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Rubidium-Cg, Intercalation Compounds

QING ZHU, O1TO ZHOU, N1COLE COUSTEL, GAVIN B. M. VAUGHAN,
JoHN P. McCAULEY, JRr., WiLLIAM ]J. RoMAaNOW, JOHN E. FISCHER,*

Amos B. Smrta 11T

Powder x-ray diffraction at 300 K on equilibrated samples of several nominal
compositions x in Rb,C, is reported. In addition to the face-centered cubic (fcc) (x =
3, superconducting), body-centered tetragonal (x = 4), and body-centered cubic (bcc)
(x = 6) stoichiometric phases, direct evidence for a dilute fcc doped phase, 0 < x < 1,
and for a substoichiometric bec phase, x ~ 5, is presented. In contrast,x = 3 and x =
4 appear to be line phases with nearly zero solubility of Rb vacancies and interstitials
at 300 K. These results are summarized in a provisional binary phase diagram.

LKALI METAL-INTERCALATED Cg
A is now established as an important

new family of synthetic metals. Four
distinct phases have been identified in the
binary system M, Cq, with M = K or Rb,
namely face-centered cubic (fcc)(I) atx = 0
(1, 2), the superconducting phase fec(IT) for
which x = 3 (3-6), a body-centered tetrag-
onal (bct) phase at x = 4 (7), and the
saturated body-centered cubic phase (bcc)
of ideal stoichiometry, x = 6 (8). We pre-
sent x-ray evidence that fcc(I) and bec are
stable phases over finite ranges of x at 300
K, while fcc(II) and bet appear to be line
compounds (that is, only one value of x).
The resulting provisional phase diagram has
some features in common with those of the
better known layer intercalates (9) and
doped conjugated polymers (10).

Since the initial discovery of the bcc or-
dered superlattice, it has become clear that
great care must be taken to ensure equilib-
rium in the synthesis of these materials when
x < 6. The bec K, Rb, and Cs compounds
are reproducibly obtained under rather mild
vapor phase conditions (typically 225°C for
24 hours), but much longer times (6) or
higher temperatures (T)) (4, 5), or both, are
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necessary to obtain reasonably pure phases
of fec(IT) and bet. Accumulated experience
on the synthesis of bulk powder samples
suggests the importance of reexamining
some of the conclusions or inferences con-
cerning phase equilibria based upon in situ
doped film measurements (11, 12), which
necessarily involve milder synthesis condi-
tions than the powder preparations.

We also considered the M, Cg system in
the more general context of guest-host in-
tercalation systems, analogous to intercalat-
ed layer compounds and doped conjugated
polymers. In general, strongly anisotropic
host lattices are responsible for competing
attractive and repulsive guest-guest interac-
tions, which in turn are the origin of con-
centration-dependent superlattice structures
(“stages™) at low temperature (9, 10, 13). A
qualitatively different competition might be
envisaged in M, Cgo between electrostatic
and elastic effects that would enhance the
stability of high- and low-concentration
phases, respectively. Regardless of the ener-
getic details, entropy dominates at suffi-
ciently high T for any guest-host system,
and the guest distribution is then expected
to be completely random for all concentra-
tions. The first-order phase boundaries be-
tween low-T superlattices and the high-T
lattice gas or liquid phase imply finite for-
mation energies for vacancies and intersti-
tials (such as nonstoichiometric phases) near
the x = 0 and x = 6 extremities of the phase
diagram. The present work was motivated in
part by a search for such phases.

Powder samples of a desired global x were
prepared by reacting appropriate relative
amounts of Cg, and saturation-doped
MgCqo as described previously (5). This
differs from the more typical procedure of

reacting preweighed M and Cq,, (3, 4, 6, 7).
The final step typically consisted of anneal-
ing at 400° to 450°C for 1 hour to several
days. Samples were then sealed in quartz
capillaries in an argon atmosphere. Similar
results were obtained for Rb,Cg, and
K,.Cgo- Most of the measurements were
performed at the National Synchrotron
Light Source X10A beamline.

Diffraction patterns were obtained for
samples with global x values of 2.9, 3.3, and
4 (Fig. 1). The first two are dominated by
the fcc(II) phase but contain small amounts
of different minority phases (Fig. 2). All of
the reflections in the x = 2.9 sample exhibit
high-Q (where Q = 4mwsin6/\) shoulders,
the positions and approximate intensities of
which can be determined by composite two-
peak fits (Fig. 2, top). This indicates the
presence of two fcc phases with slightly
different lattice constants. In contrast, the x
= 3.3 sample exhibits weak but resolved
peaks from a different Bravais lattice (Fig. 2,
bottom). The majority phase in both sam-
ples gives the same fcc lattice constant, a =
1442 += 0.02 A, and the same relative
integrated intensities (Fig. 3A). Both sam-
ples showed 55 to 60% diamagnetic shield-
ing at 4 K and superconducting transition
temperature T, = 29.7 K, consistent with
comparable amounts of a single supercon-
ducting phase in the two samples. We iden-
tify this phase as fec(II) and conclude that
this is a line compound at 300 K. Small
deviations from stoichiometry lead to phase
separation up to some T,,,., above which
the miscibility gap is permitted to vanish by
symmetry as in layer intercalates (9).

Composite fits of the high-Q shoulders
from the x = 2.9 profile give an average fcc
lattice constant of 14.28 + 0.09 A. The
large uncertainty is due to the weak shoulder
intensities and to ambiguities in the line-
shape model; the best fits (as presented in
Fig. 2) were obtained with pure Gaussians
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Fig. 1. X-ray powder diffractograms for Rb, ¢Cq,
(top curve), Rb;3Cq (middle curve), and
Rb,Cs, (bottom curve). These profiles were mea-
sured on the NSLS X10A beamline with A =
1.5289 A.
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T T Fig. 2. Expanded view of
the (A) fcc 111 and (B) fec
311 and 222 reflections for
Rb, oCqo (top) and
4 Rb;3Cq (bottom). Solid
curves are fits to the data.
For x = 2.9, each peak is fit
with two closely spaced lines
representing coexisting fcc
{  phases with slightly different
a values. For x = 3.3, re-
solved peaks from a second,
bet phase are found.

Fcc (311)/(222

0.75 0.80 1.40

QA1)

1.45

and Lorentzians for the majority and minor-
ity phase fcc reflections, respectively. Within
this uncertainty, the minority phase a is
marginally greater than the 14.18 A value
for fee(I) at x = 0, but significantly smaller
than the fcc(II) value. Convincing evidence
that the shoulders signify a dilute doped
phase rather than unreacted Cg is provided
by the relative intensities, which are com-
pletely inconsistent with x = 0 (Fig. 3B).

The fitted integrated intensities of the mi- -

nority phase 111 and 220 reflections are
much weaker than those of the 311, inde-
pendent of the choice of lineshape used to
model the two phases. This is in contrast to
pure Cg, for which these reflections all have
comparable intensities (2). Furthermore, the
200 reflection at 0.88 A~ is also a compos-
ite two-component peak (not visible on the
scale of Fig. 1); the presence of finite 200
intensity is further proof that the minority
fec phase is not undoped Cq, (2).

We conclude that the minority constitu-
ent in the x = 2.9 sample is a dilute foc(I)
doped phase, the composition of which can

1.50 1.55

be determined in principle either from the
lever rule and the individual total scattered
intensities of the fcc(I) and fec(IT) constitu-
ents, or by comparing the fcc(I) relative
intensities with model calculations. The for-
mer approach is ruled out by even a small
uncertainty in global x; an error of 0.05
translates into a 100% error in minority
phase Rb concentration. The second suffers
from the large uncertainties in fitted inten-
sities; our best estimate is x < 1.

We ascribe the minority phase in the x =
3.3 profile to bet RbyCqp (7). The bottom
profile in Fig. 1 (x ~ 4) is dominated by bct
reflections with a smaller fcc(I) constituent.
The bet reflections in both samples give the
same lattice parameters as a pure-phase sam-
ple (a = 11.96 A and ¢ = 10.98 A), from
which we conclude that bet is also a line
compound at 300 K. The miscibility gap be-
tween fec(IT) and bet will extend all the way to
the melting point because of the different sym-
metries, but the range of unstable compositions
is very likely to be T-dependent for entropic
reasons. We found no diamagnetic shielding in
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Fig. 3. Integrated intensities
of the various fcc phases ob-
served in the two samples of
Figs. 1 and 2. (A) Majority
phase intensities, showing
that the same phase is pre-
sent in both samples; (B)
minority phase shoulders in
the x = 2.9 sample, com-
pared with the intensities of
undoped Cgy.
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a pure-phase sample of Rb,Cg, down to 5 K,
in agreement with (7).

X-ray profiles were obtained for a sample
with nominal Rb concentration x = 5, and
a saturation-doped sample of nominal x = 6
(Fig. 4, top and bottom). Both are domi-
nated by reflections that index as bcc, and
the saturation-doped sample shows no evi-
dence of a minority phase. The x = 5 sample
contains only a small amount of bct, imply-
ing that the bcc component has an x value
substantially less than 6. The inset to Fig. 4
shows directly that the bec lattice constant in
the x = 5 sample must be significantly
smaller than in the x = 6 sample; the values
are 11.47 + 0.02 A and 11.54 = 0.01 A,
respectively. The identification of substoi-
chiometric bece is confirmed by analysis of
the integrated intensities, which are particu-
larly sensitive to M site occupation at low
angles. Observed values for the 110 (0.78
A="yand 211 (1.35 A™") reflections are 5.0
and 3.4, respectively (strongest peak =
100), while those calculated for 83%
(100%) occupancy of distorted tetrahedral
sites are 5.6 (14.2) and 3.4 (0.2). The
observation of a single bee phase in nominal
RbsCg, demonstrates that bee is not a line
compound. The bct — bee transition must
be first order by symmetry, therefore the
miscibility gap must extend up to the melt-
ing point.

We summarize these results in a schematic
phase diagram (Fig. 5) depicting the coexist-
ence features of T- and x-dependent struc-
tures. The temperature scale is defined ap-
proximately by the 300 K label (lower left).
The composition axis is dominated at low T'
by regions of two-phase coexistence. The first
such region, 0 < x < 3, is analogous to
Safran’s model for layer intercalates (9) since
the end points are isostructural, that is, the
(one-dimensional) superlattice symmetry is
independent of x. On the other hand, we find
no evidence for staging in this region, as
would be expected from, for example, selec-
tive occupancy of octahedral sites at x = 1
(14). Further work is necessary to determine
if the structure exemplified by the minority
fec(I) constituent (Figs. 1 to 3) is such an
ordered stoichiometric phase. **C nuclear
magnetic resonance shows phase separation
in samples with global x = 1.5 and 2.0 (15),
consistent with the present results. A better
analogy for the second two coexistence re-
gions,3 <x <4and4 <x<6atT =0,is
the potassium-polyacetylene-doped polymer
system, in which the two-dimensional super-
latdce symmetry changes discontinuously
with chemical potential (16). Additional evi-
dence that fcc(Il) is a stoichiometric com-
pound is the observation that the supercon-
ducting T in different samples from different
laboratories varies only from 29.6 K to 30 K.
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Fig. 4. Diffractograms for
RbsCsp (top curve) and
RbgCqo (bottom curve).
The inset shows that the ma-
jority bee phase has a differ-
ent lattice constant in the
two samples. These were

measured on a standard dif-
fractometer equipped with a
— sealed Cu tube.
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A recent calculation shows that at x = 3, the
Fermi energy is located in the conduction
band such that the density of states, hence T,
would be strongly enhanced by a small vacan-
cy concentration (17).

The asymmetric upper boundary for 0 <
x < 3 separates mixed-phase fec(I) + fec(IT)
from the uniform high-T lattice gas or lig-
uid (9, 10, 13) (Fig. 5). The asymmetry is a
consequence of a nonvanishing and T-de-
pendent density of random interstitials in
fee(I) and approximately zero vacancy den-
sity in foc(IT). The details of the steeper
boundaries delineating fcc(IT) + bet and bet
+ bec will depend on the interplay between
vacancy formation energies, configurational
entropy of filled and empty sites, and elastic
strains induced by x-driven symmetry trans-
formations. The asymmetry for 4 < x < 6 is
reminiscent of a model for graphite interca-
lation compounds which takes into account
elastic dilation of the host lattice (18); the
smaller the concentration, the lower the
strain, hence the more stable the phase mix-
ture against an entropy-driven order-disor-

bct
o fee (I0)
S
® \ bece
!8-_ fce (1)
£
e
300 K fee (IT)
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Fig. 5. Provisional, and very schematic, phase
diagram for the alkali metal-solid Cgo system.
Shaded regions denote two-phase coexistence.
The (linear) temperature scale is approximately
indicated by the 300 K label in the lower left

corner.
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der transition. Corresponding strain in
M, Cq, could be associated with shear dis-
tortions from fec(II) to bet and from bet to
bee. In this context it is interesting to note
that the volume per Cq, molecule is anom-
alously large in the bct phase, despite the
monotonic increase in M concentration. Us-
ing the above lattice constants, we find that
the excess volume per molecule relative to
fec(I) (x = 0) is 41, 84, 50, and 65 A% at x
= 3, 4, 5, and 6, respectively.

Thus far, all the structural analyses of
M, Cqo have assumed perfect crystallinity.
To check this, we examined the Q depen-
dence of the fitted Gaussian widths from the
x = 2.9 phase (Fig. 6). The overall behavior,
AQ increasing roughly linearly with Q, is
consistent with a combination of instrumen-
tal resolution and sample strain. Superposed
on this trend are pronounced minima at the
111, 222, 333, and 444 positions, suggest-
ing that reflections with & = k = [ are
anomalously broad owing to stacking faults
between close-packed (111) planes. This
idea is supported by the weaker but mono-
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Fig. 6. Q-dependence of the full width at half-
maximum (FWHM) of individual fcc(IT) peaks (x
= 2.9 sample). In addition to an overall mono-
tonically increasing FWHM with increasing Q, all
reflections with & = k = [ are markedly sharper
(circled symbols), indicating the presence of
stacking faults. The solid line is a guide to the eye.

tonic increase of AQ with increasing Q
observed in all of our M¢Ceq (bcc) samples,
which do not contain close-packed molecu-
lar layers. Similar faulting has been identi-
fied by electron diffraction in the undoped
fec(I) structure (19), in which the fault
density can be minimized by extended an-
nealing. It is unclear at this point whether
stacking faults are intrinsic to the fec(IT)
structure, are controlled by the growth pro-
cess, or are generated and stabilized by the
presence of the minority fcc(I) component,
or a combination of all three. The effect is so
strong in our x = 2.9 profile that a reliable
Rietfeld refinement could not be obtained,
necessitating the integrated intensity analy-
sis described above.

We also performed a Rietfeld refinement
on a high-resolution profile of RbsCg,. The
results are consistent with our previous work
on KCgp and CscCgq (8). The details for all
three bec phases will be presented elsewhere.
Briefly, we obtain an integrated intensity R
factor of 4.5% in space group Im3 (a =
11.536 A), assuming a single but variable
C-C intramolecular bond length. The mole-
cules are oriented with twofold axes along
cube edges. Carbon atom positions are local-
ized to within a mean thermal displacement
of 0.15 A, and the best fit molecular radius is
3.57 A (C-C bond length 1.44 A), slightly
dilated with respect to the 3.52 A value
obtained in fcc(I) and consistent with ab
initio molecular dynamics simulations (20).
Rb ions are relaxed from their ideal tetrahe-
dral positions to (0, 0.28, 0.5) and symmetry-
derived positions, also consistent with molec-
ular dynamics. The center-to-center inter-
molecular distance is 9.98 A, intermediate
between the values for K¢Cgo and CsgCeq
and very close to the fcc(I) value.

A novel feature of the alkali metal-Cg
system is the x dependence of T, the
molecular orientational ordering transition
temperature. This transition has no counter-
part in layer intercalates or doped polymers.
What is known so far is that T, (0) = 249
K (2) and T ,,,(6) > 300 K (8). In fec(IT) at
300 K, the Cgq’s are variously claimed to be
partitioned between two discrete orienta-
tions (3) or freely rotating (15). A particu-
larly intriguing case is bct, in which the
molecular point group symmetry is incom-
patible with the long-range order of the
Bravais lattice (7). Further detailed studies
of phase equilibria in M,Cg, intercalation
compounds will be important for under-
standing and controlling the properties of
synthetic metals and superconductors based
on these solids.
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Clathrate Hydrate Formation in Amorphous
Cometary Ice Analogs in Vacuo

DAviD BLAKE,* LouUls ALLAMANDOLA, SCOTT SANDFORD,
Douc HupaGiNs, FRIEDEMANN FREUND

The presence of clathrate hydrates in cometary ice has been suggested to account for
anomalous gas release at large radial distances from the sun as well as the retention of
volatiles in comets to elevated temperatures. However, how clathrate hydrates can
form in low-pressure environments, such as in cold interstellar molecular clouds, in the
outer reaches of the early solar nebula, or in cometary ices, has been poorly understood.
Experiments performed with the use of a modified electron microscope demonstrate
that during the warming of vapor-deposited amorphous ices in vacuo, clathrate
hydrates can form by rearrangements in the solid state. Phase separations and
microporous textures that are the result of these rearrangements may account for a

variety of anomalous cometary phenomena.

clouds, gaseous species such as H,O,

CO, CO,, CH;0H, H,CO, and NH,
are believed to condense onto submicron
silicate and carbonaceous grains to form icy
mantles (1, 2). By a combination of pro-
cesses that include gas-grain chemical reac-
tions, ultraviolet photolysis, and cosmic-ray
bombardment, these components can react
further to produce small amounts of complex
organic compounds (3-7). Icy planetesimals
that probably formed through successive ag-
gregation and agglomeration of such ice-
coated grains may have carried significant
amounts of prebiotic organic materials to
Earth during its early history (8). Comets are
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thought to contain primitive and pristine
materials from the early solar system, perhaps
even unaltered interstellar grains (7). A knowl-
edge of the properties of cometary ice (compo-
sition, structure state, and so forth) may there-
fore provide a better understanding of the types
and amounts of volatiles and biogenic elements
that were delivered to the early Earth.
During the past decade, several workers
have probed the chemical composition and
photochemical and photophysical properties
of cometary and astrophysical ice analogs
and compared the results with astronomical
infrared data (1, 9, 10). In other work, the
gas release properties of precometary and
cometary ice analogs have been studied in
order to understand the dynamics of comets
and other icy solar system bodies (11-13).
Although there have been some recent re-
ports on structural investigations of mixed
molecular ices (14), the crystallographic, mi-
crotextural, and phase evolution of astro-
physical ice analogs specifically under high-
vacuum conditions have not been investi-
gated and are poorly understood. In order
to make such observations, we modified an

Hitachi H-500H Analytical Electron Micro-
scope to enable us to study ices between 12
and 373 K (*2 K accuracy, measured at the
sample) in a vacuum of 107° to 10~7 torr
(15). Gas mixtures were bled into the vacu-
um and condensed onto cold (85 K), thin-
film carbon substrates. The mixed molecular
ices thus formed were characterized by
transmission electron microscopy (TEM)
and selected area electron diffraction
(SAED). Through the use of a low electron
dose imaging system, ice samples could be
viewed without apparent structural damage
or heating by the electron beam. We initially
chose the system H,O-CH;OH because
CH;OH appears to be an important constit-
uent in some cold interstellar clouds (2, 10)
and has recently been detected in the comae
of several comets (16).

We produced a compact, nonporous layer
of amorphous ice 100 to 200 nm in thick-
ness by condensing an H,O:CH;OH (2:1)
gas mixture onto the 85 K substrate at a rate
of 20 to 40 nm min~'. Upon heating slowly
at a rate of ~1 K min~?, the ice remained
amorphous until about 120 K, at which
point broad Debye-Scherrer rings appeared
in the SAED pattern. Bright-field TEM
micrographs revealed the presence of two
phases that were tightly intergrown on a
scale length of about 0.1 um (Fig. 1A). In
the micrograph, amorphous areas appear
bright and crystalline areas appear dark be-
cause diffracted electrons from the crystal-
line regions do not contribute to the final
image. By 130 K the number of Debye-
Scherrer rings had reached seven to eight
(Fig. 1B). At about 145 K one of the two
tightly intergrown phases sublimed, and a
microporous texture was left (Fig. 1C) that
produced an SAED pattern that could be
indexed as the hexagonal polymorph of H,O
ice (Fig. 1D). We interpret the bright con-
trast features in Fig. 1C to be voids because in
thin areas of the ice, the underlying carbon
support film could be clearly seen within each
of the features. Atabout 155 K the hexagonal
H,O ice rapidly sublimed.

Another  sample  of  amorphous
H,0:CH;0H (2:1) ice was warmed up
more rapidly (~4 K min™?) from 85 to 130
K. At 130 K the same SAED pattern was
obtained as after slow warm-up, but the
Debye-Scherrer rings were slightly sharper.
In addition, a large number of single crystal
spots could be seen. With the exception of a
weak- to medium-intensity ring at ~3.6 A
[probably the (111) maximum of cubic
H,O ice], the powder rings and single-
crystal spots could be indexed to a type II
clathrate hydrate structure (space group
Fd3m) (17, 18) with an a-parameter of 16.3
A (Table 1) (19). In two earlier studies
clathrate hydrates were inferred to have
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