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The true superconducting phase in rare-earth C60 fullerides RxC60 �R=Yb and Sm� is not R2.75C60 previously
reported. Moreover, no superconductivity is observed in Sm-C60 fullerides. The phase sequence between
Yb-C60 fullerides and Sm-C60 ones as a function of the intercalant concentration of x is shown to be greatly
different, although Yb and Sm are the same family of rare-earth elements with the divalent valence state. This
can explain the loss of superconductivity in SmxC60 and suggests the true superconducting phase. The whole
picture of rare-earth C60 fullerides is described.

DOI: 10.1103/PhysRevB.73.094509 PACS number�s�: 74.70.Wz

I. INTRODUCTION

The doped C60’s with a half-filling band, identical to the
trivalent state of C60, are metallic and superconducting, and
no superconductivity is observed in the other filling in the t1u
associated C60 fullerides.1–3 Such features have been exem-
plified for alkali metal doped C60 fullerides.4 In contrast, the
t1g band-associated C60 fullerides show a different situation.
Alkaline-earth metal �Ae=Sr and Ba� doped C60 fullerides
show superconductivity when they are in the body-centered
orthorhombic phase �bco� with the stoichiometry of
Ae4C60.

5–8 The change in properties upon the odd-even sto-
ichiometries observed in the t1u associated fullerides �see a
simplified situation in the t1u C60 fullerides shown in Fig. 1�
is no longer observed in these t1g associated ones.9

The rear-earth metal doped C60 fullerides were also re-
ported to show superconductivity with a very different crys-
tal phase of R2.75C60’s �R=Yb and Sm� with superlattice
structure.10,11 This had been believed to be the true supercon-
ducting phase for a long time after the publications. This
assignment, however, seems to be unreasonable since the
divalent state of R intercalants gives rise to a band filling in
the vicinity of the t1u upper band edge as seen in Fig. 1 and
this is a very different situation encountered for the other t1g
C60 fullerides made from Sr and Ba �Refs. 5–8 and 12� and
their mixtures with K and Rb.9 In view of the fundamental
knowledge so far achieved from the electronic states of alkali
and alkaline-earth metal doped C60’s as described above,
such a situation cannot be expected and had to be clarified. If
this was indeed the true case, the theories so far proposed
had to be modified. In the late 1990s, we have clearly shown
that R2.75C60 fullerides �R=Yb and Sm� are not the true su-
perconducting phases, even though the experimental fact that
the superconductivity can be observed in Yb-C60 fullerides10

is correct. Moreover, we have pointed out that any supercon-
ductivity cannot be observed in the case of Sm-C60
fullerides,13 even though the superconductivity was reported
in the literature.11

At that time, however, the real superconducting phase in
the Yb-C60 fullerides as well as the reason why the super-
conductivity cannot be observed in the Sm-C60 ones has not

fully been understood.13,14 This paper elucidates that the
phase sequence of C60 fullerides is very much different be-
tween Yb and Sm fullerides, although both of the elements
are the same family of divalent rare-earth metals. This will
give the true whole scenario of what occurs in the rare-earth
C60 fullerides.

II. EXPERIMENT

R2.75C60 �R=Yb and Sm� fullerides were prepared from
the direct reactions of C60 and Yb or Sm metals with differ-
ent stoichiometries. C60 commercially available from the
TERM company was mixed with rare-earth metals and intro-
duced to a tantalum cell encapsulated by a quartz tube. The
mixed samples were pelletized at room temperature and then
heated at 873 K for about 10 h. The preheated samples were
ground after being taken out of the glass tubes in a glove box
and again heated at 923 K for 24–72 h. The resulting ful-
lerides were subjected to the magnetic measurements using a
Quantum Design MPMS7 apparatus for checking supercon-
ductivity and their structure was studied by x-ray diffraction
measurements carried out by high-energy synchrotron radia-
tion at BL02B2 of SPring-8.

FIG. 1. �Color online� The variation of NEF
as a function of band

filling in the t1u associated C60 fullerides. The picture depicted
shown in the left is a simplified band picture.
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III. RESULTS AND DISCUSSION

A. Nonsuperconductivity in R2.75C60 (R=Yb and Sm)

The C60 fulleride with the nominal stoichiometry
Yb2.75C60, being reported to be superconducting, was suc-
cessfully prepared from the pelletized C60 mixed with Yb by
heating treatments. Figure 2 �upper� shows the Rietveld
analysis using the structural parameters reported
previously.10 All the observed peaks including low angle
peaks associated with the superlattice structure were well
indexed. The superlattice structure can be created by the or-
dered deficiency of Yb, caused by the strain due to the small
ionic radius of the divalent Yb and this is in good agreement
with the literature.10 The refinement parameters are
a=2.7772, b=2.7716, and c=2.7715 in the space group of
Pcab �No. 61, option2� with RP=3.00 and RWp

=4.23. There-
fore it is evident that the Yb2.75C60 phase made in the present
study is the same crystal phase that has previously been re-
ported.

We have tried to prepare Yb-C60 fullerides by changing
the nominal stoichiometries ranging from 1 to 6 per C60.
When the concentration of Yb is less than 2.75, no other
stable crystal phases were detected, and a phase separation
between pristine C60 and Yb2.75C60 was observed. When the
Yb amount was increased larger than three, some other
phases formed and the peak intensities indexed to be those of
Yb2.75C60 were reduced.

When Sm was used as an intercalant, the same crystal
phase reported to show superconductivity was also able to be
made together with a small amount of A15 Sm3C60. The
Rietveld analysis is shown in Fig. 2 �lower�. It should be
noted that the crystal phase was greatly improved when it is

compared to that reported previously.11 The two-phase
Rietveld fitting using 95% Sm2.75C60 and 5% A15 Sm3C60
has been made and the refined parameters of a=2.8161,
b=2.8200, and c=2.8169 nm in the space group of Pcab
�No. 61, option2� for Sm2.75C60 and a=1.1105 nm for A15
Sm3C60 were obtained with RP=8.26% and RWp

=10.61%.
Crystallographically no difference was noticed between
Yb2.75C60 and Sm2.75C60 except for the additional A15 phase.

For confirmation of the superconductivity in Yb2.75C60,
magnetic susceptibility measurements for detecting the su-

FIG. 2. �Color� X-ray diffraction patterns of Yb2.75C60 and
Sm2.75C60 collected with synchrotron radiation. Rietveld fittings are
included in the figure.

FIG. 3. �Color online� Magnetic moments measured by SQUID
under a low magnetic field of 10 Oe for RxC60 �R=Yb and Sm�.

FIG. 4. �Color� The phases appearing in YbxC60 and SmxC60 as
a function of x. Both systems show different phase sequences as
described in the text. The saturation phase in YbxC60 is in primitive
cubic, while the one in SmxC60 is bcc.
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perconducting diamagnetic signals have been carried out us-
ing a superconducting quantum interference device �SQUID�
under a low-magnetic field of 10 Oe. The measurements
showed that any important superconductivity does not ap-
pear, except for only a trace amount of superconducting frac-
tion as shown in Fig. 3. Considering the pure crystal phase of
Yb2.75C60 made in the present experiments, the supercon-
ducting fraction was surprisingly only less than 1%. There-
fore the observed superconductivity should not be ascribed
to the Yb2.75C60 phase but ascribed to another coexisting
minor crystal phase.

The existence of superconductivity was also checked for
Sm2.75C60, but surprisingly no symptom of superconductivity
was detected. Considering its high crystal quality described
earlier, it is evident that the Sm2.75C60 fulleride is not super-
conducting.

In order to have more detailed confirmation, we have
measured superconducting magnetic susceptibilities both for
YbxC60 and SmxC60 fullerides by changing the component
ratios of x ranging from 2.75 to 6 in the feed. When x=4 is
used in YbxC60, the superconducting diamagnetic suscepti-
bility was greatly increased. It is also important that the mag-
netic susceptibility is in turn decreased, when the stoichiom-
etry of x=6 in the feed was used. These situations can be
clearly seen in Fig. 3. Since, as explained earlier, it is evident
that some other crystal phases appear from the x-ray diffrac-
tion studies when x is over three, the superconductivity
should be ascribed to the crystal phase other than the super-
lattice Yb2.75C60 phase previously reported. All the data pre-
sented here clearly display that Yb2.75C60, which has so far
been believed to be the real superconducting phase, is not the
true superconducting phase, but that another phase appearing
in YbxC60 with x larger than three is superconducting. This
will be discussed later.

In the case of C60 fullerides with Sm intercalants, no su-
perconductivity was detected for all the component ratios of
x as seen in Fig. 3. It should be important to note that we did
not see any symptom of superconductivity among more than
50 samples in our experiments. This situation is completely
different from the pervious reports.15–17 In any event the ex-
periments described in the present paper clearly show that
the superconductivity observed in RxC60’s �R=Yb and Sm�
does not stem from the R2.75C60 superlattice phase. Further-
more, the physical properties are surprisingly very much dif-
ferentiated between YbxC60 and SmxC60.

B. Structural sequence in YbxC60 and SmxC60

For the purpose of understanding the differences in physi-
cal properties between Yb-C60 and Sm-C60 fullerides, the
structural sequence has been studied. As shown in Fig. 4,
both systems give rise to the R2.75C60 phase with superlattice
structure first. It is important that the famous superconduct-
ing crystal phase of fcc A3C60 fullerides �A=K and Rb� does
not take place in both systems.2,19,20 They show a different
structural evolution from each other as a function of intercal-
ant concentration.

The Yb-C60 system shows a structural sequence in the
primitive cubic lattice. After passing through the first super-

lattice Yb2.75C60 phase, the fullerides approach to Yb6C60
with keeping the primitive cubic cell. The important phases,
such as fcc A3C60 �A=K and Rb� and A15 Ae3C60 �Ae=Sr
and Ba�, are not created. Similar situations have been so far
experienced for NaxC60,

21 CaxC60,
22 and LixCsC60.

23 On the
other hand, the structural sequence in SmxC60 proceeds from
Sm2.75C60 through A15 Sm3C60 �body-centered cubic �bcc�
cell when the C60 orientation is ignored� to bcc Sm6C60. This
situation is reminiscent to that experienced for BaxC60 �in the
case of Sr, the fcc Sr3C60 coexists with the A15 phase�.5,6,8

However, body-centered orthorhombic �bco� type Sm4C60
does not form and this is very different from that in the Ba
and Sr C60 fulleride systems.12

The structural sequence thus determined can be schemati-
cally viewed in Fig. 5. In the structural sequence in YbxC60,
the YbxC60 with x= �3+���5 can form. This phase can pos-
sibly show superconductivity as a t1g-derived band associ-
ated superconductor. Exactly the same situation can be re-
ported for CaxC60.

22 However, this superconducting phase
does not take place in the bcc structural sequence of SmxC60.
Moreover, even in the bcc sequence, the well-known super-
conducting bco R4C60 phase is not made. This conclusion
can reasonably explain why we do not see any superconduc-
tivity in the SmxC60 fulleride system.

The reason why we do not have the superconducting bco
Ae4C60 phase in the bcc structural sequence of SmxC60 may
well be understood when the ionic radii �r+� are taken into
account as displayed in Fig. 6. The r+ of Sm2+ is smaller than
that of Sr2+. Therefore it seems that the bco Sm4C60 will be
less stable. Actually, no bco phase is reported in the case of
the Eu-C60 fulleride.24–26 The ionic radius of Yb2+ is much
smaller than that of Sm2+ and even close to that of Ca2+. It
seems very reasonable that the structural sequence becomes
the same between YbxC60 and CaxC60. As a consequence,
although Yb and Sm are the same group of divalent rare-
earth elements, the structural sequence between YbxC60 and
SmxC60 becomes dissimilar. In turn, this can explain why
very different electronic properties can be observed between
Yb and Sm fullerides. This understanding takes a different
position from that of the other group,14 although the experi-
mental fact that the Sm2.75C60 does not show any supercon-
ductivity becomes a consensus now.

FIG. 5. �Color online� The phase sequence in Yb- and Sm-C60

fullerides as a function of dopant concentration.
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C. The true superconducting phase in YbxC60

Along with the scenario described earlier, the structural
sequence in YbxC60 is modeled in Fig. 7. Due to the stresses
and the strains in the lattice caused by the small r+ of the
divalent Yb2+, the fcc Yb3C60 is no longer stable and one Yb
atom from eight in the tetrahedral interstitial sites will be
kicked out from the fcc Bravais lattice leaving with the com-
position of Yb11�C60�4. Therefore more stable Yb2.75C60 �this
stoichiometry comes from Yb11�C60�4 /4� can form with a
superlattice structure having the ordered Yb vacancies as can
be clarified by x-ray diffraction analyses. With deviation of
intercalants in both tetrahedral and octahedral interstitial
sites, more intercalants can interstitially be accommodated in
the cell to form YbxC60 �x=3+��5�, until they reach the
saturation phases. This structural sequence can end up with
full accommodation of the Yb6C60 stoichiometry. The super-
conductivity can occur in YbxC60 �x=3+��5� as a
t1g-derived band associated superconductor. However, it can-
not still be completely ruled out that the superconductivity
may relate to the graphite intercalations recently gathering
much attractions.18

So far the primitive cubic cell having the stoichiometry of
MxC60 �3�x�6� has been found for NaxC60, LixCsC60, and

CaxC60. The structure of the former two fullerides is depicted
in Fig. 8. Among these three fullerides, superconductivity
has been recognized for the latter two compounds.22,23 The
missing of superconductivity in NaxC60 may be understood
considering the less electron transfer from Na to C60 as well
as the disordered position of Na in the interstitial sites.

Although the superconducting fraction cannot be zero
even in the case of the nominal Yb2.75C60 due to the contami-
nation of the true superconducting phase as seen in Fig. 9,
we have made a comparison between nonsuperconducting
Yb2.75C60 and the superconducting Yb3+�C60 made from the
nominal Yb3.5C60, the latter of which shows the highest su-
perconducting fraction in our experiments. Figure 10 shows
the magnetic susceptibility �Pauli observed under high mag-
netic fields for these two samples. The �Pauli data were ob-
tained from the substraction between 4 and 6 T of magnetic
fields for excluding the small ferroimpurities generally made
in the C60 fullerides. Using the equation of �Pauli=2�B2NEF
where �B denotes the Bohr magneton, the density of states at
the fermi level NEF

was evaluated to be 9 and 18–30 states
eV−1 �C60-mole�−1 for Yb2.75C60 and Yb3+�C60, respectively.
Apparently NEF

of Yb3+�C60 is much larger than that of
Yb2.75C60. The result is not in disagreement with the occur-
rence of superconductivity in Yb3+�C60, but not in Yb2.75C60.

D. The whole picture of the phase sequence in C60

fullerides

The whole picture of the phase sequence in C60
fullerides is shown in Fig. 11. As is well known, fcc

FIG. 6. �Color online� The relationship between the phases and
the ionic radii of the dopants in Ae and RC60 fullerides. The ionic
radii can well explain the crystal phases made in these systems.

FIG. 7. �Color� The phase sequence of YbxC60 with x. The
primitive cubic cell holds until the saturation phase comes up with
increasing x. The superconductivity is considered to occur in
Yb3+�C60.

FIG. 8. �Color online� The structure of the MxC60 phase with
x=3–6 in the primitive cubic cell. The dopants surrounding the
octahedral one occupy their positions in a random fashion keeping
with the primitive cubic symmetry. The saturation phase is gener-
ally M6C60. In the case of Na, x ranging to 11 is reported �Ref. 27�.

FIG. 9. �Color online� The superconducting diamagnetic suscep-
tibilities of the nonsuperconducting Yb2.75C60 and the supercon-
ducting Yb3.5C60 �here 3.5 is the stoichiometry of Yb in the feed�.
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C60→ fcc A3C60→bct A4C60→bcc A6C60 occur in the
case of alkali metal �A=K and Rb�. When alkaline-earth
metals �Ae=Sr and Ba� are used, the phase sequence
of fcc C60→A15 Ae3C60→bco Ae4C60→bcc Ae6C60 takes
place. In the case of rare-earth elements �R=Yb, Sm,
and Eu�, as is described in the present paper, fcc
C60→Yb2.75C60→primitive cubic Yb3+��6C60 and fcc
C60→ �Sm,Eu�2.75C60→A15 �Sm,Eu�3C60 �trace amount�
→bcc �Sm,Eu�6C60 occur. For Na as an intercalant, fcc
C60→ fcc Na2C60→ �fccNa3C60;missing�→primitive cubic
Na6C60→primitive cubic Na11C60. In the case of La, La car-
bides showing superconductivity with Tc=12 and 6 K form
very fast without making C60 fullerides.28 The superconduct-
ing phases are fcc A3C60, bco Ae4C60, primitive cubic
R3+�C60 in the case of Ca and Yb, although still the possible
contribution of graphite intercalations cannot completely be
ruled out.18 No superconducting phases are observed in the
case of Na, Eu, and Sm. It is still an open question of
whether fcc/bco Cs3C60 is superconducting or not.29

IV. CONCLUSION

Both Yb2.75C60 and Sm2.75C60 were reexamined and un-
ambiguously confirmed not to be superconducting. The true
superconducting phase of Yb-C60 fullerides is most likely in
the t1g-derived band. Furthermore, no superconductivity was
observed in the case of SmxC60. These could be understood
by the different phase sequences between Yb-C60 and
Sm-C60 fullerides. In any case, we have no exceptions in the

experimental picture of t1u-associated fulleride superconduct-
ors now. The most recent theories,30–34 taking into account
the cooperative contributions of on-site Coulomb electron-
electron repulsion U and electron-phonon interaction V in the
framework of the phonon-mediated superconductivity under
the dynamic Jahn-Teller distortion of the triply degenerate t1u
orbitals of C60, can explain the superconductivity occurring
in the t1u-associated fullerides. The experimental facts do not
have to require any modifications to these theories as de-
scribed in the present paper.
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