted, the relative ratio of integrated intensity
of the interior mode (~1582 cm™) to that of the
bounding mode (~ 1609 cm) increases with pres-
sure. As a result of the change in the c-axis
stacking sequence during the staging transtion,
the number of interior graphite layers (type C)
increases, whereas that of bounding layers (type
B) decreases. Therefore, the Raman intensities
which are proportional to the number of particular
layers vary accordingly in the phase transition.
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FIG. 23. Raman shifts of the bounding modes in CsCyy
and RbCy, (designated as a and o, respectively) are
plotted as a function of hydrostatic pressure. The least-
squares best fits for each set of data points are also
shown.
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TABLE II. The zero-pressure Raman frequency (w)
and the rates of Raman frequency shifts with respect
to pressure, (8wy/0P) of graphite, CsCyy, and RbCy,,

(n=2,3,4).
wy Swo/aP )

Mode (cm™Y) (cm~! kbar~1)
Graphite =~ Ey, 1584 0.50 £0.04
CsCy bounding 1603 0.70+0.12
RbCyy bounding 1608 0.51+0.09
RbC interior 1582 0.78+0.08
36 bounding 1609 0.44+0.05
RbC interior 1584 0.32+0.12
. 48 bounding 1609 0.54+0.08

Figure 25 shows the pressure-dependent Raman
spectra of RbC,;. The pressure-induced staging
transition is revealed by the dramatic change in
the relative intensities of the interior and bounding
modes. The Raman spectrum (f) in the figure,
which was taken after releasing pressure, shows .
similar features to the spectrum (a) taken at 2.2
kbar. This proves that the staging transition is
reversible. In other Raman experiments men-
tioned above, the reversibility of the transition
was also confirmed.

The plots of Raman frequency versus pressure
for RbC,, and RbC,, are shown in Fig. 26. For
each mode, the least-squares best fits were cal-
culated and shown in the figure. The numerical
values obtained are also tabulated in Table III.
Since no data for the a-axis compression in AGIC’s
are available, the mode-Griineisen constants for
each mode were not obtained. The experimental
values 8w,/8P for both RbC,, and RbC,, exterior
modes were found to be similar to that of pristine

RAMAN INTENSITY(arb. units)
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FIG. 24. Raman spectra of RbCy; taken at (a) 0, (b)
3.0, (c) 4.8, and (d) 7.6 kbar.
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FIG. 25. Raman spectra at RbCyg taken at (a) 2.2, (b)
3.3, (c) 5.3, (d) 8.8, (e) 9.8, and (f) 0 kbar. The spectra
were taken consecutively.

graphite. However, interestingly, the values
3w,/ 8P for the interior modes or RbCyq (0.78 cm™
kbar-) and RbC,, (0.32 em-'kbar-!) are much dif-
ferent from that of graphite (0.50 cm ™ kbar-t),
These differences may be associated with charge
delocalization.® The experimental results sug-
gest that the c-axis charge distribution around the
interior graphite layers may differ substantially
from one stage to another.

Since the high-stage AGIC’s (x> 2) are ordered
at high pressures, the zone-folding theory!®2°
which predicts some new off-zone-center Raman
peaks might be applied. In the theory, because
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FIG. 26. Raman shifts of RbCsq (A and®) and RbCyg
(A and 0) are plotted as a function of hydrostatic press-
ure. The and ---- lines correspond to the least-
squares best fits of the RbC3s and RbCy4 data points,
respectively.
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of the superlattice structure in the ordered GIC’s,
the phonon dispersion curves of graphite can be
folded and produce new zone-center phonon modes.
Some of these modes are Raman active, e.g. those
at the M point of the original zone. Dresselhaus
et al.r*?° attributed the Fano resonance features
in stage-1 AGIC’s to the resonance of the zone-
folded phonons with a continuum. Therefore, we
attempted to look for new Raman peaks in those
compounds at high pressures. However, no ev-
idence for new Raman features was found.

V. CONCLUDING REMARKS

Remarkable pressure effects on staging of high-
stage AGIC’s MC,,, (M =Rb and Cs and n=2,3,4)
have been revealed, using both x-ray and Raman
techniques. The pressure-induced staging phase
transition was found to be universal among the
AGIC’s (n>2) with characteristics of reversibility,
hysteresis, and sample dependence. The forma-
tion of 2 x 2 in-plane superlattices and rearrange-
ment of c-axis stacking sequences suggest qualita-
tive agreement for the high-pressure effects im-
plied from the dipole theory for staging.!'* How-
ever, it is difficult to quantitatively analyze the
inter and intralayer interactions in AGIC’s under
pressure because of the simultaneous occurence
of intercalant intra- and interlayer ordering, and
of the nature of the phase transition (large hy-
steresis and sample dependence).

It is interesting that the well defined stages,
evidenced by the narrow (00!) Bragg peaks, per-
sist during the staging transitions in which many
slippages and mismatches of layers are antici-
pated. There must be a very effective intercalant
interlayer interaction in AGIC’s. However, the
c-axis correlation of the 2 x 2 in-plane superlat-

tices of high-stage AGIC’s (n> 3) seems poor [the
(107) scans of CsC,; showed broad features in the
diffraction pattern]. This may imply severe
stacking faults and defects. It would be interesting
to study the growth of intralayer ordering of in-
tercalant atoms with increasing pressure.

Finally, we point out that high-pressure experi-
ments with changing temperature will potentially
explore more fascinating fundamentals of physics
in GIC’s. In low-temperature experiments,>® no
staging transitions were found when ordering of
intercalant layers occurred with decreasing tem-
perature. This means we can possibly control
the staging and ordering by adjusting both temper-
ature and pressure. Another speculative aspect
concerns a melting phase transition. Bak®® in-
dicated the possibility of 3D continuous melting
in EuC,. It would, therefore, be interesting to
see how high-pressure ordered phases of AGIC’s
(n= 2) melt with temperature.
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FIG. 10. Precession x-ray photograph of CsCy;
taken at 8 kbar at room temperature. The ¢ axis of
the crystal was approximately parallel to the incident
Mo ka incident beam. The six Bragg spots (26=9.55°)
are reflections from the ordered Cs superlattice (see
text). The intense streaks are x-ray reflections from
the diamond anvils and the diffraction ring is from the
Be-Cu gasket of the pressure cell.



FIG. 18. qLc precession x-ray photographs of RbCyy
taken at (a) 0 and (b) 8.8 kbar at room temperature.
The reflections from the 2 x2 in-plan superlattice are
indexed in the photograph (b).



