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"bare" surface tension v, is used in Eq. (2), with

v =v+(3/16m)ksTk (4)

ln this case, theory predicts (with k,„=2m/t„) v c
= 16.6 erg/cm' and t„(erf) =6.67 A at 90'K, which
when subtracted from the experimental value
leaves an intrinsic component t,(erf) = 4.8+ 0.6 A,
increasing to 11.3 A at 120 'K.

Computer simulation' "can handle only a small
number of atoms, with, consequently, a small
surface dimension. With a surface dimension of

5d, Ref. 9 finds t=1.7d, while Ref. 10 with a sur-
face dimension of 4d finds t =1.3d. Simulations
which vary the area of the surf ace' find a slow
increase in the thickness as the surface dimen-
sion increases, and give support to the sugges-
tion of an intrinsic plus a wave contribution. Ka-
los, Percus, and Rao" have found transverse
correlations in their simulated interface, which

appears rough rather than uniform.
In summary, the ellipsometry study reported

here provides for the first time a measurement
on a simple liquid to compare with theory, and

it is evident that further theoretical work is
needed to clarify the nature of, and the interac-
tion of light with, the liquid-vapor interface.

The experiment was suggested to the author by
Dr. J. Lekner, and the author is grateful to him

for many helpful discussions.
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An x-ray study of the Cs layers in C24Cs is presented. The Cs layer has a uniform
2-d liquidlike structure at 300 K not in registry with the graphite layers. A crossover
to 3-d interlayer correlation is observed at 165 K. Single-crystal measurements show
that the Cs layers rotate relative to the graphite (100) directions. An orientational
ordering between two positionally disordered phases occurs at 228 K and a new transi-
tion to a mixed registered phase at 50 K is reported.

There have been several recent studies' ' of
alkali-metal graphite inter calates showing an
interesting variety of ordering phenomena asso-
ciated with the intercalant atoms. These systems
provide a unique arena for studying the melting
of layers of metal atoms under varying degrees
of interlayer coupling as the intercalation "stage, "
n, is varied (n = number of carbon layers between
intercalant layers). This Letter describes a de-

tailed x-ray study of the structure and tempera-
ture dependence of such intercalant layers in a
higher-stage (n = 2) compound, C„Cs. We will
show that orientational correlations of the inter-
calant interatomic bonds, which have been ignored
in previous studies, are very important for a
complete description of the physical properties
of some of the higher-stage cesium intercalates.

X-ray diffuse scattering experiments were
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carried out on samples prepared from two forms
of graphite, namely, highly oriented pyrolytic
graphite (HOPG) and natural single crystals of
Madagascar graphite. In both cases, the samples
were intercalated to stage 2, with use of the
method of Harold, ' and sealed in Pyrex ampoules.
X-ray intensities were measured on a Picker
four-circle diffractometer fitted with a closed-
cycle helium refrigerator. The x-ray source
was a Rigaku 12-kW rotating-anode generator.

In contrast to C,Cs, the intercalant layer in

C,4Cs is disordered' at 300 K. The in-plane
structure factor S(k) (k —= 4m sin0jA) is shown in
Fig. 1(a). Sharp reflections from the graphite
host were subtracted from the raw data and cor-
rections were made for polarization, absorption,
and Compton scattering. Note that S(k) has the
appearance of a simple close-packed liquid-metal
structure factor. We will show later that inter-
layer positional correlations are effectively ab-
sent at 300 K and hence that a two-dimensional
(2-d) analysis is appropriate here. The planar
radial distribution function (RDF) [—= 2vxp(r), p(r)
=areal atomic density], shown in Fig. 1(b), was
obtained by performing a Fourier-Bessel inver-
sion:

2m yp(r)

u=i5 A,

=2v~p, +rf, k[S( k) —1]J,(kr) dk, (1)

where p, is the average areal density and Jo(kr)

is the zeroth-order Bessel function.
The important features of Fig. 1(b) are, firstly,

the series of peaks at multiples of roughly 6 A
and, secondly, the area under the first peak which
returns a first-shell coordination number of 6
+ 0.25. The integral RDF over the measured
range of x ~30 A is within 1'//z of the value calcu-
lated if we assume a mean /aye' stoichiometry
of C z2Cs, indicating that the stoichiometry of our
sample is accurately C,4Cs. Also, taking the
areal density of Cs as 3.18 xl0 ' atoms/A', cor-
responding to the above layer stoichiometry, and
assuming a uniform, close-packed Cs layer, we
calculate a 6.02-A mean separation of Cs atoms
which is close to the figure we obtain directly
from the RDF. These facts together show that
the Cs layer is uniform'm, disordered, and has 8 t-
angu lax skort lnge -order [see inset of Fig. 1(a)].
The nearest-neighbor Cs-Cs distance of 5.95+ 0.1
A is not related to a simple multiple of the dis-
tance, a„ between carbon-hexagon centers [the
closest such multiple would be (7) ' 'ao = 6.51 A]
and thus we conclude that, on average, the Cs
atoms do not occupy sites over the center of car-
bon hexagons. This observation is contrary to a
widely held view in the literature"' that registry
of the intercalant atoms with the graphite host
(e.g. , 2 x2 for C,Cs, (12)'~'x(12)'~' for C„Cs')
is required to explain the well-defined stoichiome-
tries of these compounds.
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FIG. 1. (a) Structure factor S(4) for the Cs layer in
an HOI'G sample of C24Cs at 300 K. Our data extend
to 15 A but are not shown here. (b) Q,adial distribu-
tion function from &(&) in (a) (The small ripples at
«3.5 A are finite-& artifacts. ) Inset: short-r~&~e
order of Cs layer.
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FIG. 2. Scans parallel to c* with the pro)ection of
the diffraction vector on the Cs layer held constant
at 1.158 A ' (for the same sample as in Fig. 1). Solid
lines are guides to the eye. Open tria~~les, 300 K;
closed circles, 170 K; open circles, 130 K. Inset:
temperature dependence of intensity of the in-plane
Cs peak at qo= 1.158 A ', ~ = 0. (See text for discus-
sion. )
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%e now turn to the positional ordering of the
disordered Cs layer. In Fig. 2 (inset) is plotted
the peak intensity of the first peak of the in-plane
S(k) shown in Fig. 1(a). It is seen that at a tem-
perature 7.'i = 165 K there is a sharp inflection in
the temperature dependence of this peak intensity.
At approximately the temperature T~ an anomaly
has been observed' in the electrical resistivity of
C,4Cs and it had been supposed that this anomaly
was associated with the 3-d ordering of the inter-
calant layers. " However, we do not observe
true Bragg scattering below T~, with peaks of
resolution-limited width, but rather in-plane
linewidths which continue to become narrower on
cooling below T~, indicating temperature-depen-
dent intralayer correlations.

To understand the significance of the tempera-
ture Ti, it is necessary to probe the interlayer
correlations of Cs atoms. Figure 2 shows a se-
ries of scans along the reciprocal row line (10l),
corresponding to the first peak in S(k). It is
seen that the intensity is constant parallel to the
reciprocal c axis, c, at 300 K, indicating no
significant Cs interlayer correlations. However,
as Ti is approached, intensity starts to build up
around the (103) position signaling the growth of
3-d correlations in the sample. It is thus seen
that Ti marks not the onset of traditional long-
range order within the Cs layers but a crossover
in the dimensionality of the system to 3-d inter-
layer coupling below 7'~. A further feature of
Fig. 2 is that, along c*, the peaks are rather
broad below Ti. A comparable broadening has
been observed' in C,4K and was interpreted as
being due to stacking faults introduced into the
graphite host by the intercalation process. In
our case, the mean size of unfaulted regions
along the c axis is calculated" to be -40 A and
interlayer positional correlations are limited to
this extent in C,4Cs.

Referring to the peak intensity shown in Fig. 2

(inset), we also draw attention to a new phase
transition which we have observed to occur at
approximately 50 K. The transition is strongly
discontinuous with pronounced thermal hysteresis
and seems to be associated with a breaking up of
the uniform incommensurate Cs layer into macro-
scopic ()500 A) 2 x2 and 3 x3 commensurate re-
gions. On cooling, several reflections from the
2 x2 superlattice start to appear at'approximate-
ly 140 K, the upper stability limit of this mixed
phase. Thus, we see that at sufficiently low tem-
peratures the graphite potential dominates the
ordering of the Cs layer.
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FIG. 3. Temperature dependence of one of the 12
primary q = qo sidebands in a single-crystal sample of
Cq4Cs. Closed circles, 148 K; open tria~~les 169 K;
open circles, 185 K. Inset (a): Temperature depen-
dence of the angular position of the sideband, y&,
relative to a graphite (100) direction. The so1id line

ip a power-law fit to the data (see text). Inset (b):
geometry of g scans used to obtain data in the figure.

In the intercalated HOPG samples, which were
used to obtain data on the positional correlations
described above, the a and b axes of the graphite
host are powder averaged. Consequently, infor-
mation on the orientational order within the basal
planes is lost. In order to obtain this informa-
tion, single-crystal samples must be used. At
temperatures below Ti the in-plane diffraction
pattern'" of C,4Cs single crystals consists of
rings of 12 reflections from the cesium layer
grouped around each graphite reciprocal-lattice
point. A schematic of the primary ring of cesium
reflections, each with wave-vector transfer q,
= 1.16 A ' corresponding to the first peak in S(k),
is shown in Fig. 3 [inset (b)]. We can explain
all of the main features of the in-plane diffrac-
tion pattern on the basis of a uniform Cs layer,
with triangular symmetry which is incommen-
surate with the graphite bounding layers. The
structure of the Cs layer will be modulated by
the graphite potential having a fundamental re-
ciprocal-lattice vector q~, where qo= 2.94 A '.
The strain associated with the misfit (about 22%
in our case) of the intercalant layer with respect
to the graphite layers gives rise to a static-dis-
tortion wave (SDW)" which manifests itself in
the appearance of satellite reflections having
wave vectors q, +q~, for example. Given the
large misfit, the satellite reflections are unusual-
ly intense. " However, the Cs atoms are loosely
packed in C,4Cs. Their interionic distance is 6.o
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A at 300 K while the corresponding distance in
bulk liquid Cs is 5.4 A. Therefore the unregis-
tered C,4Cs structure is highly susceptible to
SDW modulations even at 22% misfit.

For the simpler case of a rare-gas monolayer
physisorbed onto a graphite substrate, Novaco
and McTague" have shown that SDW terms in the
free energy of the overlayer lead to a rotation,
p, or so-called "orientational epitaxy" of the
overlayer relative to the graphite substrate. The
effect was first observed in low-energy electron
diffraction studies of incommensurate Ar over-
layers on graphite. " In those studies domains
were observed in which rotations occurred in
both positive and negative senses from the graph-
ite high-symmetry axes, leading to two counter-
rotated sixfold diff raction patterns. When super-
posed, these result in a pattern with six pairs of
spots similar to the one shown in Fig. 3(b).

Figure 3 shows a series of y scans (in the usual
four-circle terminology) taken with a fixed dif-
fraction vector q'0=1. .158 A ' lying in the basal
plane of intercalant atoms. The crystal is rotated
about the basal-plane normal to record the inten-
sity modulations around k =go diffraction ring
shown in Fig. 3(b). We have observed that, below
TI. =165 K, the angular width of the sideband
shown in Fig. 3 is constant at approximately 3.5'
and is not related to the in-plane mosaic of the
graphite structure (0.4') consistent with our con-
clusion that the Cs layer is not registered with
the graphite layers. More importantly, Fig. 3
shows that the angular position of the peak, p~,
is observed to shift continuously towards a graph-
ite (100) direction as the temperature is in-
creased and at T„=228 + 3 K [Fig. 3, inset (a) ] be-
comes centered on (100). This preferred orien-
tation, about the graphite (100) direction, per-
sists up to at least 300 K and reflects the influ-
ence of the graphite potential on the orientation
of the disordered Cs layer. Note that as the tem-
perature increases, the sideband becomes broad-
er and its peak intensity decreases, the integrat-
ed intensity remaining approximately constant
throughout the whole temperature range.

The temperature dependence of p~ shown in
Fig. 3(a) suggests that an orientational ordering
of the Cs layer sets in below the temperature T„.
We may picture the Cs-Cs bond directions as be-
ing distributed over bvo c«nterrotated Ising-like
states, + p&. With this analogy p~ would be the
order parameter for the transition. We have
measured the temperature exponent of p~ to be
P =0.46+ 0.07 within a reduced-temperature range

0.03 ( t (0.30 [t -=(T„—T)/T„] . This value pre-
sumably reflects the 3-d nature of the orientation-
al ordering of the Cs-Cs bonds, as is evident
from our observation of the well-defined pre-
ferred orientation described above.

Another possible explanation for the transition
at T„ is the case proposed recently by Halperin
and Nelson" in which melting proceeds via a liq-
uid-crystal-like "hexatic" phase with relatively
long-range orientational order, to the isotropic
liquid. Their theory is derived fro a 2-d conti-
nuum. In view of the 3-d nature of the orienta-
tional order and the clear indications that inter-
actions with the graphite bounding layers are
very important for the orientational transition at
T„, it is unlikely that such a theory will be ap-
plicable to our case.

Finally, Onn, Foley, and Fischer' have ob-
served a resistivity anomaly at approximately
236 K in C,4Cs, in addition to the one at TI, dis-
cussed above, which was associated with the
growth of 3-d positional correlations. The form-
er temperature is close to that at which we have
observed the orientational transition at T„.
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Below &, = 122.9'K, C24K shows a transition from the intralayer disordered state to
an ordered state. For T)7;, present diffuse scattering data from the potassium inter-
calate in graphite indicate a two-dimensional (2-D) character of the short-range order.
As this 2-D scattering increases with decreasirg temperature, @&0 superlattice reQec-
tions appear at 7.; which have a true 3-D character that results from essentially simul-
taneous intralayer and interlayer ordering. This long-range order vanishes as ~T T, ~

S—
with P = 0.180+ 0.01.

In recent years graphite intercalation com-
pounds have attracted increasing interest because
of their pronounced anisotropic [ quasi two-dimen-
sional (2-D)] properties. ' In the pure stage-2
compounds, C,pI (M=K, Rb, Cs), every second
hexagonal graphite plane is followed by an alkali
layer, regularly stacked together along the hexa-
gonal c axis.' ' At high temperatures, the alka-
lais are sited within the graphite lattice possibly
as a 2-D lattice gas which undergoes an order-
disorder transition at a lower temperature as
first explored by Parry and co-workers. ' While
many papers have dealt with the structure of the
C,pI compounds, ' there has been until recently''
little quantitative structural information on the
phase transitions. Prior work" ' indicates that
C,4K actually undergoes two transitions, at -124
and - 95 'K, and we shall concentrate here on the
upper one.

We used highly oriented pyrolytic graphite
(HOPG) with a c-axis mosaic spread of -1', which
broadens to about 2' in the intercalation process.
The hexagonal (hk0) (hkl refer to continuous re-
ciprocal lattice variables) plane is thus explored
as a 2-D powder pattern with cylindrical rather
than spherical averaging. Sample preparation
and characterization are described in detail else-
where. ' However, we note that the sample cham-

bers were fitted with Be windows which permitted
observation of weak diffuse K scattering otherwise
obscured by the diffuse scattering from the com-
monly used glass containers. The stage of the
sample was determined by the c-axis repeat dis-
tance which was 26.15+ 0.03 A compared to 26.2
A for the ideal stage-2 compound C24K. In this
study we used Mo Kn, radiation off a Johanne
asymmetric-cut Ge(111) monochromator. All
scans were carried out in the transmission-scat-
tering geometry. For the low-temperature meas-
urements a liquid nitrogen cryostat with resis-
tance heater was used. Chromel-Alumel thermo-
couples were placed in a hole in the metal sample
chamber and the temperature was maintained to
better than+ 0.02'K with an Atronix controller.

In the event that true 2-D translational long-
range order (LRO) exists within the (uncorrelated)
potassium layers, reciprocal lattice rods from
the ordered structure are expected rather than
3-D reciprocal lattice points. For HOPG such
rods become cylindrical shells of intensity extend-
ed in the direction normal to the hk0 plane. For
the translational short-range order (SRO) preced-
ing the LHO, the same considerations apply.
X-ray step scans in different directions of the
reciprocal lattice were carried out as noted in
Fig. 1: Scan A corresponds to a 19:20 scan in the
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