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Phase transitions in Na, AC4, (4 =Cs, Rb, and K) fullerides
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The ternary system fullerides Na, 4Cq (A4 =Cs, Rb, and K) are studied by differential scanning
calorimetry in the temperature range of 100 to 450 K. All show reproducible phase transitions at the
transition temperatures of 299 K (AH =2.5%0.5 J/g) for Na,CsCg, 313 K (AH=2.7%0.5 J/g) for
Na,RbCq, and 305 K (AH =3.110.5 J/g) for Na,KCq, Orientational ordering of the fullerene unit is
responsible for the observed phase transitions (T ¢.) from a high-temperature face-centered-cubic (fcc)
to a low-temperature simple-cubic (sc) phase. The observed T . and enthalpy can be compared to
those for pristine Cgy which has T . =256.5 K (AH =8+0.5 J/g). The observed behavior is discussed
in terms of the balance between the C, -C, intermolecular interaction and the C}, -4 * Coulombic in-

teraction as a function of lattice parameter.

A lot of attention has been paid to alkali Cg, fullerides
because they show both conductivity! and superconduc-
tivity.2~> Superconductivity is observed generally in the
face centered cubic (fcc) crystal phases in 4C¢, compo-
sitions (where A denotes the alkali metal). The relation-
ship between superconducting transition temperature
(T,) and crystal structure is an important issue for under-
standing the mechanism of the superconductivity. So far
the T, has been considered to be most likely controlled
by the density of states at the Fermi level within the
framework of BCS theory, that is the T, increases with
the lattice expansion because of the band narrowing.®’
However, exceptions have now been found for Na- and
Li-containing fullerides.*~!! Studies of T, versus lattice
parameters (a,) in ternary Na,AC¢ and Li, AC¢, re-
vealed that such simple relationship is no longer valid!%!!
since some of these fullerides show T.’s far below expec-
tation.® For instance, Na,RbCy, shows superconductivity
at 3.5(£1) K which is far less than the expected 10 K
from the high-pressure experiments on K,C¢ and
Rb;Cgo.>'° Furthermore, Li, ACq, fullerides do not su-
perconduct down to 50 mK.!' The reason for these
features cannot be explained in terms of the dispropor-
tionation type phase transition reported for Na;Cg,
which separates at low temperatures into two nonsuper-
conducting fcc phases, Na,Cq, and NayCep.’

Recently Na,RbC¢, was shown to have a simple cubic
(sc) (Pa3) structure at low temperatures by high resolu-
tion x-ray experiments.'? Furthermore, neutron
diffraction revealed that Na,CsCyg, is also sc at low tem-
peratures and shows the order-disorder phase transition
to an fcc phase upon heating.!* These findings of the
crystal structure for the Na-containing Cg, fullerides are
very important for understanding superconductivity in
A3Cq, compounds and further study of these phase tran-
sitions is warranted.

In the present study, we have prepared high quality
single-phase Na, AC¢, (where 4 =K, Rb, and Cs) and
searched the Cg, order-disorder type sc-fcc phase transi-
tion by differential scanning calorimetry (DSC). We
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show that this phase transition occurs in all of the
Na, ACq, fullerides with higher transition temperatures
(T o) and lower enthalpy change than those encoun-
tered in pristine Cg,.

Na,ACy, (A =Cs, Rb, and K) compounds were
prepared using the method reported before.®!° Careful
handling of the stoichiometry and relatively long inter-
mittent shaking during the thermal diffusion stage gave
much better quality Na,KCg, than previously. 10 to 30
mg of the Na, AC4, samples were hermetically sealed in
6-ml Al pans and DSC measurements were carried out in
the temperature range of 100 to 450 K at a rate of 10
K/min using a Mettler DSC 3000 instrument with a
low-temperature attachment in the high sensitivity mode.
Hysteresis of roughly 3 K was observed for all Na, AC,
samples between heating and cooling processes with al-
most the same enthalpy. The quality of the samples was
followed before and after the DSC measurements by x-
ray diffraction in order to confirm that no degradation
occurred during the experiments.

X-ray diffractions of Na, 4C4 (4 =Cs, Rb, and K)
were measured at room temperature as shown in Fig. 1 in
order to confirm the sample quality before DSC experi-
ments. The diffraction from the Na,KCg, shows a nearly
single-crystal phase at room temperature within the reso-
lution of our experiments. Since the DSC data discussed
later show that the phase transition is very close to room
temperature, the observed x-ray diffractions apparently
contain both sc and fcc phases. However it should be
noted that these samples are far better than those of ear-
lier studies.®1°

The DSC measured on Na, AC¢, (4 =K, Rb, and Cs)
exhibited endothermic peaks at 299+3 K (AH =2.5+1.0
J/g) for Na,CsCg, 31313 K (AH=2.7£1.0 J/g) for
Na,RbCq, and 305+3 K (AH=3.1£1.0 J/g) for
Na,KCq¢, as shown in Fig. 2. No sign of unreacted Cy,
showing the known sc to fcc transition at around 260 K
(AH=810.3 J/g) (Refs. 14-27) was detected. Under the
same experimental conditions, no peaks were observed
for K;Cq, and Rb;Cq, in the temperature range of 100 to
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FIG. 1. X-ray diffractions of Na, AC¢ (A4 =Cs, Rb, and K).
The asterisks are due to the scattering from Al sample holder.
The diffraction of Na,KCq¢, can roughly be interpreted as a sc
and/or fcc lattice as described in the text.
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FIG. 2. The endothermic DSC peaks for Na, AC¢ (4 =Cs,

Rb, and K) indicating the transitions from rotationally ordered
sc to disordered fcc.
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450 K. Combining these results to the reported structur-
al and dynamical properties of Na,RbCg, (Refs. 8, 10, 12,
and 28), Na,CsCg, (Ref. 13), and Na,KCq, in the present
work, we can assign these endothermic heat absorptions
to the ordered sc to disordered fcc phase transition. It is
very interesting to note that all the Na, AC¢, compounds
show such sc-fcc phase transition reminiscent of pristine
Cqo- This feature is in strong contrast to those of the oth-
er superconducting 4;Cqy’s, such as K3Cq, and Rb;Cy,
where the structure remains fcc even at low tempera-
tures.?”3® Considering that all Na, AC4, show the sc-fcc
phase transition, the stability of the sc crystal phase in
A,Cq, seems to be controlled by the tetrahedral Na™
with the little influence of the 4 ¥ cation in the octahe-
dral sites.

The details of the sc-fcc phase transition in pristine Cqyg
have already been reported.'*”?” Our DSC analyses of
the pristine Cq, under ambient pressure are shown for
comparison in Fig. 2(a), and show that T ¢, occurs
around 255 K with AH of ca. 9 J/g, in good agreement
with earlier reports.!*”?’ Higher pressure experiments
on pristine Cg show that the T . value increases with
pressure,’! and accordingly with the reduction in lattice
parameter. In Fig. 3 the relationship between a, and
T 4. under high pressure [here the a, values under high
pressure are estimated using the reported axial compres-
sibility of k,=d Inay/dp=1.83X 1073 kbar ' (Refs. 32
and 33)] is plotted together with data for Na,CsCy,
Na,RbCq,, and Na,KCq, obtained in this work for com-
parison. The T ;. value of Na,RbCg, which has the
smallest lattice parameter among the Na, AC¢, supercon-
ducting family,** lies on the general curve of T ¢ VS @
obtained from pristine Cq, under high pressure, while
those of Na,CsCq, and Na,KCg, lie above the curve.

In the ordered sc A;Cgq, phase, in contrast with pris-
tine Cg, the stabilization energy is considered to be gen-
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FIG. 3. The relationship between T (. and lattice parame-
ter ao. The lattice parameters obtained from the diffractions
measured at room temperature are used. The dependence of a,
on temperature will not make a large difference for the purpose
of the comparison in this study.
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erally determined by both the Ci, -C3, and C},-4 * in-
teractions, where the Ci;-4 " Coulombic interactions
work as a secondary effect to stabilize the sc phase.** It
was also pointed out that the short-range repulsive in-
teraction potentials do not favor the sc crystal phase’®34
from the calculations on Na,Cg (x =2). This can be
compared to that for the pristine Cq, where only the
Ceo-Cyp intermolecular interactions are important for the
sc phase stability.

If we follow this simple picture, in the small lattice pa-
rameter region, the contribution of the C3, -C3, interac-
tion would be the main factor controlling T . and, ac-
cordingly, the T ¢ values of Na, AC4, will be close to
that of pristine Cq, under pressure. However in the large
lattice parameter region, the Ci, -4t interaction will
also have an effective contribution. The discrepancies ob-
served for Na,CsC¢y and Na,KCg, can be considered to
be due to this additional effect. Considering the ionic ra-
dii of alkali metals, one would have expected that the lat-
tice parameters will be in the order of
ay(Na,CsCq) > a((Na,RbCqy) > ay(Na,KC¢,). However,
as can be seen in Fig. 3 Na,KC, does not fit this trend.
This has been discussed elsewhere.”

The observed AH(~3 J/g) for Na, AC, is about one
third that of pristine Cg,. This is in good accord with the
values found for Na,Cg (x =1—2).* The recent neu-
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tron scattering study on Na,CsCq, showed that the de-
gree of the C-C bond alternation of pentagon-hexagon
(5:6) and hexagon-hexagon (6:6) type bonds tends to be
reduced compared to that in pristine Cg.!* This might
cause the potential valleys in the Pa3 sc phase (the 22°
and the other two rotations around 82°) to become shal-
low because of a reduction in the ad hoc electrostatic con-
tribution.’ =3  Accordingly, this will lead to the reduc-
tion in AH. Another explanation for the smaller AH (sc-
fcc) observed for Na, ACy, would be the smaller entropy
associated with the CJ, orientational fluctuations due to
the influence of tetrahedral A ™ than that in the pristine
C¢o having quasi-free rotational characteristics in the
high temperature fcc phase.>*

It is now clear that all Na, AC¢, (4 =Cs, Rb, and K)
undergo first-order-like phase transition from fcc to sc at
low temperatures. However further studies are still need-
ed to understand the details in lattice parameter and the
anomalous low T, of some of sodium containing ful-
lerides.

The authors would like to thank Dr. K. Prassides for
useful discussions and Dr. Y. Kubo for arranging the su-
perconducting quantum interference device measure-
ments.
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