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The phase diagram, the high-temperature (T) structures of liquid and solids, and the critical be-
haviors of melting in stage-1 Rb-graphite intercalation compounds have been investigated with use
of x-ray diffraction. The (Pgy,,T) phase diagram shows a narrow region of a high-T af stacking
solid with the in-plane (2X2) structure between the low-T" afy8 solid and the high-T liquid. At
high temperatures Rb atoms behave as a quasi-two-dimensional liquid with in-plane correlations,
and as T approaches T,, (melting temperature) they have strong in-plane and out-of-plane correla-
tions with the same symmetry as the af solid; the two-dimensional (2D) to 3D crossover effect is ob-
served. Remarkable features of the continuous melting are observed at T,,: (1) the peak wave num-
ber of the in-plane short-range order in the liquid changes continuously to the Bragg peak wave
number of the af solid, (2) the order parameter of the aB solid grows continuously with
B=0.3010.06, and (3) the in-plane positional and orientational correlation lengths £ increase in the
solid and the liquid and have critical exponents v, =0.2410.04 and v;,=0.34%0.04 in the liquid, re-
spectively. All the critical parameters show no appreciable hysteresis at T,,. Contrary to these con-
tinuous behaviors, the correlation lengths remain finite at T,,, suggesting the presence of a small but
finite first-order gap. These experimental results are discussed in terms of the 3D four-state Potts
model. In the low-Pg, case, the transition is of first order in contrast to the high-Py, case men-
tioned above. In some samples, the maximum temperature in £(7) which is obtained in the off-
Bragg scan shifts a few degrees lower than T,,. Some discussions are given. The aff solid at high T
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shows remarkable in-plane anisotropic Debye-Waller factors.

I. INTRODUCTION

Graphite intercalation compounds'~® (GIC’s) exhibit
various types of structural phase transitions, such as stag-
ing,*~® in-plane ordering”!® of intercalant atoms and
stacking ordering!! of both graphite and intercalant lay-
ers. Intercalant layers form a two-dimensional (2D) or-
dering commensurate or incommensurate with graphite
lattice at low temperatures, and at elevated temperatures
they melt into a quasi-2D liquid in which the migration
of intercalant atoms is restricted in the 2D gallery be-
tween the rigid graphite layers. The melting transition in
this system is very interesting in the context of the 2D
continuous melting, and in fact the melting in high-stage
alkali-metal GIC’s shows remarkable natures of the con-
tinuous transition,®!%!3 such as the 2D orientational or-
dering above the 3D ordering temperature, the 2D to 3D
crossover of ordering, and dynamical properties.!*!> In
those high-stage compounds the interlayer interaction of
individual intercalant atoms is much smaller than the in-
tralayer and substrate interactions because of the large
interlayer distance between intercalant atoms, which
favors the 2D character in phase transition.!® Thus the
situation is quite similar to the absorbed monolayer on
graphite!”!® although the substrate interaction in GIC’s
is somewhat larger.

On the other hand, stage-1 alkali-metal compounds
have some different features. Firstly, intercalant atoms in
stage-1 compounds are packed much closer in the in-
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plane and out-of-plane directions than higher stages. The
in-plane and out-of-plane interatomic distances in stage-1
Rb GIC (C4Rb), for instance, are 4.94 and 5.70 A, respec-
tively, which are almost equal to the interatomic distance
and lattice constant of rubidium metal itself, 4.94 and
5.70 A, respectively.!® Such a compact packing may lead
to a stronger interlayer interaction than those in high-
stage compounds, which yields the stacking ordering of
intercalant layers. Another feature is the simple ground-
state structure; stage-1 alkali-metal (K, Rb, and Cs)
GIC’s have a simple in-plane (2X2) superlattice com-
mensurate with graphite, whereas high-stage compounds
generally have more complicated incommensurate
domain structures.?°~2616 The complexity of the ground
state in the latter case brings some difficulty in the com-
phrehensive understanding of melting, although the melt-
ing itself is very typical. The in-plane superlattice in
stage-1 compounds leads to definite stacking sequence
due to the elastic interaction with neighboring intercala-
tion layers, namely, the two-layer-period af8 stacking in
high temperatures and the four-layer-period aBy8 or
three-layer-period of af8y stackings at low temperatures.
(Actual stacking sequences are AaABA..., etc. when
including the graphite layer stacking A.) The order-
order phase transitions between these different stacking
phases are first order. From these 3D natures of interac-
tions it is likely to presume that stage-1 compounds do
not favor the continuous melting. However, very surpris-
ingly, in stage-1 K and Rb GIC’s have been observed
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some remarkable evidence of the continuous melting
transition.

The first evidence of the continuous melting was re-
ported by Nishitani et al.?” for the af solid-liquid transi-
tion in stage-1 K GIC in x-ray diffraction experiments.
In a vapor pressure Pyg-scan (which corresponds to the
chemical potential u scan) experiment with T held con-
stant, they observed the continuous changes in potassium
composition and the order parameter at the melting point
pressure Py =P, , and a remarkable increase of the in-
plane and out-of-plane correlation lengths £ in the liquid
as approaching P,,. These correlation lengths do not in-
crease up to the instrumental resolution limit, but remain
finite. Thus they concluded that the melting in stage-1 K
GIC is weakly first order. In an alternative experiment,
Minemoto and Suematsu?®?° studied the T dependence of
critical behaviors at some constant Pg’s, and revealed
that the melting becomes closer to second order as Py
(sequentially T,,) increases, whereas it is first order for a
low Px and T,,. Their results suggest that the gap in the
first-order transition decreases with increasing P,, (and
T,,). However in stage-1 K GIC, the continuous growth
of & from the liquid to the solid phase has not been ob-
served even for the highest Py (and T,,) attainable in the
usual control of vapor pressure.

Among alkali-metal stage-1 GIC’s, rubidium com-
pound is considered to be more favorable for the continu-
ous melting than stage-1 K GIC because of its higher P,,,,
if the results of Minemoto and Suematsu can be extended
to Rb GIC’s. The phase transitions in stage-1 Rb GIC
were first investigated by Ellenson et al.’* and three
phases have been reported, the a8y 8 stacking solid at a
low temperature, the af stacking solid at 7">721 K and
the liquid above T,, =747 K, which is the same sequence
of phases as stage-1 K GIC. In fact in specific-heat mea-
surements, Robinson et al.?! observed two A-type peaks
at T=771.5 and 774.0 K which are strongly suggestive
of the second-order transition, although the structural
origin of two separated anomalies has not been under-
stood yet.

In stage-1 Cs compound, which has a different low
temperature structure, afy stacking,’?>33 the melting
from the af3 solid to the liquid was reported to be first or-
der®? without any precursive phenomenon around T,, un-
like K and Rb compounds. However this experiment
corresponds to a low-P case, and it is suggested that in
a high-P., experiment it may show a critical behavior
around T,,.

In contrast, stage-1 Li GIC has a different ground state
of the in-plane (V'3XV'3) and aa stacking structure, and
recently collects peculiar interests because the compound
belongs to the universality class of the 3D three-state
Potts model** 3 for which there are some theoretical con-
troversies on the order of transition. Experimental re-
sults in neutron diffraction and calorimetry have revealed
a discontinuous change in the order parameter at 7,, and
a strong precursive effect below T,,, indicating that the
transition is weakly first order. 3¢’

The theoretical aspect of the melting transition in these
stage-1 alkali-metal GIC’s has been given by Bak and

Domany*® with use of the Landau-Ginzburg theory.
From the symmetry of the ordered state they derived that
all the transitions_from the liquid to the (2X2)ap,
(2x2)aBy, and (V'3 X V'3)aa stacking solids are first or-
der. Lee, Aoki, and Kamimura® extended the Landau-
Lifshitz theory to a variety of CgM structures with use of
a lattice gas model, and presented the possible
configurations satisfying the Landau criteria for the
second-order transition, that is, (2X 1)aB, (2X2)ada, and
(V3XV'3)ad solids, where @ stands for the structure in
which the mass density is deficient on the a site and its
minority distributes on f3, ¥, and § sites. They calculated
the phase diagrams of these structures by taking account
of intralayer and interlayer repulsive interactions, and
showed the continuous transition from the (2 X 1)af solid
to the disorder phase for a small second-neighbor inter-
layer interaction J,. Moreover they indicated that a
much smaller J, results in the first-order transition from
the (2 2)ap solid to the disordered state. In a similar
calculation for the in-plane (2X2) solids Miyazaki
et al.® took account of the third-neighbor repulsive and
attractive interactions, and obtained three types of solids
with two-, three-, and four-layer-period stackings, all of
which show the first-order transition to the disordered
state. Thus, these calculations based on the Landau-
Ginzburg theory predict the presence of a finite first-
order gap at the critical point.

By contrast, the critical behavior of melting have been
studied in many simplified models, among which the
order-disorder transition of the 3D four-state Potts (FSP)
model is particularly interesting for melting of the Rb
compound, because the four configurations a, B, ¥, and 6
on the in-plane (2X2) superlattice correspond to four
equivalent states in the FSP model. Hermmann*! studied
the 3D FSP model with use of a Monte Carlo calculation
and predicted that the total energy E changes smoothly
at T,, in such a way that the derivation of E diverges, so
that specific heat ¢, shows a very sharp peak; but they
also pointed out the presence of a small first-order gap at
T,,.
In this paper we have investigated in detail the crystal
structures, the phase diagrams, and the critical behavior
of melting (ap solid-liquid) in stage-1 Rb GIC with use of
highly oriented pyrolytic graphite (HOPG) and single
crystals. The present paper is organized as follows. In
Sec. IT we will describe the sample preparation, the in situ
x-ray diffraction technique, and the line-shape analysis.
We will present in Sec. III the complete phase diagram of
Rb GIC’s as a function of Py, and T, and the details of
the crystal structures of the a8 and the af8y 6 solids and
the liquid at high temperatures. Also, large thermal in-
plane vibrations of Rb atoms at high temperatures and
their anisotropic Debye-Waller factors in the plane will
be discussed. In Sec. IV we will present critical behaviors
of the af solid-liquid melting in 7 scans at some constant
Py, the critical parameters including the interatomic
distance, the order parameter, the in-plane and out-of-
plane correlation lengths, etc. Two typical cases of the
melting depending on Pgy will be shown, i.e., the nearly
continuous melting for a high Pgp, and the first-order
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melting for a low Pg,. In Sec. V we will discuss the ob-
served behaviors of melting in connection with the 3D
FSP model and the 2D-to-3D crossover effect, and also
discuss the deviation of the peak temperature of the in-
plane correlation length from T,,, which was observed in
the off-Bragg scans. A summary and conclusions will be
presented in Sec. VI.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

Samples were made by use of the usual two-zone fur-
nace, in which the sample temperature T; and the chem-
ical potential u; can be independently controlled. y; is
given by the vapor pressure of intercalant P; and T,

‘u,i=kBT(;ln(P,»)+f(TG) ’ (1)
In(P;)=a /T, +b , @

where f(Tg) is a function of Ty, kp is the Boltzmann
constant, and the constants a and b are, respectively,
—4008 K and 9.17 for rubidium metal.*?> P, is practical-
ly controlled by the temperature of intercalant T;.

Single-crystal (Kish) graphite and highly oriented py-
rolytic graphite (HOPG) were used as host materials.
HOPG is composed of microcrystals with the ¢ axis
aligned in a mosaic spread (0.5°), and the a and b axes are
randomly oriented. HOPG samples in dimensions of
44 mm? were baked at 1000°C in a vacuum of about
10~ Pa for a week. A graphite sample was cleaved to a
thickness of 0.2 mm which swelled up to ~0.34 mm after
intercalation. This sample thickness resulted in the max-
imum diffraction intensity in the transmission geometry,
although it corresponds to nearly twice the calculated op-
timum thickness 1/u, where p is the absorption
coefficient® of the intercalated sample. Rubidium metal
(purity higher than 99.99%) was handled in a glove box
filled with high-purity helium gas.

Two types of sample tubes were used according to the
experimental pressure of rubidium, Pg,. For a low-Pgy
measurement was used a Pyrex ampoule, whose setup is
similar to that in Fig. 1 except for the ampoule material.
The ampoule wall around a graphite sample was etched
to a thickness of 0.2 mm using hydrofluoric acid (HF) to
minimize the background x-ray scattering from the glass.
The sample was fixed at the center of the ampoule with a
tantalum sample holder. Rb metal was soaked in a
stainless-steel mesh placed at the upper end of the am-
poule to avoid a drip of the melt.

At a high Pg, (>300 Pa) experiment, an aluminum
ampoule (Fig. 1) was used since Pyrex reacts severely
with Rb vapor. Aluminum is the most suitable material
since it possesses high resistivity against alkali metal and
small absorption coefficient for x rays. The wall of the
ampoule was machined to a thickness of 0.3 mm around
the sample position to reduce the background scattering
of x rays, and to a thickness of 0.5 mm at the midway
point to obtain a thermal insulation between the upper
and lower ends. A vacuum seal of the aluminum am-
poule was made by electron-beam welding.
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FIG. 1. A sketch of an aluminum sample tube. A graphite
sample is mounted at the center of the ampoule. Rb metal is
soaked in stainless-steel mesh placed at the upper end. The am-
poule wall around the sample is machined to a thickness of 0.3
mm in order to reduce the x-ray absorption, and the bottom end
is welded in vacuum by an electron beam.

In the present experiments a vertical, rather long two-
zone furnace was used in order to ensure a wide scatter-
ing angle and to control T and Ty, independently. For
the purpose of a good spatial homogeneity of the temper-
atures two pieces of aluminum tubes ( ~3 mm thick) were
placed separately at the upper (Tg,) and lower (Tg)
parts in the furnace. The spatial variation of temperature
was £0.5°C/cm at the sample position so that the tem-
perature inhomogeneity in a sample is estimated to be
less than +0.2°C. A window for x rays was covered with
thin aluminum foils to stabilize T;. The stability of T
and Ty, was £0.1°C. The reaction furnace was mounted
on the center of the goniometer.

B. X-ray diffraction

For x-ray diffraction experiments we used Ag K a radi-
ation monochromated with a graphite crystal, which was
generated from Rigaku 12-kW rotating-anode x-ray gen-
erator. Ag Ko radiation was chosen because of its small
absorption coefficient for rubidium. Dimensions of an in-
cident collimator and slits were chosen so as to minimize
the background x rays from the ampoule wall and to ob-
tain a proper resolution. The instrumental resolution was
less than 0.03 A ~ 1.

Stage-1 Rb GIC has two solid phases with different
stacking sequences, aff and afy 8. In both phases, the ru-
bidium sublattices have the same in-plane (2X2) super-
lattice. In the present paper we will refer the reciprocal-
lattice indices on the basis of the unit cell of the aByd
solid hereafter. Thus the reciprocal-lattice vectors are

* * * * *
a =%ao, b z%bo, [ :%CS N (3)

where aj and bg are the in-plane reciprocal-lattice vec-
tors of graphite, and |c§ | =27/cy (cq=5.70 A). The
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Bragg points studied in the present work are shown in
Fig. 2(a) for af and in Fig. 2(b) for a8y solids. The
(hkl) reflection with odd A or k comes from only the Rb
sublattice. For the af solid, the reflection with odd !
disappears due to the extinction rule.

X-ray diffraction experiments were performed along
some scans indicated in Fig. 3. The (00/) scan was taken
for monitoring the stage structure and the in-plane densi-
ty of intercalants as discussed in Sec. III. In-plane struc-
tures in liquid and solids were studied by the (hkl,)
scans, [, being fixed at an appropriate index, while out-
of-plane structures, i.e., stacking ordering, were done by
the (hgkyl) scans. Around T,, was observed in-plane six-
fold diffuse spots rather than a diffuse ring, indicating the
growth of a bond-orientational correlation. The orienta-
tional correlation was observed by a rotational ¢ scan
(Fig. 3) with use of a single-crystal sample.

The line-shape analysis was carried out as follows. In
the liquid phase, Rb atoms have a short-range ordering
with different in-plane and out-of-plane correlation
lengths, &, and &, respectively. The structure factor is
expressed by the anisotropic Lorentzian,

1
14+£2(g,—Q, ) +£Xg.—Q. )’

where S(q) is the structure factor, and q and Q are, re-
spectively, the scattering and reciprocal-lattice point vec-
tors. Here the suffixes a and ¢ stand for the a* and c*
components of a vector, respectively. The line-shape
analysis for diffuse scatterings in the liquid were made by
best fits to a Lorentzian after subtracting the background.
In addition to the axial anisotropy, our system shows an
in-plane anisotropic correlation which is characterized by
the in-plane radial (§,) and orientational (§,) correlation
lengths. They were calculated from the full width at half
maximum (FWHM) of radial and rotational peak profiles,
respectively, after corrections of the experimental resolu-
tion and the sample mosaic spread.

In solid phases two kinds of ordering coexist; one is the
quasi-2D short-range ordering due to thermal fluctua-
tions, which gives diffuse scatterings of a Lorentzian, and

S(q)= (4)
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FIG. 2. Reciprocal-lattice diagram of stage-1 CgRb: (a) for
the af solid and (b) for the afBy5 solid. The Bragg points on
diffraction planes including the c« axis are plotted on the same
plane.
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FIG. 3. Some diffraction scans for observation of diffuse
scatterings. The radial and rotational scans across the Bragg
point (100) and off-Bragg point (101) are shown.

the other is the long-range ordering of the af solid,
which gives Gaussian Bragg peaks. An experimental line
shape was assumed to be a superposition of these two
contributions. However the diffuse scattering in the on-
Bragg scan, which is too weak to extract its contribution
in the presence of a strong Bragg peak, is replaced by the
diffuse scattering observed in the off-Bragg scan: This
scan does not include the Bragg reflection of the af solid,
but gives only the sectional profile in the 2D ridge from
the in-plane short-range ordering.

The structure factors at high temperatures were calcu-
lated by taking account of the anisotropic Debye-Waller
(DW) factor,* exp( —2 W),

exp(—2W)=[](1—- |q'U; |?, (5)

and

W=i3 lq-U; | 2%, (6)
1

where | U, | is the amplitude of the vibration mode i. In
the present work, we consider different DW factors in the
directions of {100) and (120) in order to obtain a satis-
factory fit of structure factors to observed intensities.

III. PHASE DIAGRAM AND CRYSTAL STRUCTURE
OF STAGE-1 Rb GIC’s

A. Phase diagram of Rb GIC’s

The phase diagram of Rb GIC’s was obtained by
means of x-ray diffraction measurements at high tempera-
tures, which are summarized in Fig. 4. The stage struc-
ture was determined by the (00/) diffraction spectra as a
function of Py, with T fixed, while the in-plane struc-
ture, liquid or solid, was done by the (hkl,) diffraction.
In stage 1, we observe one liquid and two solid phases.
The liquid phase, which is characteristic of diffuse
scattering in the (hkO0) diffraction spectrum, exists at a
high-temperature and low-pressure region. Two solid
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FIG. 4. The (Pg,,T) phase diagram of Rb GIC’s. In stage-1
there are one liquid and two solid phases of different stacking
sequences, aff and aBy8. Open circles stand for the phase
boundary determined from the (4k0) and (10/) scan. Open tri-
angles are stage transition points observed in the (00/) scan. Ar-
rows indicate two experimental T scans, that is, the upper cor-
responds to the high-Pg,, case (Pgy=7.7X 10° Pa) and the lower
to the low-Pgy, case (Pg, =6.1Xx 10 Pa).

phases have the same in-plane unit cell with a (2X2) tri-
angular lattice, but different stacking sequences; the low-
temperature solid phase has the four-layer-period stack-
ing (aBy8) while the high-temperature solid phase has
the two-layer-period stacking (af8). The existing region
of the af solid is restricted in a very narrow area between
the liquid and the aByd solid. The qualitative features of
this phase diagram are quite similar to those of K
GIC’s.?” A quantitative difference is the intercalant pres-
sure stabilizing the aff solid; the stabilizing pressure is
5.0<PR,<1.3x10* Pa for CgRb while it is
1.0X 10< Py <8.0X 10? Pa for CgK. According to the
previous results in K GIC’s,?’ it is suggested that melting
at a high P; may be favorable to a smaller gap of the
first-order transition, from which we may anticipate the
second-order transition in CgRb.

From the obtained phase diagram, we deduce the
enthalpy AH and AS of an intercalation reaction using
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the relation for a two-phase coexistence line,

AH _AS
RT R
where P, is the pressure in the standard state. Experi-
mental values of AH and AS are given in Table I. They
are in good agreement with the earlier results of Salzano
and Aronson* except for those of melting transition. In
our phase diagram, the crossing point of the melting and
Rb condensation lines is extrapolated at T,,=517°C
(Pgp=1.4Xx10* Pa), which corresponds to its maximum
value in the ordinary condition. In fact some earlier ex-
periments give a lower T, than this maximum tempera-
ture; T, =498.3-500.8°C in the ¢, measurement,*’ and
T, =472°C in the neutron diffraction measurement.°
However the data of Salzano et al. give a quite higher
value (7,, ~730°C). In the experiments of Salzano et al.
Py, was measured in a nonequilibrium condition and this
experimental difficulty may bring some erroneous results,
especially at higher pressures.

In(Pyy, /Py)= : (7)

B. Structure of the stage-1 af8 solid

Figure 5(a) shows the (hk0) diffraction spectrum of the
high-temperature af3 solid observed at T;=486.0°C and
Pr,=7.7x10° Pa. All the (hkO) Bragg reflections (100),
(110), (210), etc., appear in the spectrum. This fact indi-
cates that the in-plane lattice constant of the Rb sublat-
tice is twice that of graphite, which indicates two possi-
bilities for the in-plane structure; the (2X2) and (2 1)
in-plane superlattices. However, the possibility of the
(2X 1) superlattice can be excluded because the (hkO)
reflection of odd A or odd k should be extinct for this
structure as far as af3 stacking is concerned. The stack-
ing sequence of Rb layers was determined to be of two-
layer period, af3, by the following facts: The Bragg peaks
appear at even / in the (10/) scan [Fig. 5(b)], and all the
observed Bragg peaks in the (hykyl) scans (hy,ky=1 or
2) reproduce the complete set of the Bragg reflections in
Fig. 2(a). We concluded that this high-temperature solid
phase has the (2X2) in-plane unit cell with a two-layer-
stacking period; i.e., a (2X2)af3 solid.

The calculated intensities of the (2k0) spectrum for a
(2X2)ap solid are in good agreement with experimental
intensities as shown in Fig. 5(a). However, in this calcu-
lation we assume the Debye-Waller factor to be depen-
dent on the crystal orientation. The calculation with no
DW factor does not give a good fitting, as indicated in

TABLE I. The enthalpy AH and entropy AS of the intercalation reactions.

Present work

Salzano et al. (Ref. 45)

AH AS
Reactions (cal/mol Rb) [cal/(mol Rb)K] AH AS
aByd solid—af solid —52236 —34.2
af solid«>stage-1 liquid —45200 —342 —33900 —42.2
stage-1 liquid<sstage-2 liquid —24700 —234 —25300 —19.2
stage-2 liquid<>stage-3 liquid —26 600 —20.2 —27200 —-17.0
stage-3 liquid<»>stage-4 liquid —26700 —18.2 —29500 —17.6
stage-4 liquid«<>stage-5 liquid —29040 —18.0 —31100 —18.3
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FIG. 5. (a) The (hkO) x-ray diffraction spectra of a stage-1 af8
solid observed at T;=486.0°C and Pg,=7.7X 10° Pa (HOPG-
1). Open circles and triangles denote the calculated intensities
with and without taking account of in-plane anisotropic DW
factors, respectively. The insets show (b) the (10/) and (c) (20/)
scan spectra.

Fig. 5(a). The amplitude of in-plane thermal vibrations of
Rb atoms is obtained as U((100))=0.40 A and
U((120))=0.48 A in the direction of (100) and {120),
respectively, from the best fit to the experimental intensi-
ties. Similar calculations indicate that the diffraction in-
tensities in the out-of-plane directions [(4yk/) scans] can
be fitted to the calculated intensities by using the same
anisotropic in-plane DW factors as those for the (hkO)
spectrum without assuming the out-of-plane DW factor
[Figs. 5(b) and 5(c)]. These results indicate that the
thermal vibrations of Rb atoms are strongly restricted in
the direction of graphite plane. The T;-dependence of
the amplitudes of in-plane vibrations are obtained in Fig.
6. As T; approaches the melting temperature
(T,, =503.0°C for the present Pg,), both U((100)) and
U((120)) increase steeply. The fact that U((100))
> U((120)) at high temperatures can be interpreted to
mean that Rb atoms are more closely packed in the direc-

1.0 T T ™1

-

[ © U(100)
L A U(120)

o/\ 05 7%_.

0
485 490 495 500 505
T5 (°C)

<U> (

FIG. 6. The T;-dependence of the amplitudes of in-plane
thermal vibrations U((100)) (0) and U((120)) (A) in af solid
(HOPG-1). Py, is fixed at 7.7 < 10* Pa (T, =503.0°C).
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tion (120) than (100). However, the crossover ob-
served at a low temperature cannot be understood at
present. In any case these are as large as 13% of the lat-
tice constant (¢ =4.94 A), and are comparable with the
Lindemann formula* (20-25 %).

Because of the large in-plane thermal vibrations, the
diffuse scatterings are observed in the (hkO) diffraction
spectra; note a broad scattering at the foot of the (100)
reflection in Fig. 5(a). They form a 2D ridge along ¢, as
shown in (10/) and (20!) scans [Figs. 5(b) and (c)]. These
diffuse scatterings are not ascribed to liquid-phase con-
tamination because only one phase can be allowed in our
condition with constant Py, and a large enough reservoir
of Rb vapor. Another possibility of sample inhomogenei-
ty can be ruled out from the fact that the diffuse scatter-
ings are observed from 30°C below T,,. These diffuse
scatterings can be understood in terms of a critical fluc-
tuation associated with the melting transition, which will
be discussed in Sec. IV.

C. Structure of the stage-1 afy 8 solid

The in-plane (hk0), and out-of-plane (10/) and (20!)
diffraction spectra of the low-temperature afy$ solid are
shown in Figs. 7(a)-7(c), respectively. The data were ob-
tained at T;=395.6°C and Py, =6.1X10 Pa. In the
(100) scan, strong Bragg peaks are observed at [ ==1,
+2, +3, £5, £6, and 7. This means that Rb layers
have a four-layer stacking sequence, i.e., aBy8 stacking.
The calculated intensities for the Aa 4B Ay A8 stacking
structure are in good agreement with those of experi-
ments. However, very weak peaks (100), (110), (210), and
(300), which should disappear by the extinction rule, are
observed in the experiment. These peaks come from the
stacking fault and/or mosaic spread effect.

Lagrange et al.*® reported earlier that a CgRb (and
also CgK crystal is composed of three stacking-sequence
domains afByd, aydB, and adBy which orient at 120°
with respect to each other. In an experiment on HOPG
we observe an average structure of the domains, which is
represented by aBy8. In the af solid three different
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FIG. 7. (a) The (hkO) diffraction spectra in afy8 solid at

Tc=395.6°C and Pgr,=6.1X10 Pa (HOPG-1). The insets

show (b) the (10/) and (c) (20!) scan spectra.
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domains with twofold symmetry, af3, ay, and ad, should
exist, but we observe actually the sixfold Bragg peaks as
an average structure.

D. Structure of the stage-1 liquid

Figures 8(a)-8(e) show the (hkl,) (l;=0,1,2,3,4)
diffraction spectra in the liquid phase at a high tempera-
ture (T;=>522.3°C, Pg,=7.7X10° Pa) far above the
critical region of melting. Three dlffuse peaks observed
at g,=1.46, 2.83, and 4.32 A- are, respectively, the
first, second, and third diffraction halos coming from
liquid Rb layers. The peak wave number of the first halo
peak ¢,((100)) (=1.460 A 1) is nearly equal to the (100)
Bragg peak wave number of the af solid, Q,((100))
(=1.467 A ~'). This indicates that the mean interatomic
distance of rubidium in liquid is nearly equal to that of
the solid, twice the in-plane lattice constant of graphite.
Moreover sixfold diffuse spots are observed when a
single-crystal sample is used. These spots are aligned in
the directions of graphite in-plane lattice vectors. These
facts indicate that a liquid Rb layer has the sixfold
symmetrical correlation, i.e., the short-range ordering of
the (2X2) triangular lattice.

The intensities of these halos are approximately in-
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FIG. 8. The (hkl,) x-ray diffraction spectra in liquid
(HOPG-1). (a) /=0, (b) 1, (c) 2, (d) 3, and (e) 4. The spectra are
obtained at Pg,=7.7%x10° Pa and T;=522.3°C, above
T, =503.0°C. The (hkO) spectra at a higher temperature
(TG=563.6°C) and at the critical region (T;=503.7°C) are
also shown in (f) and (g), respectively.
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dependent of g,, namely, each halo forms a ridge parallel
to the c* axis. This 2D nature of the liquid is shown
more clearly in the out-of-plane diffraction spectra (Fig.
9) as a very broad peak centered at /,=0. However, in
addition to the broad ridge, they also show a modulated
structure at / =2n (n, integer) as seen in the (10/) scan.
The structure corresponds to a two-layer-period modula-
tion along the c* axis, and the relative intensities of the
halos are quite similar to those of aff solid (see Fig. 5).
Thus the short-range ordering in the liquid phase has the
same symmetry as af3 solid, which suggests a possibility
of continuous melting in CgRb.

The sharp Bragg peaks in the (hkl,) (Fig. 8), (20!), and
(221) scans [Fig. 9(c) and 9(d)] are the reflections from the
rigid graphite lattice. The extinction rule for the ob-
served Bragg reflections, i.e., the appearance of [ =4n
only, indicates the 4 4 A A stacking sequence of graphite
layers in stage-1 liquid;*’ the 3D rigid framework of
graphite layers is conserved on the melting transition of
intercalant layers.

The liquid structure mentioned above has little temper-
ature dependence far above the critical region of melting,
as shown in Fig. 8(f). By contrast, in the critical region
the peak wave number of these halos shifts closer to those
of the af solid, and the peaks increase in intensity and
decrease in line width as shown in Fig. 8(g).

Figure 10 shows the Py, dependence of rubidium com-
position m in liquid at a fixed T;=400.2°C. The experi-
mental data are determined from the relative intensity ra-
tio of the (00/) diffractions with use of the following rela-
tion:

1((001))
1((002))

L((001)) mfc—Sro
L((002)) mfco+fry

where the composition m is defined as C,,Rb, f and fg,
are the atomic form factors of carbon and rubidium,*? re-
spectively, and L((00/)) is the Lorentz-polarization fac-
tor for the (00/) Bragg point. The observed m decreases
continuously down to the value of the solid (CgRb) as P,
approaches the melting point. The continuous change of

m at the melting point is one of the most pronounced

(8)

0 4 8 : 12 16 0 4 ? ! 1'2 16
R (a) i (c)
o s (100) I (200)
= Oanik (d)
2 pre. (110) oon(22n)
z e L . et .
O i e 1 ™ 1 1
0 Qi) 50 a &™) s

FIG. 9. The x-ray diffraction spectra in the out-of-plane
directions (kokol) in liquid observed at Pg,=7.7x 10 Pa and
T5=>522.3°C (HOPG-1): (a) (10/), (b) (111), (c) (20]), and (d)
(221) scans. A two-layer-period modulation is superimposed on
a broad (2D) diffuse scattering.
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FIG. 10. The Py, dependence of Rb composition m in C,,Rb
at T =400.2°C. The liquid-solid transition occurs at 63 Pa.
As Py, increases m decreases smoothly from 9.2 to 8.0 while it
is constant at 8.0 above 63 Pa. Note that m shows no discon-
tinuous change at the melting point. The line is guide to the
eye.

critical behaviors in CgRb melting, which will be dis-
cussed later.

IV. CRITICAL BEHAVIOR
OF THE MELTING TRANSITION

L 27 I, 29

Very recently Nishitani et al.”’ and Minemoto et a
reported remarkable critical phenomena of the melting
transition in CgK. In their experiments, the nature of
melting is dependent on the vapor pressure of intercalant
Py (and consequently ug); at a high Py the critical be-
havior is characteristic of the second-order transition,
while at a low Py the transition is of first order. In the
present work on C4Rb, we have studied critical behavior
of melting in a function of T for two typical cases of
Pgp» 7.7 10% and 6.1 10 Pa (as indicated by arrows in
Fig. 4); the former is near the upper limit of Py, in the
phase diagram and corresponds to the case of nearly-
second-order transition, while the latter corresponds to
the first-order case.

In the present experiments we have investigated criti-
cal behavior of the in-plane and out-of-plane structures,
the positional and orientational correlations in the plane,
the stacking correlation, and the order parameters with
use of single crystal (SC-1, SC-2) and HOPG (HOPG-1)
samples. Single crystals were used in order to observe the
positional (radial) and bond-orientational (rotational)
correlations in the plane.

A. High Py, case (Pg,=7.7X10° Pa, T,, =503.0°C)

1. In-plane structure and correlations in liquid

Remarkable critical behavior of the in-plane structure
is observed in the T; dependencies of the first halo peak
in the liquid (T¢ > T,, ) and of the (100) Bragg peak in the
solid (T4 <T,,); Fig. 11 shows the corresponding in-
plane (100)-radial and -rotational scans in SC-1 for
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FIG. 11. The T; dependence of (a) the (100)-radial and (b)
(100)-rotational spectra in the high Pg, case, Pg,=7.7X 10’ Pa
(SC-1). The melting occurs at T,, =503.0°C. The diffuse peak
in liquid (T > T,, ) grows continuously to the Bragg peak in the
af3 solid.

Pg,=7.7x 10’ Pa. The melting temperature 7, was
determined as 503.0°C from the onset temperature of the
Bragg peak. The first halo peak of liquid appears at a
wave number ¢,((100)) nearly equal to Q,((100)). This
diffuse scattering has the sixfold anisotropy in intensity
with the maximum aligned to the graphite lattice vector
[Fig. 11(b)]. These features indicate that liquid Rb has a
short-range-ordering of the in-plane (2 X 2) triangular lat-
tice. As T comes down to T,,, the diffuse peaks of
liquid increase in intensity and decrease in linewidth, and
seem to continue to the Bragg peak of the af3 solid.
Eventually, ¢,((100)) coincides with the value of
Q,((100)) (=1.467 A ~') at T,,, while g,((100)) shows
no change through the melting transition as shown in
Figs. 12(a) and 12(b). Below T,, the Bragg peak grows
steeply with decreasing T;. We note here an important
feature that g, and g, change continuously at T,, within
experimental error; that is, the mean atomic distance and
bond-orientation of Rb atoms have no discontinuous
changeat T,,.

The T; dependence of in-plane radial and rotational
correlation lengths £,((100)) and £,((100)), respectively,
are shown in Fig. 13. At a high temperature far above
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FIG. 12. The T; dependence of the peak wave numbers (a)
q,((100)) and (b) g4((100)). Circles and triangles are obtained
in heating and cooling runs, respectively. g¢,((100)) and
q,4((100)) neither show a discontinuous change nor thermal hys-
teresis at T,,.
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FIG. 13. The T; dependence of in-plane correlation lengths
£,((100)) and §4((100)) in liquid in the high Pg, case (SC-1).
The solid curves are power law fits for the critical exponents
v,=0.24 and v;=0.34. The T; dependence of the integrated
intensity of the (100) Bragg peak, I((100)), is also shown below
T,. T, is determined by the onset temperature of I((100)).
The solid line is power law fit for 23=0.60. The inset shows the
paths of the scattering vector in the radial and rotational scans.
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T, (eg, Tg—T,,=43°C) the liquid has only a short-
range ordering with £,((100))=7 A and £4((100))=3 A,
but as T approaches T,, §,((100)) and §¢( (100)) grow
remarkably and increase up to 40 A. The higher-order
halos of the liquid grow up to individual diffraction peaks
corresponding to the Bragg peaks for the (2X2) superlat-
tice [Fig. 8(g)], which indicates the growth of the strong
correlation with the symmetry of the a3 solid. This criti-
cal behavior is characteristic of the second-order transi-
tion. However £,((100)) and £,((100)) remain at a finite
value at T,,, smaller than the value for long-range order-
ing. Slmxlar results of correlatlon length are also ob-
served in HOPG-1 although &,((100)) (<12 A) is short-
er than those of single-crystal samples, the smaller value
of £,((100)) may be ascribed to a smaller domain size of
HOPG.

2. In-plane correlations in the solid

The diffuse scattering in a solid phase, if it is observed
on the Bragg point, is merged into the strong Bragg
reflection. In order to extract the in-plane diffuse scatter-
ings in solid, we have observed the off-Bragg reflection
spectra in the (103)-radial and -rotational scans (Fig. 14).
The T, dependence of the in-plane correlation lengths
£,((103)) and £,4((103)) are shown in Fig. 15. £,((103))
and £,((103)) increase appreciably in both sides of solid
and liquid phases when T approaches T,, so that
the &’s have a maximum value (30 A) around T,,. How-
ever, the critical peak of £(7) observed in the oﬁ'-Bragg
scan is small and not so sharp as the peak in the on-Bragg
scans. This difference of features between the on- and
off-Bragg scans is plausibly ascribed to the line-shape
analysis; in the analysis of the off-Bragg scans we ignored
the term &2.(q. —Q,)? in Eq. (4), although it becomes un-
negligible for a large £, near T,,.
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FIG. 14. The T; dependence of the (103) off-Bragg spectra at
Pro=7.7X10* Pa (SC-1) in (a) (103) radial and (b) (103) rota-
tional scans.
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FIG. 15. The T; dependence of in-plane correlation lengths
£,((103)) and £,((103)) at Pg,=7.7Xx10° Pa (SC-1). The
curves are guide to the eye. T, is determined from the onset
temperature of the Bragg peak of a8 solid. The data on cooling
(triangle) and heating (circle) runs are plotted.

In SC-1 the peak temperature T, of §4((103)) is found
to be 2.7°C lower than T,, whereas the peak of £,((103))
is observed at T,,. This discrepancy is not ascribed to the
experimental error of the T;-measurement, since we al-
ternated two measurements of the on-Bragg and off-
Bragg scans for each Ty point, and from the former T,
is determined. In SC-2, T, in £,((101)) falls at T,
within £0.1°C, the experimental accuracy. In HOPG-1
(in which &, cannot be observed due to its in-plane
powder structure) £,((101)) shows a similar shift of
T,=T, —1.5°C.** The phenomenon seems to be depen-
dent on a sample, and will be discussed in Sec. V.

In Fig. 16(a) is shown the T dependence of the in-
tegral intensity of the (101) diffuse scattering I((101)) ob-
tained in the (hk1) scan for HOPG-1. The I((101)) in-
creases divergently immediately below T,,: This means
that the in-plane thermal vibrations of Rb atoms increase
steeply, and the 3D ordering of solid is being destroyed.
At a temperature above T, (T >T,, +5°C), I((101)) is
nearly constant, which indicates that the 2D correlation
of liquid is predominant at these temperatures. A similar
divergent increase of 7((101)) is observed in SC-2.

The in-plane wave number ¢,((101)) of the 2D ridge
peak [Fig. 16(b)] shows a remarkable increase in the
liquid phase as T approaches T,,, and coincides with
the Bragg peak of the af solid Q,((100)) (=1.467 A ~1)
at T,,, the feature being quite similar to the case of
q,((100)) for T; > T,,. However, the ¢,((101)) increase
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FIG. 16. The T, dependence of the integrated intensity of (a)
the (101) diffuse peak, I((101)), and of (b) the in-plane peak
wave number g, ((101)) at Pg, =7.7 X 10* Pa (HOPG-1).

is still larger below T,,; namely, the peak wave number of
the diffuse scattering becomes larger than Q,((100)). A
similar feature is implicitly observed in the (hkO)
diffraction spectrum, in which the line shape of the
diffuse scattering shifts appreciably to a larger wave num-
ber relative to the superimposed Bragg peak.

3. Out-of-plane correlations in liquid

The critical phenomena are also observed in the T
dependence of the out-of-plane diffraction spectra. Fig-
ure 17 shows the (10/) diffraction spectra above and
below T,, in HOPG-1, which shows a remarkable in-
crease of stacking correlations (/ =2n) with a two-layer
period near T,,. The T; dependence of the stacking
correlation length £.((102)) is shown in Fig. 18. In the
liquid phase £,(102) which is 3 Aata high temperature,
increase continuously up to 11 A at T,. In SC-2,
£.((102)) grows up to 16 A. Thus, the stacking correla-
tion also grows as T approaches T,,. This means that
the 3D correlation grows simultaneously to the growth of
the in-plane correlations. However, the line width does
not reach the width of a Bragg peak at T,,, indicating the
presence of a small first-order gap.

4. Order parameter

Finally, we present the behavior of the order parameter
below T,,. Figure 19 shows the T; dependence of the in-
tensity of the (100) Bragg peak I((100)), which is in-
tegrated in three principal directions in the reciprocal-
lattice space: I((100)) is proportional to the square of
the order parameter of the af solid. The intensity
I((100)) begins to increase continuously at T,, and shows
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FIG. 17. The out-of-plane (10/) diffraction spectra observed
at P, =7.7X 10° Pa (HOPG-1) as a function of T;. The stack-
ing correlation of af3 solid grows continuously across T,,.

neither appreciable discontinuous change nor thermal
hysteresis within our experimental accuracy. The in-
crease of 1((100)) below T,, can be fitted to a power law,
I((100))~ 128 in a satisfactory accuracy, where the criti-
cal exponent [ is obtained as 0.30+0.06, and

=(T,,—T¢)/T,,, T, being the onset temperature of
the Bragg peak.

The critical phenomena mentioned above are obtained
for Pg, =7.7X 10° Pa which is a little lower than the con-
densation pressure of Rb; Tg, =T,,. However, essential-
ly the same features are observed for nearly limiting pres-
sures, Pg,=9.6%x10° Pa (T,,=510°C) and 1.2 10* Pa
(T,,=515°C): The critical parameters g¢,((100)),
£,((100)), and I((100)) show a continuous change at T,,,
and the correlations growing in liquid have the same
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FIG. 18. The T; dependence of stacking correlation length
£.((102)). The data are obtained from Fig. 17. The line is
guide to the eye.
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FIG. 19. The T; dependence of the integrated intensity of
the (100) Bragg peak of af solid I((100)) at Pg,=7.7X10° Pa
(SC-1). The solid line is a power-law fit with a critical exponent
23=0.60.

symmetry as that of the af solid, but £, and £, remain
finite at T,,. These features are essential and quite repro-
ducible for melting for Py, > 6.6 10> Pa.

B. Low-Pg, case (Pgp, =6.1X 10 Pa)

In contrast to the high-Pg, case discussed above, the
melting transition at a low Py, is found to be of first or-
der. We show a typical result obtained at Py, =6.1X 10
Pa, the pressure corresponding to the midpoint between
the upper and lower limits of Ty, for the stage-1 melting.
As shown in Fig. 20(a), the T;-dependence of ¢,((100))
shows a large discontinuity at T,, between the liquid
(1.40 A ') and solid phases (1.46 A —!), which means
that the in-plane density of Rb atoms change discontinu-
ously at T,,. The in-plane correlation length &,((100))
increase to 8 A immediately below T,, from 5 A far
above T,,, which is indicative of the precursive phenome-
na of melting, but a critical increase is not observed
around T,, [Fig. 20(c)]. A similar discontinuity is ob-
served in the order parameter [Fig. 20(b)]. The integral
intensity 7((100)) of the af} solid shows a large discon-
tinuity at T,,, associated with a small thermal hysteresis
of about 0.2°C. These features indicate that the melting
in a low Pgy, case is the first-order transition. The pres-
sure dependence of the nature of the melting in stage-1
Rb GIC is quite similar to that in the stage-1 K GIC.%%?°

For a low Py, case, we observed a structural phase
transition from an af8 to an af8y 8 solid at a temperature
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FIG. 20. The T; dependencies of (a) g,((100)), (b) I((100)),
and (c) £,((100)) at Pg,=6.1x10 Pa, the low-Py, case. The
melting occurs at T,,=399.8°C. A large discontinuity is ob-
served in ¢,((100)) and I((100)), while no critical behavior is
observed around T,.

below T,,. This structural transition is accompanied
with a large discontinuity of 7((100)) and a thermal hys-
teresis of about 0.5°C [which are seen at 397°C in Fig.
20(b)]. We conclude that this stacking transition from af8
to afy b is of first order.

V. DISCUSSION

A. Phase diagram and the Py, dependence
of the melting nature

The phase diagram in the (Pgy,,T) section for Rb
GIC’s is quite similar to that of the K GIC’s. However,
the liquid-solid boundary for the Rb system shifts to-
wards the high-temperature and high-pressure side, and
the existing region of the aff solid is broader compared
with the K GIC’s. The corresponding (x, T) section for
Rb GIC’s has been determined from x-ray structural
studies in a crude approximation; the atomic composition
x of Rb (relative to CgRb) was deduced from the intensity
of (00!) reflections according to Eq. (8) and/or the peak
wave number of the first halo peak ¢,(100) in liquid. The
(x,T) and (u,T) sections of the phase diagram for Rb
GIC’s are shown in Figs. 21(a) and 21(b), respectively.
The ap solid phase appears above the eutectic tempera-
ture T,=340°C, which corresponds to the coexistence
point of the stage-1 liquid, stage-1 solid, and stage-2
liquid phases.

The critical nature of melting changes with Py, (conse-
quently T,,). For a T,, near T,, the transition is obvious-
ly first order, but with increasing 7, the first-order gap
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FIG. 21. The complete phase diagram of Rb GIC’s, in (a)
(u,T) and (b) (x,T) sections. Experimental points determined
by x-ray diffraction are plotted. (O) denotes hypothetical criti-
cal point, and dotted lines are estimated phase boundaries ac-
cording to the theoretical calculation by Safran et al. (Ref. 8).

decreases and eventually appears to be zero as far as the
order parameter and the rubidium density are concerned:
These phenomena are the common features for both
stage-1 Rb and K GIC’s. The correlation lengths &,, &,,
and £, at T,, are also an increasing function of Py, but
remain finite even for the highest Py, studied here. We
can point out a possibility that the second-order transi-
tion may be realized for higher Py, and T,, than the con-
densation temperature of rubidium (above the condensa-
tion line in Fig. 4), which will be attainable in a high pres-
sure experiment, for instance. Such a p; (or ;) depen-
dence of the critical properties should be reexamined in
an extended theory taking account of the grand canonical
ensemble.

Some earlier experiments reporting the first-order tran-
sition for melting of CgRb may be reconsidered in the
light of the present phase diagram. Chabre et al.* ob-
served a large discontinuous change and thermal hys-
teresis in the susceptibility X, and 3¥*Rb NMR Knight
shift at T,, =292-312°C. The observed value of T, is
about 40 °C lower than our eutectic point; it is too low for
the stage-1 melting transition. The observed discontinu-
ous change in their experiments may arise from some
other phase transition such as the stage transition be-
tween stage-1 and stage-2.

For the melting in stage-1 Cs GIC Caswell et al. con-
cluded the first-order transition from discontinuous
changes observed in atomic density and in-plane wave
number ¢,((100)). However, Caswell’s experiment was
made at a rather low P, not far from the eutectic point
in the phase diagram of Salzano and Aronson.*~3 We
may expect another result for stage-1 Cs GIC at a higher
P, although the present K and Rb results cannot be
directly applied to the case of stage-1 Cs-GIC since it has
the different ground state (af3y stacking structure) unlike
that of K and Rb GIC’s.

B. Critical behavior

The melting transition in stage-1 Rb GIC at a high Py,
shows continuous change, at T,,, of critical behavior,
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namely the in-plane interatomic distance, the bond-
orientation, and the order parameter, all of which accom-
pany no thermal hysteresis. The melting is furthermore
associated with strong critical fluctuations above and
below T,,. The correlation of the fluctuations in liquid
has the same symmetry as the low-temperature af3 solid
phase and grows remarkably around T, in the in-plane
radial and in-plane angular directions, and the out-of-
plane direction.

Some experimental results indicate that these correla-
tions have noticeable 2D characters except for the nar-
row T region close to T,,; namely, the diffuse scattering,
which forms a rather sharp peak in the in-plane direc-
tion, elongates like a ridge along the c* axis, and the in-
tegrated intensity of the ridge remains constant down to a
few degrees above T, [Fig. 16(a)]. Moreover, as is shown
in Fig. 22, the ratio of out-of-plane to in-plane correlation
£. /&, is fairly small (~0.5) at higher temperatures
(Tg>T, +10°C). These facts mean that the 2D short-
range order is predominant at high temperatures. How-
ever it cannot grow up to the 2D long-range order in the
real system.

Around T,,, £, becomes comparable with &,, and the
2D-to-3D crossover is observed. The critical exponent of
order parameter 8 is found to be 0.30+0.06, which is
nearly equal to the calculated values for 3D systems using
the renormalization-group theory,** i.e., 8=0.31 for 3D
Ising, 0.33 for 3D XY, and 0.38 for 3D Heisenberg sys-
tems. The fact suggests that the 3D interaction is respon-
sible for the long-range ordering of Rb sublattice in the
vicinity of T,,. Thus we can obtain a simplified picture
for the ordering process: The 2D short-range order
grows first at high temperatures, and with decreasing
temperature the 2D correlation increases sufficiently
large so that the 3D correlation grows due to interlayer
interaction between 2D correlated clusters, and eventual-
ly the 3D long-range order appears at T,,,.

The temperature dependence of in-plane correlations
can be expressed by one critical exponent in the tempera-
ture region of 10~*<¢ <10~ ! above T,, as shown in Fig.
23,

§~t—v’

where the critical exponent v, is found to be 0.24+0.04

t=(T-T,)/T, , 9)

&/ &a
y

-20 0 20 40 60
To=Tv (°C)

FIG. 22. The T; dependence of the ratio of out-of-plane to
in-plane correlations £, /€, at Pg,=7.7 X 10> Pa.
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for £, and v,=0.3410.04 for £,. Here the critical tem-
perature T, is assumed to be T, —0.2 °C for best fits.

Now we will discuss this critical behavior comparing
with the existing theories. The present case of melting
transition does not correspond to any case of the second-
order transition proposed for stage-1 GIC’s by Lee
et al.,”® in which only three kinds of structures,
(2X 1aB, (2X2)ad, and (V'3XV'3)ad are allowed, so
that the present transition should be first order in the
symmetrical consideration. In fact the observed &’s
remain finite at T,,, shorter than the value of long-range
ordering apart from the continuous nature of the other
critical properties.

However in these works based on the Landau theory
we cannot obtain the exact picture for critical behavior
above and below T,,. These critical problems of melting
have been studied so far in many statistical calculations.
An interesting case is the calculation for the four-state
Potts (FSP) model*** since the (2Xx2) superlattice in
CgRb has four equivalent configurations a, S, ¥, and 8,
which correspond to the 3D FSP model.*® The critical
behaviors in the 3D FSP model have been studied by
Hermmann*' with use of Monte Carlo calculation. He
showed that the energy of system E changes nearly con-
tinuously close to T, but has a small discontinuous gap at
T, while specific heat c, has a large and sharp peak at T,
and &, has a critical exponent of v=0.33~0.52. The
calculated v is comparable to the present values of
0.34+0.04 for £, and 0.24+0.04 for £,, and the observed
specific heat shows a A-type anomaly at 7T,,.3! Further-
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FIG. 23. The log-log plots of correlation lengths &,(100) and
£,4(100) vs reduced temperature ¢.
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more, the system shows some strong features of the
second order transition. Thus the calculated results are
in good qualitative agreement with the experimental re-
sults in CzgRb. The predicted discontinuous gap cannot
be ruled out by our experimental results because it may
be undetectably small.

On the other hand, Nelson et al.>® and Young®’ pre-
dicted the Kosterlitz and Thouless (KT) type transition®
for melting of the 2D system on a hexagonal potential.
In this case the correlation length is represented by the
formula

§a~exp(Bt'”), tz(TG_TKT)/TKT ’ (10)

L 56

where the calculated exponent u is dependent on the in-
tensity of the substrate potential and ranges between 0.37
and 0.4, and B is a constant value. However the experi-
mental data of £, could not be fitted to Eq. (10).

We will discuss briefly the deviation of the peak tem-
perature T, of § from T, which is observed in the off-
Bragg scans. The phenomenon seems quite strange since
in the usual system £ has the maximum value at T,, due
to critical fluctuations. Particularly in SC-1, only §¢
shows such a deviation of 7, whereas the other critical
parameters including £, show anomalies at T,,. Similar
anomalies have been observed in ¢, measurements by Ro-
binson et al.>! who obtained two A-type peaks at 771.5
and 774.0 K. The temperature difference between the
anomalies, AT =2.5 K, is very close to AT=2.7 K in
our case: The difference of the absolute value T, (or T, )
between the two experiments may arise from the
difference of the experimental conditions. We mentioned
that the anomaly at T, does not come from some instru-
mental problem but may be intrinsic to the melting in
CgRb. However, we have not understood the experimen-
tal details such as the accurate temperature dependence
of £ in the off- and on-Bragg scans and the sample depen-
dence, so that we can give some possible speculations at
present.

(1) One possibility is related to the surface (or grain
boundary) melting which may occur at a low temperature
preceding the 3D melting in bulk.>’

(2) Another possibility is that T, corresponds to the
asymptotic critical temperature T, of the 2D in-plane
fluctuations discussed earlier. In this case the 2D fluctua-
tions are the most pronounced at T,p, but the 2D or-
dered state is energetically a little higher than the 3D or-
dered state so that the former state is not realized. How-
ever these possibilities (1) and (2) are difficult to explain
the difference of behaviors between £, and &;.

(3) The different temperature dependences of £, and &,
remind us a possibility of the orientational ordering
(“hexatic phase”) proposed for the 2D continuous melt-
ing.’®%” In the usual theory, however, &4 is expected to
diverge at a temperature higher than the 2D
translational-ordering temperature, which is contrary to
the experimental results.

(4) Another structural problem is that the diffuse
scattering in the off-Bragg scan is not necessarily the
same as that in the on-Bragg scan, and the scattering
around (101) or (103) may arise from an instability of a
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different structure such as a four-layer-period structure.
This idea brings another unresolved problem why the
new structure is unstable. Thus, we have not obtained a
conclusive explanation, and the problem is still open for
discussions at present.

VI. SUMMARY AND CONCLUSIONS

In this paper we have investigated the comprehensive
studies of the phase diagram, the high-temperature struc-
tures of liquid and solid phases, and the critical behavior
of the melting transition in stage-1 Rb GIC, with use of
the x-ray diffraction.

(a) The phase diagram of Rb GIC’s is determined in de-
tail in the (Pgy, T) section, while the (x, T) section is dis-
cussed qualitatively. In stage-1 Rb GIC a liquid and two
types of solid phases are observed; the solid phases are
the two-layer-period stacking af3 solid at a high tempera-
ture and the four-layer-period stacking af8yd solid at a
low temperature, both of which have the same in-plane
(2 2) superstructure. The liquid phase exists in the high
T and low-Py, region, and the aff solid exists in a very
narrow region between the liquid and the afy 8 solid.
The melting temperature T, is an increasing function of
Pgy- The features of the phase diagram are qualitatively
the same as those of the K GIC’s?’~2° although the exist-
ing region of aff solid of K GIC’s is much narrower than
that of Rb GIC’s. From the (Pg,T) phase diagram the
enthalpy and entropy of reactions for (stage-1 liquid) <
(aB solid), (aB solid) <> (af3yd solid), and stage transi-
tions are determined.

(b) The Bragg reflection intensities in the af3 solid are
in good agreements with the calculated intensities assum-
ing the in-plane anisotropic Debye-Waller factors for Rb
atoms. The mean amplitude of thermal vibrations (U )
at T=502.7°C (=T, —0.3°C) is obtained as 0.63 A in
the direction (100) and 0.56 A in the direction (120).
The amplitudes are dependent on T, particularly close
to T,,, and increase by as much as 13% of the interatom-
ic distance at 0.3°C below T,,, which is comparable with
the value of Lindemann melting formula. On the other
hand the DW damping effect in the out-of-plane direction
is negligibly small. These results indicate Rb atoms have
large thermal vibrations strongly restricted in the direc-
tion of graphite plane.

(c) In the aflyd solid the observed intensity of Bragg
peaks agrees with the calculated intensity for the
AaABAy Ad stacking structure. No other crystal
structure such as in-plane (2 1) superstructure or a3y
stacking structure is observed in the region studied here,
ie., 0.5<Pgy < 1.4x10* Pa and 300 < T < 560°C.

(d) In the liquid phase a series of diffuse peaks of Rb
layers are observed in the in-plane (hk0) diffraction spec-
tra. The first diffuse peak has an in-plane peak wave
number ¢,((100)) nearly equal to Q,((100)), and the in-
plane sixfold modulation in intensity. In the out-of-plane
direction it forms a broad ridge in superposition of the
two-layer-period modulation. These facts indicate that a
liquid Rb layer has the short-range-ordering correlation
of the in-plane (2X2) triangular lattice and also the weak
two-layer-period stacking correlation, that is, the same



5324

symmetry as the af8 solid. However, a rubidium layer
behaves as a quasi-2D liquid at much higher tempera-
tures above T,,. The in-plane atomic density of Rb
changes from m =9.2 at the phase boundary of stage-1
and -2 GIC’stom =8.0near T,,.

(e) The critical nature of the melting depends on Pgy,
and is characteristic of the second-order transition at a
high Py, while it is first order at a low Pg,: The gap of
the first-order transition is a decreasing function of Pgy,.

In the high-Pg, case (Pp,=7.7X10° Pa,
T, =503.0°C) we have observed remarkable critical
features of melting as follows: (1) ¢,((100)) in liquid in-
creases continuously with decreasing temperature and
coincides with Q,((100)) at T,,, while the peak direction
remains parallel to the graphite lattice vectors through
melting transition. That is, the mean atomic distance and
bond-orientation of a rubidium layer have no discontinu-
ous change at T,. (2) The in-plane radial and bond-
orientational correlation lengths in liquid, &,((100)) and
§4((100)), increase steeply up to 40 A when T ap-
proaches T,, from either side. The critical exponents of
§, and £, are obtained as v,=0.241+0.04 and
v4=0.3410.04, respectively. (3) The diffuse scatterings
due to critical fluctuations are also observed in aff solid
below 7,,. £, has the maximum value at T,,, but £, at
T,=T, —2.7°C in SC-1. HOPG-1 also shows the devia-
tion of T, from T,,, T,=T, —1.5°C. The discrepancy
between T, and T, is still open for discussions at
present. (4) The out-of-plane correlation length £.((102))
in liquid increases continuously up to 16 A at T,,. (5)
In-plane and out-of-plane correlation lengths remain at a
finite value at T,,, smaller than the value for long-range
ordering. (6) The integrated intensity of the Bragg peak
I((100)), in the af solid increases continuously below
T,,. The order parameter has a critical exponent of
=0.30%0.06. (7) The integrated intensity of the diffuse
ridge at the off-Bragg point I((101)) increases divergent-
ly immediately below T,,, and has a constant value at
Tg>T,,+5°C where 2D fluctuations are dominant. (8)
The physical quantities mentioned above show no
thermal hysteresis at T,,.

All the features except for (5) are strong evidence that
the melting is characteristic of the second-order transi-
tion. On the other hand the feature (5) suggests that the
transition has a very small but finite gap of the first-order
transition. We conclude that the melting at the high Py,
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case is first order with a hardly appreciable gap.

() From the observed 2D nature of correlations at
higher temperatures (T > T,, +10°C), the interaction
responsible for the transition is suggested to be 2D, but
the observed critical exponent of order parameter and the
ratio £./§, indicate that the ordering around T, is
governed by the 3D interaction between such correlated
2D clusters.

(g) In the low-Pg, case (Pg,=6.1X10 Pa), ¢,((100))
and I((100)) show a large discontinuity at 7,, and the
thermal hysteresis of about 0.2 °C, and any critical behav-
iors are hardly observed, which are characteristic of the
first-order transition.

(h) The critical nature of the melting transition de-
pends on Pg,; the gap at T,, in order parameter de-
creases with increasing Pg,, and appears to be zero for
Pg, >6.6X10° Pa. However in-plane and out-of-plane
correlation lengths remain finite even for the highest Py
studied here.

(i) The structural phase transition from af8 to aByd
solid, which occurs at a temperature below T,,, accom-
panies a large discontinuous change in I((100)) and
¢,((100)) and the thermal hysteresis of about 0.5°C.
This stacking transition is concluded at first order.

(j) The present melting transition is discussed in rela-
tion with the some theoretical works. The space group of
the af solid does not belong to any case of the second-
order transition proposed for stage-1 alkali-metal GIC’s
in the calculations based on the Landau theory,*** so
that the observed discontinuity in £ is consistent with the
theoretical prediction. On the other hand the remarkable
critical behavior characteristic of the second-order transi-
tion can be understood by the Monte Carlo calculation*!
for the 3D four-state Potts model in which nearly con-
tinuous change of the total energy E with a small gap at
T,, and a sharp c, peak are predicted.
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