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Electron-diffraction results are reported in the temperature range 110<T <900 K for graphite-Rb
intercalation compounds based on highly oriented pyrolytic graphite host material. Annealed stage n =1
samples show the simple graphite pattern below ~ 300 K, corresponding to a p(2 X 2)R 0° in-plane
intercalate superlattice ordering with a,8,y,8 interlayer intercalate stacking order. A reversible transition is
made at ~300 K to a p(2X2)RO0° superlattice, but lacking a,B,y,8 stacking. The higher-stage
compounds (n = 2,3,4,7) exhibit commensurate p(1/7 X v7)R + 19.1° superlattices below a temperature
Ty which decreases with increasing stage index from 170 K for n =2. As T is increased above Ty, the
higher-stage compounds exhibit a reversible transition to another ordered structure which is present until
the transition to a high-temperature phase, observed at 620 K for n = 2. The structural transition at T,
between the two ordered phases is accompanied by a dramatic change in the bright-field real-image
micrograph, taken on the same portion of the sample as the electron-diffraction patterns. The observation of
a second ordered phase above Ty in the Rb compounds is in contrast with the disordered phase reported

previously for second-stage K compounds.

I. INTRODUCTION

Of the various intercalation compounds that have
been prepared, graphite intercalation compounds
are of particular interest because of their high de-
gree of intralayer and interlayer order. The oc-
currence of the staging phenomenon is the most
striking aspect of this ordering and has received
a great deal of attention. Graphite intercalation
compounds, however, have other types of struc-
tural ordering, and these have received lesser
attention. Among these, the in-plane ordering, in
particular, is vital for the detailed interpretation
of lattice mode structure''? and electronic band
structure,®* topics that are now under active in-
vestigation. Study of in-plane ordering has led to
the identification of a close relation between the
structure of the intercalate and graphitic layers of
the intercalation compounds with the correspond-
ing layers in their parent materials.>® This iden-
tification leads to important simplifications in the
development of quantitative techniques for the in-
terpretation of experimental data pertinent to the
electronic structure and phonon dispersion rela-
tions for graphite intercalation compounds.

X-ray-diffraction,” '° electron-diffraction,
and neutron-diffraction’® experiments provide the
most sensitive methods for the determination of
the structural ordering in graphite intercalation
compounds. Because of practical considerations,
the information provided by these techniques is in
fact complementary. The only complete structural
determinations that are currently available are for
the stage-1 alkali-metal compounds C4K, Cg4Rb,
C4Cs,”®1® and C,4Li,'™!® and almost all these de-
terminations have been made using x-ray-diffrac-
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tion techniques. Because the x-ray beam size is
large compared with the crystallite dimensions of
highly oriented pyrolytic graphite (HOPG, the ma-
terial used for most properties measurements),!®
complete structural determinations for samples
based on HOPG are difficult with the x-ray tech-
nique. In the case of electron diffraction, a beam
size of 1-um diameter can be routinely achieved.
Since this beam size is comparable with crystal-
lite dimensions in HOPG,'® electron diffraction
offers significant advantages for detailed struc-
tural analysis of samples based on HOPG.

The electron-diffraction technique, however, has
several aspects that deserve further comment. To
obtain a good diffraction pattern, it is necessary
for the electrons to penetrate a number of crystal
planes. For this reason electron energies in the
50-100-keV range are selected. The penetration
depth for such a beam is = 1000 .&, and therefore,
thin samples must be prepared. In the case of
graphite intercalation compounds, such thin sam-
ples can be made by cleavage perpendicular to the
¢ direction, utilizing the low interplanar binding
in this direction. Because of the general impen-
etrability of electrons to condensed matter, elec-
tron-diffraction measurements cannot be made
through the encapsulating glass or quartz am-
poules that normally surround the intercalated
graphite samples to prevent intercalate desorption.
Thus special handling techniques must be devel-
oped for the preparation and mounting of the sam-
ples in the transmission electron microscope
where the electron-diffraction measurements are
carried out. These special handling techniques
involve preparation of thin samples with the prop-
erties of the bulk material, without intercalate
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desorption or the introduction of strains.

Electron diffraction differs from other diffrac-
tion techniques because of the importance of mul-
tiple-diffraction effects.?® I the graphite and
intercalate layers are commensurate, and if the
electron beam is in the ¢ direction, no new dif-
fraction spots will appear. However, in this case,
the relative spot intensities of unequivalent spots
will differ from calculations based on structure
factors because of multiple-diffraction effects. On
the other hand, when the graphite and intercalate
layers are incommensurate, multiple diffraction
gives rise to extremely complex superlattice pat-
terns. For such incommensurate lattices, the x-
ray-diffraction patterns are simpler because of
the absence of multiple-diffraction effects. Never-
theless, because of the large x-ray beam size rel-
ative to the crystallite domain size of HOPG, the
x-ray-diffraction patterns are not single-crystal
patterns but rather powder patterns. By compar-
ing single-crystal x-ray-diffraction patterns with
the corresponding electron-diffraction patterns,
we can identify diffraction spots that are associa-
ted with multiple-diffraction effects. The identifi-
cation of the primary diffraction pattern is neces-
sary if information about the intercalate ordering
is to be obtained.

The x-ray- and electron-diffraction techniques
are also complementary because of differences in
the wavelength of typical electron and x-ray beams.
In order to have sufficient bulk penetration, elec-
tron-beam energies are typically 50-100 keV, re-
sulting in a very small electron wavelength 2
=0.038 A for a 100-keV electron and thus a very
large Ewald diffraction sphere. For the electron-
diffraction patterns reported in this work, the
Ewald sphere can be approximated by a plane in
reciprocal space which for electrons incident along
the ¢ axis becomes coincident withthe /=0 recipro-
cal-lattice plane. This situation is in contrast
with the case of x-ray diffraction where the Laue
condition is satisfied for points on different planes
in reciprocal space. In this sense, the two tech-
niques sample a somewhat different collection of
points in reciprocal space.

Graphite-rubidium was chosen as the material
for the present study because of the relative ease
of sample preparation and because of the availa-
bility of information on this material from previ-
ous studies using x-ray-diffraction, 1%152! elec-
tron-diffraction,??:2® and neutron-diffraction’®
techniques. Figure 1(a) shows the structure pro-
posed by Rudorff and Schulze® for first-stage al-
kali-metal compounds of the C X form, and subse-
quently confirmed by Nixon and Parry® based on a
single-crystal host material. The work of Nixon
and Parry further showed C;Kand C,Rb to have
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FIG. 1. At the corners of each hexagon is a carbon
atom in each of the graphite layers. Dark lines denote
the real-space unit cell for the superlattice structures
and the dashed lines denote the graphite unit cell. The
a intercalant (large circles) layer is shown projected
onto a graphite layer. (a) The superlattice structure is
»(2X%2)R 0°, and sequential intercalate layers have occu-
pation on «, 8,v,6 sites. (b) The superlattice structure
is p (V3 XV3)R 30°, and sequential intercalate layers have
occupation on «, 8,7 sites. For this structure the basis
vectors for the superlattice are rotated by 30° relative
to those for graphite.

the stacking sequence a, 3,y ,6 indicated in Fig. 1
but C,Cs to have a different stacking sequence
«,B,y.? Electron-diffraction measurements by
Halpin and Jenkins'® on a saturated graphite-potas-
sium sample (which they identified as C4K) showed
only the graphite electron-diffraction pattern.

They further showed that by intercalate desorption,
superlattice spots could be introduced either by
the presence of imperfections in the bulk’ or by
growth of an epitaxial film.'® These and other su-
perlattice structures were subsequently reported
by Chung®*'?? in compounds with K, Rb, and Cs.

In the work of Chung et al.,?*'® the simple graph-
ite pattern indicative of «,8,y, 5 stacking was not
reported.

Of particular relevance to the present work is
the elastic-neutron-scattering study by Ellenson
et al. on C,Cs and CyRb based on HOPG host ma-
terials.'® In the case of C,Cs, they observed the
a, B,y stacking sequence for temperatures 4< 7T
< 300 K, thereby showing that the previous x-ray-
diffraction results” were also applicable to com-
pounds based on an HOPG host material. The
neutron-diffraction experiments on C;Rb, how-
ever, produced different c-axis stacking patterns
depending on the temperature range and on previ-
ous sample treatment.!® Upon annealing the ma-
terials at 747 K for two days, a diffraction pattern
characteristic of thea, 8,y , 6 stacking of succes-
sive Rb layers was observed at room temperature,
while at higher temperatures (721 K) a well-or-
dered phase with o, stacking was reported.’®* On
the other hand, the pattern from an as-grown C,Rb
sample without the high-temperature anneal did
not exhibit a diffraction pattern associated with
any definite intercalate layer stacking. This work
is of great significance in pointing out the need for
annealing stage-1 samples based on HOPG host
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materials for quantitative measurements where
in-plane structural order is important.

Electron diffraction provides a powerful tool for
the identification of certain interplanar stacking
orderings. In particular, the «,$,y,5 stacking of
Fig. 1(a) results in a vanishing of the superlattice
reflections. This can be understood by considera-
tion of the structure factor

5
Fuy = E Fro €XDl =218 (u; + kv, + lw;)] , 1)
ji=a

where fg, is the atomic scattering amplitude for
Rb and the sum on j is taken over the four layers
j=a,B,v,5. The CgX unit cell of Fig. 1(a) is de-
noted by the superlattice notation p(2Xx2)R0°,
where p denotes a primitive hexagonal unit cell
and the (2x2) corresponds to an in-plane area that
is four times greater than that for graphite. The
in-plane unit vectors @ and a$) for the superlat-
tice are parallel to the graphite unit vectors af
and 4 (0° rotation) and given by

a(lz)=ao(\/3— ,1,0)= 2&(11)’
af'=a,(~V3,1,0) =2, (2)
cleBr®) = ¢,(0, 0, 8) = 42,

where a{, 4, and q, are, respectively, the basis
vectors and lattice constant for pure graphite and
2c, is the distance between two adjacent intercalate
layers. For the a,B,y,0 stacking sequence, the
position vectors for the intercalate are written
;02 v;02,w ,¢#P7®), where the (u;,v;,w;) para-
meters on each of the layers are

G,z, -38) j=a,

z,1,5) j=8B, @)
(0,0,3) j=v,

1,3,3) j=o.

Substitution of the (u;,v;,w;) vectors of Eq. (3) into
the structure factor of Eq. (1) yields zero except
for (r,k,0) values corresponding to the graphite
host lattice. Thus for the ¢, B,y, 6 interplanar or-
dering, the intercalate and graphite diffraction
patterns are coincident. A similar analysis applies
to the a, 8,y interplanar intercalate stacking for
the C¢X structure of Fig. 1(b) which character-
izes C,Li at low temperatures,'® and has a p(V3
xV'3)R 30° superlattice structure, with an in-plane
area three times greater than that for graphite
and unit vectors rotated by 30° from those of
graphite.

At present the structure of the high-stage (n> 2)
alkali-metal compounds is not well established. In
particular, since no definitive structural model for
the in-plane ordering has been proposed for these

FIG. 2. At the corners of each hexagon in a graphite
layer is a carbon atom. Dark lines denote the real-
space unit cell for the superlattice structure
h(VI2Z xV12)R 30°, and the dashed lines denote the graph-
ite unit cell. The intercalant occupation (large circles)
for a typical intercalate layer is shown projected onto
the graphite layer. We note that there are 12 equivalent
intercalant site occupations. The superlattice structure
is of the honeycomb (k) type, and the basis vectors for
the superlattice are rotated by 30° relative to those for
graphite.

compounds consistent with experimental results, a
simple Ridorff-Schulze model*® with the C,,X, in-
plane ordering shown in Fig. 2 has been commonly
used. The Rudorff-Schulze model denoted by the
superlattice structure #(V12xvV12)R 30° (k denotes
honeycomb arrangement) was originally motivated
by matching the chemical analysis of weight uptake
of the intercalated alkali metals to the x-ray-dif-
fraction results for staging.

Subsequently, detailed x-ray-diffraction studies
of (hk0) reflections by Parry et al.” '° did not
confirm the Riidorff-Schulze in-plane structure of
Fig. 2. Their work ®7'° on the stacking sequences
of the graphite and intercalate layers for stage
n=2 K, Rb, Cs compounds was also not in agree-
ment with that of Rudorff and Schulze, who re-
ported stacking sequences for high-stage 2<n <5
compounds.

The low-temperature stacking sequences were
identified® as AaABBBCyCAa’ABB'BCy'C for a
stage n=2 K compound, AaABBBCyC for stage
n=2 Rb and Cs compounds, where capital Latin
letters denote the graphite layers and Greek letters
the intercalate layers. At low temperatures, the
intercalate layers exhibit in-plane order which
disappears above the order-disorder transition
temperature (98 K for stage-2 graphite-K).% *°
Parry et al. reported that the disordered phase
(associated with a streak diffraction pattern) was
maintained up to room temperature. Similar phen-
omena were later reported by other authors?* 2°
using x-ray-diffractiontechniques. Parryhimself’
interpreted the streaks to indicate a preferred or-
ientation, the two nearest-neighbor intercalate
sites possessing a preferred orientation but with
random registration of each site.

Parry subsequently attempted’ to determine the



3494 N. KAMBE, G. DRESSELHAUS, AND M. S. DRESSELHAUS 21

low-temperature in-plane ordering for high-stage
2 <n <5 Cs compounds using x-ray-diffraction
techniques and suggested the presence of the fol-
lowing stage-dependent structures: for » =2 an in-
plane p(2 X 2)R 0° structure, for 2<% < 4 a mix-
ture of coexisting phases with 0(3 X V7) and o(V39
xV39) structure (o denotes oblique), and for #=5
an in-plane p (V7 XVT)R 19.1° structure. Parry’s
argument, however, in terms of an intercalate
site occupancy probability, failed to provide a
definitive and consistent low-temperature in-plane
structure for the high-stage Cs compounds.

In this paper we give evidence for a commensu-
rate low-temperature in-plane ordering for stage
n=2 Rb compounds, based on the electron-diffrac-
tion patterns. It is significant that the observed
low-temperature in-plane ordering differs from
the proposed Riidorff-Schulze (V12 X VI2)R 30°
structure. We also describe at higher tempera-
tures a phase transition between two ordered
states. At the same transition temperature, pre-
vious workers using x-ray-diffraction and elec-
trical-conductivity measurements have interpreted
this transition as an order-disorder phase trans-
ition.%10.2526 The present identification of this
structural phase transition exploits the small
electron-beam size and short wavelength of the in-
cident electron beam in our experimental system.

II. EXPERIMENTAL DETAILS

Electron-diffraction observations were made
through the ¢ face of thin samples, using a Philips
EM300 transmission electron microscope with a
typical electron energy of 100 kV and a beam size
less than 1 ym. Such electrons can only be trans-
mitted through specimens of less than 1000-4
thickness. The electron beam was directed along
the ¢ axis of the sample, so that the measure-
ments are primarily sensitive to the in-plane
ordering of the graphite and intercalate layers,
and the correlation between their ordering.

Relatively large bulk samples (= 6x8x0.5 mm?3)
were prepared by the two-zone method,® in which
careful regulation of the temperature of the two
zones is required. The large bulk samples were
prepared in a rectangular-shaped pyrex tubing
(glass ampoule), which was initially evacuated. X-
ray-diffraction measurements using an Mo x-ray
tube were made through the glass ampoule to veri-
fy that the material was single stage and to deter-
mine its stage index. Some electron-diffraction
patterns were taken on specimens prepared from
this as-grown material. Electron-diffraction pat-
terns were also taken on samples prepared from
a material that was annealed in the glass ampoule
for two days at 730 K. The x-ray-diffractometer

traces for the annealed materials yielded the same
stage index as the corresponding as-grown mater-
ials. The bright-field microstructure image of

the sample through the transmission electron mi-
croscope showed that the annealing process has a
major effect on improving the sample homogeneity.
These findings are consistent with results re-
ported by Ellenson et al. using the neutron-dif-
fraction technique.'®

To prepare the thin samples (<1000 f&) needed
for the transmission-electron-microscopy study
and to reduce the possibilities of sample oxidation,
hydration, or intercalate desorption, the following
sample-handling technique was adopted. First, the
well-characterized as-grown or annealed materi-
al, still in the original glass ampoule, was placed
in a dry box. The dry box was first purged with
an argon-H, gas mixture and was then passed
through an impurity gas absorber before the glass
ampoule was cracked in the dry box. A thin sam-
ple was prepared by cleavage from the bulk mate-
rial. The thin sample was then mounted in the dry
box on the copper-rhodium or nickel grid of the
electron-microscope sample holder. The sample
holder containing the mounted sample was care-
fully transferred from the dry box to the electron-
microscope sample goniometer stand, which was
air locked. Once introduced into the vacuum of the
electron-microscope column, the sample assembly
was then rapidly cooled down to 110 K with liquid
nitrogen. With practice, the entire process from
the breaking of the glass ampoule to the cooling of
the sample holder could be carried out in five min.
For stage-1 C4Rb the sample surface had a golden
color through a conventional optical microscope
before and after the electron-diffraction measure-
ments, thereby giving evidence that the sample re-
mained stage 1 during the experiments. The ade-
quacy of the sample-handling technique could be
examined not only by the sample’s color but also
by the diffraction patterns themselves. Good sam-
ple-handling techniques were critical to the suc-
cess of the experiment.

Significant intercalate desorption occurred near
the sample edges except at the lowest tempera-
tures. The desorption rate increases with increas-
ing temperature. The electron-diffraction patterns
themselves can be used to provide information on
the degree of intercalate desorption from the sam-
ple edge.

Prior to taking an electron-diffraction picture,
suitably thin regions of the sample are selected
from the bright-field microstructure image on the
(fluorescent) screen. Electron-diffraction patterns
are taken as a function of temperature on the same
region of the sample. In these experiments both
cooling and heating sample holders were available,
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allowing measurements to be made in the temper-
ature range 110<7<900 K. At a given tempera-
ture, we verified that the observed pattern was
independent of the region on the sample selected
for observation. The best resolution of the elec-
tron-diffraction spots was obtained in regions
where the sample was relatively thin.

Bright-field image micrographs with magnifica-
tions from 27000 to 205000 have also been taken
with the Philips EM300 for the same regions on
the sample where the electron-diffraction pattern
was measured, initially to verify the homogeneity
of the sample and later to study the change in the
real image at phase transitions. The simultaneous
observation of a real image and an electron-dif-
fraction pattern turned out to be significant for the
study of temperature-dependent effects.

III. RESULTS AND DISCUSSION

The diffraction pattern obtained for stage-1 an-
nealed C,Rb for 110< 7< 300 K is a simple graph-
ite pattern, as shown in Fig. 3(a). Also presented
[see Fig. 3(b)] is a schematic representation of
this pattern.?” This result, showing the interca-
late layers to give rise to a diffraction pattern
identical with the graphite host, is consistent with
previous work by Halpin and Jenkins'?® on C,K and
with the structure factor computed from the atom
site locations for «,p,y,5 interlayer stacking
given in Sec. I and shown in Fig. 1(a).

This is the first reported observation of the sim-
ple graphite pattern for annealed C,Rb using the
electron-diffraction technique, giving results be-
low 300 K that are in agreement with x-ray-dif-
fraction'® and neutron-diffraction'® measurements.
This agreement is interpreted as providing evi-

(a) (b)

FIG. 3. (a) In-plane electron diffraction pattern for a
well annealed stage-1 graphite-Rb (CgRb) sample for
T<300 K. (b) A schematic representation of the diffrac-
tion pattern in (a). The open circles denote the graphite
pattern. The absence of a superlattice pattern indicates
that the diffraction pattern for the intercalate is coin-
cident with that for the graphite. This diffraction pattern
is consistent with the sequential «,f,v, 6 intercalate
layer stacking of Fig. 1(a) and the sequential «,B,Y in-
tercalate layer stacking of Fig. 1(b).

(a) (b)

FIG. 4. (a) In-plane electron diffraction pattern for an
as-grown stage-1 graphite-Rb (CgRb) sample and also for
a well annealed stage-1 graphite-Rb (CgRb) sample for
T=300 K. (b) A schematic representation of the diffrac-
tion pattern in (a). The superlattice structure indicated
by the closed circles is consistent with a random ar-
rangement of intercalate layers each having either
o,B,v, or 0 site occupations.

dence for the reliability of our sample-handling
techniques.

The simple diffraction pattern of Fig. 3(a) is pre-
served upon temperature cycling in the range 110
<T<300 K. If awell annealed stage-1 graphite-Rb
sample is heated into the temperature range 300
<7T< 330+ 10 K, the superlattice diffraction pattern
of Fig. 4(a) is observed. The superlattice spots
marked by solid circles in the schematic diagram
of Fig. 4(b) are located at the midpoint between
two adjacent graphite spots, corresponding to a
p(2x2)R 0° superlattice pattern and identified with
the absence of the a,8, v, 6 intercalate interplanar
stacking sequence. Without the «,8,y,6 stacking
order, the structure factor for the superlattice
(2, kR, 0) reflections no longer vanishes upon sum-
mation over the intercalate layers. The superlat-
tice diffraction pattern of Fig. 4(a) can arise from
the random stacking of p(2x 2)R 0° commensurate
intercalate structures, or from ordered stacking
sequences such as the ap,aBy, and aa ordered
arrangements. If the sample temperature is sub-
sequently lowered below 300 K, the simple dif-
fraction pattern of Fig. 3(a) is recovered. Thus
the transition between the superlattice pattern of
Fig. 4(a) and the graphite pattern of Fig. 3(a) is
reversible for a well annealed stage-1 graphite-Rb
sample provided that the temperature is not raised
above 330+ 10 K within the electron-microscope
column which is in vacuum.

The diffraction patterns for the unannealed as-
grown stage-1 C,Rb samples (grown from an HOPG
host) always show a superlattice structure such as
Fig. 4(a) in the temperature region 110< 7T < 320 K.
Unlike the case of well annealed C,Rb, the simple
graphite pattern of Fig. 3(a) is never observed.
Observation of the real-image micrograph at ~110
K using the electron microscope shows that the
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Rb layers of the well annealed C;Rb are more ho-
mogeneous than those of the as-grown C,Rb sam-
ples. The formation of clusters, which is de-
scribed in relation to diffraction results later in
this section, was less evident at 110 K for the well
annealed than for the as-grown stage-1 graphite-
Rb samples. Thus the annealing process provides
increased sample homogeneity and higher struc-
tural order for the first-stage graphite-Rb com-
pounds, while the as-grown samples lack «, 8,v,6
intercalate stacking order.

Electron-diffraction measurements also have
been carried out at temperatures up to 900 K for
both well annealed and as-grown stage-1 Rb com-
pounds. As the temperature is increased above
300 K, desorption becomes significant after sever-
al minutes, causing changes in the electron-dif-
fraction pattern shown in Fig. 4(a). These changes
include a decrease in the intensity of the superlat-
tice diffraction spots, the formation of straight
lines joining second-neighbor graphite spots, and
the appearance of additional diffraction spots.
Since the desorption rate increases with increasing
temperature, the changes in the diffraction pattern
become more marked as the temperature is in-
creased. The changes are irreversible, and the
pattern of Fig. 4(a) does not return after the sam-
ple temperature is lowered to room temperature.
The behavior of desorbed as-grown and well an-
nealed stage-1 graphite-Rb samples is similar.

A totally different superlattice pattern than de-
scribed above is found at low temperatures,

T< 200 K, for the higher-stage graphite-Rb com-
pounds. This superlattice pattern is shown in Fig.
5(a) for a stage »=2 compound at 77=120 K and a
schematic representation of this diffraction pat-
tern is shown in Fig. 5(b). Around each of the
graphite spots in this figure are twelve superlat-
tice spots giving rise to a pair of hexagonal super-
lattices. One hexagonal superlattice is rotated by
+19.1° with respect to the graphite unit cell, while
the other superlattice is rotated by —19.1°. In the
schematic diagram, the innermost pair of hexa-
gons around a central graphite spot can be inter-
preted as the first-order pattern, and the other
spots are indexed as higher-order diffraction
spots. The intensity of the diffraction spots de-
creases monotonically as the spot index increases,
i.e., as the distance from the central spot in-
creases. The direct lattice corresponding to the
diffraction pattern in Fig. 5(b) is shown in Fig. 6
in which the small carbon atoms in a graphite lay-
er reside at the corners of the hexagonal network,
while the large Rb ions (ionic radius=1.48 A) on
the intercalate layer (marked by speckled circles)
project onto the center of the hexagonal network.
This arrangement minimizes the free energy of the

(a) (b)

FIG. 5. (a) Low-temperature (T<170 K) in-plane
electron-diffraction pattern for graphite-Rb sample of
stage n=2. Similar patterns have been observed at low
temperatures for samples with stagesn=3,4,7. () A
schematic representation of the diffraction pattern in
(a). This diffraction pattern shows two hexagonal super-
lattices rotated by +19.1° relative to the graphite lattice,
and commensurate with the graphite lattice.

system. The Rb ions form a p(v7xvVT)R 19.1° su-
perlattice structure that is commensurate relative
to the graphite unit cell. The other superlattice
structure in Fig. 5(b) corresponds to a similar in-
plane ordering but with a rotation angle of -19.1°
rather than +19.1°, We interpret these results to
indicate that some parts of the sample exhibit the
+19.1° rotation, and other parts the —19.1° rota-
tion. The dark lines in Fig. 6 denote a commen-
surate in-plane unit cell in which 14 carbon atoms
and one Rb ion are included. Also shown in the
figure is the graphite unit cell. The in-plane real
lattice constant for the large unit cell is 6.51 A
which equals vV7a, (where a,=2.46 A is the graph-
ite in-plane lattice constant). This in-plane struc-
ture pertains to an in-plane stoichiometry C,,Rb.
In this paper we use the abbreviated C,, X notation

FIG. 6. Real-space superlattice structure correspond-
ing to the +19.1° reciprocal lattice structure of Fig.
5(®). The large shaded circles denote the superimposed
Rb ions and the dark lines the p (V7 XY7)R 19.1° super-
lattice, which is commensurate with the graphite struc-
ture (unit cell indicated by dashed lines). In the unit
cell are 14 carbon atoms for each Rb ion.
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to denote the unit cell p(v7 xv7T )R19.1° of Fig. 6.
We identify for the first time the C,, X structure
as the low-temperature in-plane ordering for stage

n=2, 3, 4, and 7 graphite-Rb compounds. Parry
suggested a similar structure for a stage n=5Cs
compound using the x-ray-diffraction technique.”
We have also observed the C X structure for Cs
and K compounds at low temperature using elec-
tron diffraction, and these results will be reported
elsewhere.

The C,, X in-plane ordering is observed for com-
pounds with »> 2 below a certain temperature de-
noted by T, . Although the dependence of 7, on
stage index » has not been fully established, it is
found that Ty decreases with increasing n. For
example, the stage n=2 Rb compound exhibits the
C,4X in-plane ordering below 170 K, correspond-
ing to a broad anomaly observed in the electrical
conductivity,?® while for a stage »=3 Rb compound,
Ty occurs at about 140 K.

In a temperature range of 20 to 30 K about 7'y, a
reversible structural transition occurs from the
C,,X in-plane ordering to a distinctly different in-
plane ordering denoted by CyX. Figure 7(a) shows
an electron-diffraction pattern for a stage-2 Rb
compound that is characteristic of the temperature
regime T>T,. The corresponding schematic dia-
gram is illustrated in Fig. 7(b), where the larger
dark circles denote superlattice diffraction spots
of higher intensity relative to the smaller dark
circles. The CyX structure commonly appears
above Ty for stage 2<n< 7 Rb compounds as well
as for high-stage (n> 2) Cs compounds. Although
a real-space lattice structure corresponding to
the superlattice diffraction pattern shown in Fig.
7(a) has not yet been completely analyzed because
of its complexity, our preliminary analysis based
on a comparison of observed diffraction patterns
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FIG. 7. (a) High-temperature (170< T < 620 K) in-plane
electron-diffraction pattern for stage-2 graphite-Rb
samples (and referred to by Cy X in the text). Similar
patterns are observed for samples with stagesn=3,4,7.
(b) A schematic representation of the diffraction pattern
in (a). The open circles refer to the graphite pattern,
the large solid circles to intense superlattice spots, and
the small circles to weak superlattice spots.
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FIG. 8. In-plane ordering in real space of the
0 (V39 xV39)R(16.1°, 43.9°) commensurate superlattice.
The dark lines show the unit cell containing 90 carbon
atoms and one Rb ion. The figure shows the 16.1° and
43.9° angles of rotation of the basis vectors relative to
those of the graphite unit cell (dashed lines).

to patterns calculated on the basis of various re-
ciprocal lattices suggests that the in-plane super-
lattice could be related to a superposition of
R(VI2XVI2)R 30° and o(V39 xV39)R(16.1°, 43.9°)
(Ref. 28) superlattices where the honeycomb h (V12
XV12)R 30° is the one proposed by Riidorff and
Schulze®® for > 2 (see Fig. 2), and the o(vV39
xV39)R(16.1°, 43.9°) superlattice is shown in Fig.
8. For the calculated diffraction patterns, we
assumed that the superlattice was commensurate
to the graphite lattice and that the alkali-metal
ions were separated from one another at a dis-
tance between two and five times the graphite lat-
tice constant a, because of the relatively large
size of the alkali-metal ions. The superposi-
tion of the calculated diffraction patterns is
shown in Fig. 9 demonstrating the fit of this
structural model to the observed pattern. In Fig.
9 the R(VI2XV12)R 30° superlattice is represented
by open circles and the o(vV39xV39)R(16.1°, 43.9°)
superlattice by solid triangles and small solid
circles, and it is seen that some of the observed
spots are unidentified (marked by small open
circles), while some of the calculated spots are
not found in the observed pattern (marked by
small solid circles). One should note that the
above-mentioned combination of two superlattices
is not unique. We note that different real-space
superlattices can in some cases yield identical
in-plane diffraction patterns, for example, the
(V12 xV12)R 30° and o(V 3 x 3)R(30°, 60°) super-
lattices yield the same diffraction patterns. An
ordered array of unoccupied sites (vacancies®®)
in some close-packed superlattices can also give
rise to a complicated though ordered diffraction
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FIG. 9. Match of the 2(vI2 %/I2)R 30° (solid *) and the
0 (V39 XV39)R(16.1°, 43.9°) (solid-A and small solid -)
superlattices to the Cy X structure. The small solid-
denote extra spots in the o (V39 XV39)R(16.1°, 43.9°)
structure that do not appear in the electron-diffraction
pattern for the Cy X. The spots of Cy X that are not
matched by these two superlattices are indicated by a
small open o.

pattern.” The structure associated with o(V39
xv39)R(16.1°, 43.9°) might be this kind of super-
lattice. Until now, our analysis has not yielded a
single-phase ordering for the Cy X electron dif-
fraction pattern shown in Fig. 7(a), suggesting
that several alkali-metal domains with different
lattice structures might coexist within the inter-
calate layers. The coexistence of dense commen-
surate structures with effectively vacant regions
is commonly observed in adsorption studies on the
basal graphite surface.®

The observation of the CyX pattern requires the
reexamination of previous structural models” ®°
in which a disordered phase was reported in a
temperature region, e.g., 159< 7< 360 K'%2% for a
stage-2 Rb compound based on x-ray diffraction
measurements. With the electron-diffraction tech-
nique, we observe for stage-2 graphite-Rb an
ordeved phase CyX (rather than a disordered
phase) at temperature 170< 7 < 620 K. Since we
use a small electron beam size ~1 um, we are
able to probe a single-crystal domain of com-
pounds based on pyrolytic graphite (HOPG) host
materials.!® In contrast, the information available
by x-ray- and neutron-diffraction measurements
on similar samples is spatially averaged over
multiple domains. This may account for the qual-
itative discrepancy between previous results!® and
our electron-diffraction results.

One notes that the CyX in-plane ordering
may be more closely packed than the C X, which
suggests that the in-plane structure is more con-
densed at high temperatures than at low temper-
atures. Such an unexpected result might be re-
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FIG. 10. (a) Bright-field image for a stage-2 graphite-
Rb compound taken at 110 K. This micrograph is typi-
cal of low-temperature electron micrographs taken for
T<Ty=Ty (Ty=160 K and Ty=170 K). We identify the
dark areas with small clusters of ~40-A diameter. ®)
Bright-field image taken on the same spot of the sample
as in (a), but at T=223 K (>Ty,). Larger clusters of
~180-A diameter and channels are found for micro-
graphs above Ty;. A reversible variation in the cluster
size between (a) and (b) is indicated by both straight and
broken arrows, respectively, denoting heating and cool-
ing processes.

lated to our real-image observations in these com-
pounds. By taking electron micrographs in the im-
aging mode of the electron microscope, we have
observed the temperature dependence of the real-
image patterns as a function of temperature with
particular reference to the phase transition be-
tween the ordered C,, X and CgX structures.
Typical real images obtained for a stage-2 Rb
compound are shown in Fig. 10(a) at 7=110 K for
the C,, X structure and in Fig. 10(b) at 7= 223 K
for the CyX structure. In both pictures the dark
part of the micrograph is tentatively identified with
clusters,® and the bright part with graphite, be-
cause of the larger electron scattering amplitude
for Rb than for graphite. The micrograph in Fig.
10(a) taken at 110K displays small clusters, typi-
cally of ~40-4 diameter, and a growth pattern
similar to that observed in the growth process of
thin metallic films. Because of the resolution lim-
itation of this microscope, particles of less than
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10-A diameter cannot be resolved. As the tem-
perature is increased, the density of clusters in-
creases, whereas the cluster size remains almost
unchanged up to the temperature T, (~T,) where

a drastic change in g:luster size is obsex;ved,
changing from ~40 A for T< T, to ~180 A diameter
for Tz T, Figure 10(b) shows the real-space im-
age taken on the same spot of the stage-2 Rb sam-
ple as Fig. 10(a) but at a temperature of 223 K
which is above T,=160 K. For T = T,, the Rb
clusters coalesce forming larger clusters or
channels. During the experimental run, the image
of Fig. 10(b) did not show any significant change
until 620 K, which corresponds to the transition
temperature T, to a high-temperature phase in
the intercalate layer®*3® as discussed below.

On cooling, the large clusters decrease in
size, and at a critical temperature Tj a dramatic
change in cluster size to the image shown in Fig.
10(a) occurs. Only when the temperature cycling
is carried out quickly enough so that significant
Rb desorption is avoided (e.g., at a rate of 100 K/
min), the thermal hysteresis (T,-T}) is found to
be small (~10 K). The solid (heating) and broken
(cooling) arrows between Figs. 10(a) and 10(b) in-
dicate that the variation in the Rb cluster size is
reversible on thermal cycling (heating and cooling
through T,) provided that intercalate desorption
effects are minimized. It is reasonable that de-
sorption gives rise to hysteresis effects since Ty
is observed to decrease with increasing stage.
The clustering phenomenon is illustrated more
quantitatively in Fig. 11, where three axes are
shown for a stage-2 graphite-Rb sample: the den-
sity of clusters in arbitrary units, the temperature
in K, and the cluster size in A of significance is
the rapid change in cluster size for T~T,=160 K
which is close to T, (170 K) for this compound. A
lower limit to the temperature for cluster forma-
tion could not be obtained because the lowest
achievable temperature of our electron micro-
scope was ~110 K. A detailed report on the obser-
vation of the real-space images for other alkali-
metal intercalants as a function of temperature and

Density

0 100 o150
Cluster size (A)

FIG. 11. Qualitative three-dimensional plot showing
the relation between the density of clusters, tempera-
ture, and cluster size for a stage-2 graphite-Rb sample.
Note the dramatic change in cluster size in a narrow
temperature range near Ty,.

FIG. 12. Electron-diffraction pattern taken on a stage-
2 Rb compound at 659 K, showing a very complicated
intercalate arrangement. The multitude of diffraction
spots and the bright halo are both associated with scat-
tering by the intercalant. The graphite spots are undis-
turbed, but difficult to distinguish from the background.

stage will be presented elsewhere.

At yet higher temperatures, stage-2 Rb and Cs
compounds, furthermore, exhibit a structural
transformation from the ordered CyX structure to
a multiphase intercalate layer above a transition
temperature T,, as shown in Fig. 12. This trans-
ition is fully reversible and no significant thermal
hysteresis has been observed provided that there
is no significant intercalate desorption; to avoid
intercalate desorption, a rapid heating and cooling
rate of ~100 K/min was chosen. On the basis of
the observed structural transformation in the elec-
tron-diffraction patterns, we obtain 7, =620 K for
a stage-2 Rb compound, and T, =625 K for a stage-
2 Cs compound. The complicated spot pattern shown
in Fig. 12 could be due to the coexistence of many
ordered phases. A quantitative study of the spot
pattern of Fig. 12 is difficult because of the bright
background that covers the entire picture plate and
makes the identification of even the graphite dif-
fraction spots difficult. Previous workers using
x-ray and neutron diffraction have observed struc-
tural phase transitions in the same temperature
region, but these workers have identified the
phase transition with a melting of the intercalate
layer. For example, neutron-diffraction meas-
urements for a stage-1 graphite-Rb compound*®
showed a phase transition at T,,= 747 K, while x-
ray-diffraction measurements for stage-1 and de-
sorbed stage-1 graphite-Cs compounds yielded
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T,.=608 K (on heating). Whereas our results yield
values for the transition temperature similar to
those obtained with x-ray- and neutron-diffraction
techniques, it would seem that melting to a two-
dimensional lattice gas, where the o, 8,7, 6 sites
of Fig. 1(a) would be occupied with equal probabil-
ity, should give a simple graphitic diffraction pat-
tern. The observation of a spot pattern (Fig. 12)
gives evidence for long-range order, which is not
consistent with a two-dimensional liquid or lattice
gas. Further work is needed to establish conclu-
sively the structure of the intercalate layer above
T

m
IV. SUMMARY

In this paper electron-diffraction results are re-
ported in the temperature range 110< 7 <900 K for
graphite-Rb intercalation compounds based on
HOPG host material. Annealed stage-1 samples
show the simple graphite pattern below ~300 K,
corresponding to a p(2x2)R 0° in-plane interca-
late ordering with a, 3,v, 0 interlayer intercalate
stacking order. Above ~300 K, a superlattice dif-
fraction pattern is observed, corresponding to the
p(2%x2)R 0° in-plane ordering, but lacking the
a,B,v,0 interlayer intercalate stacking. At yet
higher temperatures, intercalate desorption occurs
giving rise to irreversible behavior. If intercalate
desorption is prevented, the transition at ~300 K
between the two ordered structures is fully revers-
ible. An unannealed as-grown stage-1 graphite-Rb
sample does not exhibit the «, 8,y, 5 stacking in the
temperature range 110<7 < 320 K.

For the higher-stage graphite-Rb compounds
(n=2,8,4,7), the low-temperature 110< T < Ty, in-
plane structure is ordered in the commensurate
p(VTXVT)R19.1° superlattice, where Ty=170 K
for n=2, and decreases with increasing stage in-
dex. As the sample is heated above T, a rever-
sible transition occurs to another ordered phase,
which persists up to the transition temperature
T,=620 K, above which a very complicated spot
diffraction pattern is observed. At low tempera-
tures (T~ T,), the bright-field real-space micro-
graphs show a large number of small (~40- K) re-
gions that are highly absorbing to the electron
beam, and are identified with clusters containing
Rb. A dramatic and reversible change in the clus-
ter size and shape occurs near the transition be-
tween the two ordered structures (T~ T ).
anomaly in the resistivity has also been reported
for stage-2 graphite-Rb for Ty;=172 K.*® It would
be of particular interest to carry out further x-
ray-diffraction studies on graphite-Rb and elec-
tron-diffraction studies on graphite-K to verify
that the transition above Ty is to another ordered
phase for the Rb compounds and to a disordered
phase for the K compounds.
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FIG. 10. (a) Bright-field image for a stage-2 graphite-
Rb compound taken at 110 K. This micrograph is typi-
cal of low-temperature electron micrographs taken for
T<Ty=Ty (Ty=160 K and Ty=170 K). We identify the
dark areas with small clusters of ~40-A diameter. ()
Bright-field image taken on the same spot of the sample
as in (a), but at T=223 K (>T,). Larger clusters of
~180-A diameter and channels are found for micro-
graphs above Ty, A reversible variation in the cluster
size between (a) and (b) is indicated by both straight and
broken arrows, respectively, denoting heating and cool-
ing processes.



FIG, 12. Electron-diffraction pattern taken on a stage-
2 Rb compound at 659 K, showing a very complicated
intercalate arrangement. The multitude of diffraction
spots and the bright halo are both associated with scat-
tering by the intercalant. The graphite spots are undis-
turbed, but difficult to distinguish from the background.
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FIG. 3. (a) In-plane electron diffraction pattern for a
well annealed stage-1 graphite~-Rb (CgRb) sample for
T=300 K. (b) A schematic representation of the diffrac-
tion pattern in (a). The open circles denote the graphite
pattern. The absence of a superlattice pattern indicates
that the diffraction pattern for the intercalate is coin-
cident with that for the graphite. This diffraction pattern
is consistent with the sequential «,8,7v,6 intercalate
layer stacking of Fig. 1(a) and the sequential «, 8,y in-
tercalate layer stacking of Fig. 1(b).
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FIG. 4. (a) In-plane electron diffraction pattern for an
as-grown stage-1 graphite-Rb (CgRb) sample and also for
a well annealed stage-1 graphite-Rb (C4Rb) sample for
T =300 K. (b) A schematic representation of the diffrac-
tion pattern in (a). The superlattice structure indicated
by the closed circles is consistent with a random ar-
rangement of intercalate layers each having either
a,fB,Y, or & site occupations.
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FIG. 5. (a) Low-temperature (7 <170 K) in-plane
electron-diffraction pattern for graphite-Rb sample of
stage n =2, Similar patterns have been observed at low
temperatures for samples with stagesn=3,4,7. () A
schematic representation of the diffraction pattern in
(a). This diffraction pattern shows two hexagonal super-
lattices rotated by +19.1° relative to the graphite lattice,
and commensurate with the graphite lattice.
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FIG. 7. (a) High-temperature (170< 7T <620 K) in-plane
electron-diffraction pattern for stage-2 graphite-Rb
samples (and referred to by Ce X in the text). Similar
patterns are observed for samples with stagesn=3,4,7.
(b) A schematic representation of the diffraction pattern
in (a). The open circles refer to the graphite pattern,
the large solid circles to intense superlattice spots, and

the small circles to weak superlattice spots.




