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The structure and physical properties of two-dimensional polymeric Na4C60 ~body-centered monoclinic,
space groupI2/m! are studied in a wide temperature region from 12 to 300 K at 1 bar, and in a pressure region
up to 53 kbar at 300 K. The temperature dependence of lattice constants suggests a structural anomaly below
100 K where the variation of spin susceptibility is observed from electron spin resonance. The thermal
expansion of the unit-cell volumeV is smaller than that of monomeric Rb3C60 and K3C60. The compressibility
of c is larger than that ofa and b, which can be well explained by the repulsion between Na ions. The
compressibility of the center-to-center distance in the~101̄! plane is; 1

3 times smaller than that in the~101!
plane, which can be well explained by the formation of the polymer chains. Further, a possibility of a
three-dimensional polymerization is discussed on the basis of the pressure dependence of C60¯C60 distances.

DOI: 10.1103/PhysRevB.63.045418 PACS number~s!: 62.50.1p

I. INTRODUCTION

Recently, phases formed through a polymerization of C60

were discovered in metal intercalated C60.
1–17 First, AC60

(A5K, Rb, and Cs! forms a one-dimensional~1D! polymer
between C60 molecules through@212# cycloaddition to lead
a four-membered ring.1–8 AC60 shows interesting properties
characteristic of 1D organic conductors. The polymer phases
of RbC60 and CsC60 are metallic above 50 K, and transform
to an insulating state below 50 K. The electron spin reso-
nance~ESR! shows that the transition is based on the insta-
bility of the 1D metal through a spin-density-wave.4–8 Sec-
ond, a metastable phase ofAC60 forms a (C60)2

22 dimer with
a single C-C bond.4,7–12This phase is realized by quenching
fcc AC60 from 500 K to temperatures below 270 K. ESR and
optical studies suggested a diamagnetic insulating ground
state for the metastable phase ofAC60.

9,10,13 Third,
Na2RbC60 forms a 1D polymer of C60 connected by a single
C-C bond.14,15It is known that Na2RbC60 is a cubic fullerene
superconductor with superconducting transition temperature
(TC) of 3.4 K at 1 bar, and loses cubic symmetry at a modest
pressure below 3 kbar.16 Recently, Bendeleet al. found that
Na2RbC60 loses its cubic symmetry and forms a 1D polymer
with the single C-C bonds when cooling slowly to tempera-
tures below 230 K.14,15This transition was confirmed by13C
and 23Na NMR experiments.17 Fourth, Na4C60 forms a 2D
polymeric phase with a body-centered-monoclinic~bcm!
structure of space groupI2/m. In this phase, the C60 mol-
ecules are connected through single C-C bonds in the (101)̄
plane.18 This phase exhibits a metallic behavior, contrary to
other insulatingA4C60 phases,19–22 and transforms to a mo-
nomeric phase~body-centered-tetragonal (bct):I4/mmm) at
500 K,23 whose structure is the same as those of K4C60 and
Rb4C60.

24,25 ESR shows that this phase transition is a metal-
metal transition.23 The metallic behavior of Na4C60 can be
reasonably explained by smaller lattice constants than those
of the otherA4C60, which are understood as the nonmagnetic
molecular Jahn-Teller Mott insulator.26,27 Further, the tem-
perature dependence of spin susceptibilityxspin of Na4C60

estimated from ESR shows a transformation from
temperature-independent~Pauli-like! behavior to a rapidly
increasing one below 100 K, and a further rapidly decreasing
one below 20 K.18

The first purpose of the present study is to search for a
structural transition below 100 K from the temperature de-
pendence of the x-ray diffraction of Na4C60 at 1 bar, in order
to clarify the origin of the magnetic transition. The second
purpose is to search for phases in Na4C60 under pressure and
to study the structures and physical properties of 2D poly-
meric Na4C60 under pressure.

II. EXPERIMENT

The Na4C60 sample was prepared by annealing stoichio-
metric amounts of C60 and Na metal for 100 h at 723 K
under a vacuum of 1025 Torr; a trace of benzene contained
in C60 powder was removed before annealing. The sample
was introduced into a glass capillary for Raman and x-ray-
diffraction measurements at 1 bar, into diamond-anvil cells
for x-ray-diffraction measurements under pressure, and into a
quartz tube for ESR measurement at 1 bar. ESR spectra were
recorded from 290 to 16 K with a Bruker ESP300 ESR spec-
trometer. The temperature was regulated within61 K with
an Oxford He flow Cryostat~ESR910!. The spin susceptibil-
ity xspin was determined by comparing the integrated inten-
sity of the ESR for the sample with that for CuSO45H2O
(xspin56.0031026 emu/g at 290 K!.28 The raman spectrum
was measured by using an ISA Confocal LABRAM system
at an excitation of 632.8 nm with a He-Ne laser. The x-ray-
diffraction pattern was measured with synchrotron radiation
at the BL-1B in the Photon Factory of High Energy Accel-
erator Research Organization~KEK-PF!. The wavelengthsl
used for the x-ray-diffraction measurements were 1.1002~2!
Å in a temperature region below 300 K at 1 bar, and
0.6904~1! Å in a pressure region from 1 bar to 53 kbar at 300
K.

III. RESULTS AND DISCUSSION

Figures 1~a! and 1~b! show a Raman peak for a C60 in-
tramolecular Ag~2! mode, and an x-ray-diffraction pattern at
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300 K, respectively. The Raman peak at 300 K shows a
center frequencyv0 of 1438 cm21 and a linewidthG of 8
cm21. v0 shows that this sample is Na4C60 because one-
electron transfer to C60 results in a redshift of 7 cm21 from
v0 in the Ag~2! Raman peak of pristine C60: 1467 cm21.29

The x-ray-diffraction pattern at 300 K shows a pattern char-
acteristic of the polymeric phase of Na4C60 ~bcm, I2/m, Z
52!.18

The x-ray-diffraction pattern was analyzed according to
the procedure reported by Oszlanyiet al.18 First, the Carte-
sian coordinates of 60 C atoms in a C60 molecule were gen-
erated under them3 point-group symmetry from the coordi-
nates of three C atoms shown in Ref. 18. Second, the C60
molecule was rotated by Eulerian angles ofc5255.3°, u
525.8°, andf549.1°. Third, the coordinates were trans-
ferred into fractional atomic coordinates for the monoclinic
lattice, where thea, b, c, and b reported in Ref. 18 were
employed; the C60 molecule is centered on the origin of the
unit cell. Fourth, the coordinates of independent 30 C atoms
were chosen in theI2/m lattice, where a disordered C60 mol-
ecule related by a twofold rotation axis alongb was auto-
matically formed by the symmetry operations of theI2/m;
the Eulerian angles arec52124.7°, u5154.2°, andf
52130.9°. As reported by Oszlanyiet al.,18 it is difficult to
distinguish the space groups ofI2/m andP21/n based on the
x-ray powder diffraction pattern. Consequently, we adopted

the space groupI2/m in the analysis of x-ray-diffraction pat-
tern according to Oszlanyiet al.The Na ions were located at
4h and 4i . The Rietveld refinement was performed by using
a RIETAN 94 program.30 The lattice constantsa, b, c, andb,
were determined to be 11.24~1!, 11.71~1!, 10.25~1! Å, and
96.08~4!°, respectively, in good agreement with those re-
ported previously.18 The occupancy factors of the Na atoms
at 4h and 4i were 0.99~3! and 0.92~2!, respectively. There-
fore, the sample used in this study is Na3.82~7!C60, compa-
rable to the sample used by Oszlanyiet al., Na3.72~8!C60.

18 In
this analysis, the isotropic displacement parameterB for Na
and C atoms were fixed to the previous ones.18 The atomic
coordinates of C atoms were not refined, but these were ad-
justed to the newa, b, c, andb to maintain the first molecu-
lar geometry. Though we tried to determine the exact C60
geometry by taking into account the distortion of C60 mol-

FIG. 1. ~a! Raman peak of the C60 intramolecular Ag~2! mode,
and~b! the x-ray-diffraction pattern at 300 K under a pressure of 1
bar @l50.6904(1) Å#. The observed data are denoted by the data
points ~1 symbols!, and the calculated plots are by the solid lines.
In ~b!, the allowed peak positions and the difference between the
observed and calculated patterns are drawn by ticks and the solid
line, respectively. Two peaks due to the sample holder are shown
by asterisks. In the Rietveld refinement shown in~b!, the final
weighted patternR factor Rwp50.061, the final integrated intensity
R factorRI50.024, and the goodness of fitS51.7; S is the ratio of
Rwp to the expectedR factor,Rexp, and a measure of the adequacy
of the model used in the refinement.

TABLE I. Structural parameters from Rietveld analysis for
Na4C60 at 1 bar and 300 K. The space group isI2/m. The lattice
parameters area511.24(1), b511.71(1), and c510.25(1) Å,
and b596.08(4)°. The final weighted patternR factor Rwp

50.061, and the final integrated intensityR factor RI50.024.

Site x y z Occupancy
B

(Å 2)

Na1 4h 0.5 0.205~3! 0 0.99~3! 5
Na2 4i 0.696~4! 0 0.465~3! 0.92~2! 5
C1 8j 0.1640 0.1096 0.2877 0.5 2
C2 8j 0.0486 0.1031 0.3268 0.5 2
C3 8j 0.2752 0.0719 20.1198 0.5 2
C4 8j 0.2983 20.0396 20.0747 0.5 2
C5 8j 20.0361 0.2984 20.0504 0.5 2
C6 8j 20.0789 0.2556 20.1741 0.5 2
C7 8j 0.2621 0.1634 20.0271 0.5 2
C8 8j 20.1904 20.0917 0.2343 0.5 2
C9 8j 20.3092 0.0635 20.0649 0.5 2
C10 8j 0.2375 20.1352 20.1423 0.5 2
C11 8j 0.0901 0.2903 20.0048 0.5 2
C12 8j 0.1032 20.2794 20.0608 0.5 2
C13 8j 20.0030 20.2032 0.2564 0.5 2
C14 8j 20.1904 0.1923 20.1909 0.5 2
C15 8j 0.1907 0.1926 0.1900 0.5 2
C16 8j 20.2295 20.0059 20.2657 0.5 2
C17 8j 0.0442 20.1794 20.2696 0.5 2
C18 8j 20.0054 20.0074 0.3453 0.5 2
C19 8j 0.2726 0.1403 0.1076 0.5 2
C20 8j 20.1317 0.0007 0.2996 0.5 2
C21 8j 20.2966 20.0248 20.1544 0.5 2
C22 8j 0.1556 20.1161 20.2529 0.5 2
C23 8j 0.1693 0.2397 20.0843 0.5 2
C24 8j 0.2109 20.2183 20.0447 0.5 2
C25 8j 20.1249 20.1954 0.2123 0.5 2
C26 8j 20.2552 0.1740 20.0834 0.5 2
C27 8j 0.1010 0.2663 0.1348 0.5 2
C28 8j 20.1773 0.1008 20.2836 0.5 2
C29 8j 0.0185 20.2596 20.1753 0.5 2
C30 8j 0.0578 20.1076 0.3241 0.5 2
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ecule fromI h symmetry, it was difficult to determine it based
on x-ray powder diffraction. Consequently, the lowering in
the molecular symmetry of C60 was not taken into account in
this analysis. Finally, for Na atoms,y at 4h, andx andz at 4i
were refined. The final structural parameters are listed in
Table I.

Figures 2~a! and 2~b! show the bcm unit cell of Na4C60.
The position of C60 molecules are denoted by small white
balls in Fig. 2~a!. The arrangement of the C60 molecules
viewed along the@001# is shown in Fig. 2~b!. The polymer
chains are formed along thê111& directions in the (101̄)
plane. The nearest center-to-center distance between the C60
molecules is 9.28~1! Å, which is slightly larger than those for
1D polymericAC60 formed by@212# cycloaddition~9.14 Å
for RbC60 and 9.11 Å for KC60!.

3,4 However, the distance in
Na4C60 is slightly smaller than that inAC60 dimer and
Na2RbC60 polymer phases with a single C-C bond@9.34 Å
for RbC60 and KC60,

4,12 and 9.35 Å for Na2RbC60 ~Ref. 14!#.
The center-to-center distance between C60 molecules along
the ^111& directions in the~101! plane is 9.91~1! Å, which
implies van der Waals contacts. The value is smaller than
that of monomeric Na2C60@10.03(1) Å# ~Refs. 31 and 32!
and C60(10.02 Å).33

Figures 2~c! and 2~d! show the@100# and @001# projec-
tions, respectively, of the bcm unit cell in which Na atoms at
4h and 4i are denoted by black and gray balls, respectively.
The first nearest distance between Na atoms, 4.54~8! Å, is
found between the Na atoms at 4i in the ~010! plane. The
value is close to the sum of van der Waals radius~2.27 Å!
~Ref. 34! of the Na atom. The second-nearest Na¯Na dis-
tance is 4.81~7! Å between Na atoms at 4h in the ~100!
plane. The bonds formed between the C60 molecules are
shown for two possible orientations in Figs. 3~a! and 3~b!.
The C̄ C distance between C60 molecules is 2.18 Å for both

orientations. The long C-C distance is caused because the
distortion of C60 molecule is not taken into account in this
Rietveld refinement. If the exact C60 geometry can be deter-
mined, the C-C distance would become short as that deter-
mined in the Na2RbC60 polymer phase,;1.7 Å.35 The mo-
lecular conformations around the C̄C bonds are reasonable
for both orientations. These results mean that the polymer
chain can be formed between the C60 molecules with two
possible orientations which are randomly distributed with
50% probability in the unit cell. The first and the second
nearest C̄ C distances between the C60 molecules in the
~101! plane are 3.24 and 3.26 Å, respectively, for the same
orientation while 3.01 and 3.20 Å for the different orienta-
tion. These values are comparable to the first nearest C¯C
distances in the monomeric Na2C60(3.15 Å),31

K3C60(3.14 Å),24 Rb3C60(3.32 Å),24 and C60(3.15 Å).24,36

The ESR spectra were analyzed by a least-squares fitting
with a single Lorentzian function from 16 to 290 K. The
xspin, the peak-to-peak linewidthDHpp, and theg factor
were estimated to be 1.431024 emu/mol, 1.7 G, and 2.0012
at 290 K, respectively. The value ofxspin is consistent with
that reported previously, 1.731024 emu/mol.18 The density
of state N(«F) is 2 state/eV-spin-C60, suggesting a broad
bandwidth.N(«F) is smaller than the densities of states of
monomeric fullerides~14 state/eV-spin-C60 for K3C60 and 19
state/eV-spin-C60 for Rb3C60!.

37 The broad bandwidth in
Na4C60 can be explained by the small C60-C60 distance due to
the formation of the polymer chain. However, theN(«F) of
Na4C60 is smaller than that of the polymeric Na2RbC60 with
single C-C bonds~11 state/eV-spin-C60 from xspin59.5
31024 emu/mol!.38 Though the center-to-center distance be-
tween C60 molecules is almost the same between Na4C60 and

FIG. 2. ~a! The bcm unit cell, and~b! the view along the@001#
direction of the unit cell; C60 molecules are denoted by white balls
in ~a! and by C atoms in~b!. ~c! @100# and~d! @001# projections of
the unit cell; Na atoms are denoted by balls. The black and gray
balls refer to the Na atoms at 4h and 4i , respectively.

FIG. 3. The chain units formed between the C60 molecules with
~a! the same configuration and~b! different orientations. The white
balls refer to the pentagon ring which contains the bonding C at-
oms.
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Na2RbC60, as described previously, two dimensionality in
Na4C60 may result in band broadening, i.e., samllN(«F).

Figures 4~a!, 4~b!, 4~c!, and 4~d! show the temperature
dependence of thexspin, DHpp, g factor, andDHpp/(Dg)2,
respectively:Dg5g22.0023. Thexspin shows a slight de-
crease with an increase in temperature above 100 K, suggest-
ing that the phase is metallic~a Pauli-paramagnetic state!.
The xspin increases rapidly with a decrease in temperature
from 80 to 40 K, and decreases abruptly below 40 K. Such a
temperature dependence can also be found in a figure~Fig. 4!
of Ref. 18 though Oszlanyiet al.did not comment on it. The
values ofDHpp andDHpp/(Dg)2 decrease rapidly when de-
creasing temperature from 300 to 200 K@see the insets of
Figs. 4~b! and 4~c!#, and decrease slightly with a decrease in
temperature from 200 to 100 K. Further, slopes of the plots
of DHpp andDHpp/(Dg)2 versus temperature change at 100
K. The g factor is constant above 80 K, and shows a rapid
decrease below 100 K. These results suggest a transition of
the Pauli-paramagnetic state below 100 K. The temperature
dependence ofDHpp below 100 K is different from that of
the 1D polymeric phase of RbC60, in which DHpp increases
rapidly with a decrease in temperature below the transition
temperature~50 K!.5 The ground state in RbC60 is interpreted
as an antiferromagnetic state, like that below 30 K in
CsC60.

5,39,40 On the other hand, the transition observed in
Na4C60 may be attributed to the charge-density-wave
~CDW!-type dimerization~spin singlet! because the tempera-
ture dependence ofxspin andDHpp decreases rapidly with a
decrease in temperature below 50 K. A~spin-Peierls! non-
magnetic ground state is realized below 13.8 K in the 1D
polymeric CsC60, and the nonmagnetic state coexists with
the magnetic ordered state which is realized below 30 K.39 If

FIG. 4. Plots of~a! xspin, ~b! DHpp, ~c! theg
factor, and~d! DHpp/(Dg)2 vs temperature.

FIG. 5. X-ray-diffraction patterns at~a! 70 K and~b! 12 K under
a pressure of 1 bar@l51.1002(2) Å#. The observed data are de-
noted by the data points~1 symbols!, and the calculated plots are
by the solid lines. The weak peak at;12.5° found in~a! and ~b!
was assigned to pristine C60(,5%). Thepristine C60 was found
only in a batch used for temperature-dependent x-ray-diffraction
measurement. The allowed peak positions and the difference be-
tween the observed and calculated patterns are drawn by ticks and
solid lines, respectively.Rwp50.089,RI50.036, andS51.8 at 70
K, andRwp50.086,RI50.028, andS51.7 at 12 K.
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the transition in Na4C60 can be assigned to CDW-type dimer-
ization through the electron-phonon interaction, the struc-
tural change may be observed around 50 K. Recently, a
structural anomaly was observed around 14 K in CsC60.

40

Figures 5~a! and 5~b! show x-ray-diffraction patterns at 70
and 12 K as typical examples observed in a low-temperature
region at 1 bar. The x-ray-diffraction patterns were analyzed
according to the same procedure as that at 300 K, except for
thatB’s for Na atoms were refined. All x-ray-diffraction pat-
terns from 12 to 280 K can be indexed withI2/m. The tem-
perature dependence ofa, b, c, andb, and the unit-cell vol-
ume V, are shown in Figs. 6~a!–6~e!. The temperature
dependences ofa, b, and V show a discontinuity at 50 K
which corresponds to the temperature exhibiting the maxi-
mum inxspin. The plots ofc also show a decrease below 50
K. These results are similar to those observed for lattice con-
stants in the 1D polymeric phase of CsC60.

40 The structural
anomaly observed below 14 K for CsC60 is interpreted as an
indication of a spontaneous strain which appears along the
polymer chain axis and the interchain direction. Further, the
strain was related to the appearance of a nonmagnetic state
and magnetoelastic coupling between the localized spin on
C60 and the~spin-Peierls! phonon degrees of freedom. The
anomaly of the lattice constants observed in Na4C60 around

50 K may also be assigned to such a spontaneous strain that
is expected in CDW-type dimerization. Therefore, this struc-
tural anomaly may be related to a transition from the Pauli-
paramagnetic state suggested by ESR. Plots ofb, c, andV in
Na4C60 show a small and continuous increase with a de-
crease in temperature below 100 K. To confirm the discon-
tinuous variation ofV around 50 K, curve fitting was per-
formed by a Gru¨neisen relation within the Debye
approximation@Fig. 6~e!#. V below 50 K could not be fitted
by the Grüneisen relation, as seen from Fig. 6~e!. This also
suggests a structural change around 50 K. However,b de-
creases monotonically with a decrease in temperature in the
temperature region below 200 K. Further, new Bragg reflec-
tions were not found below 100 K, as in Cs3C60.

40 Conse-
quently, these data do not allow one to conclude the struc-
tural transition around 50 K clearly. Further study on the
structure in the low-temperature region should be performed
by single-crystal x-ray diffraction and neutron diffraction.

Negative thermal expansion below 100 K can result in an
increase inN(«F) with a decrease in temperature because of
the decrease in the transfer integralt between the C60 mol-
ecules, leading to an increase inxspin. However, the large
increase inxspin observed in ESR from 80 to 40 K cannot be
explained by such a lattice expansion, because the difference

FIG. 6. Plots of~a! a, ~b! b, ~c! c, ~d! b, and
~e! V vs temperature. The curve calculated with
the Grüneisen relation within the Debye approxi-
mation is shown in~e!.
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in V between 50 and 120 K is very small@1347.6~4! Å3 for V
at 50 K and 1347.1~4! Å3 at 120 K#.

The plots of the center-to-center distances between C60

molecules in the (101)̄ and ~101! planes are shown in Figs.
7~a! and 7~b!. The center-to-center distance in the (101)̄
plane, which is associated with the polymer chain, increases
slightly with an increase in temperature above 200 K, and is
constant from 120 to 200 K. Further, the value increases with
a decrease in temperature below 120 K, and shows a maxi-
mum at 50 K. The value at 50 K is larger than that at 280 K.
The value shows a discontinuous and rapid decrease at 40 K.
On the other hand, the center-to-center distance in the~101!
plane shows a large increase above 140 K and a discontinu-
ous and rapid decrease at 40 K. These results also reflect the
structural anomaly below 100 K. The center-to-center dis-
tances between the C60 molecules in the (101)̄ and ~101!
planes at 12 K are 9.296~1! and 9.911~1! Å, respectively.
Further,b does not reach 90° even at 12 K@b595.88(1)° at
12 K#. These results imply that the possibility of the 3D
polymerization can be neglected in the temperature region
studied at 1 bar.

Figures 8~a! and 8~b! show x-ray-diffraction patterns un-
der pressures of 22 and 51 kbar, respectively, at 300 K,
which can be indexed withI2/m as in the x-ray-diffraction
pattern at 1 bar. All x-ray-diffraction patterns under pressure
were analyzed according to the same procedure as that at 1
bar, except for thatB’s for Na atoms were refined. The pres-
sure dependence ofa, b, c, b, and V are shown in Figs.
9~a!–9~e!. The linear compressibilityk was determined for
Na4C60 because the linear extrapolation is applicable for the
pressure dependence of the lattice constants in the pressure
region below 53 kbar studied here. Thek’s of a @2.16(1)
31024 kbar21#, b @3.38(2)31024 kbar21#, and c @8.8(1)

31024 kbar21# in Na4C60 are smaller than those of mono-
meric fullerenes@1.731023 kbar21 for Na2C60,

41 1.20(9)
31023 kbar21 for K3C60,

42 1.52(9)31023 kbar21 for
Rb3C60,

42 and 2.3(2)31023 kbar21 or 2.731023 kbar21 for
C60 ~Refs. 42–44!#. Further, thek of V of Na4C60 @1.37(3)
31023 kbar21#, is smaller than thek’s of Na2CsC60 (6.4
31023 kbar21)45 and Li3CsC60 (2.631023 kbar21),46 which
polymerize through 1D C-C single bonds. It can be deduced
as a first approximation that the values ofk in Na4C60,
smaller than those of monomeric and 1D polymeric
fullerenes, originate from the formation of the 2D polymer
chains.

Thek of c in Na4C60 is larger than thek’s of a andb. The
small k of b may be ascribed to the formation of a polymer
chain. However, the difference ink betweenc anda cannot
be explained by the formation of polymer chains between
C60 molecules because the effect contributes almost equally
to a and c. The smallk of a can be ascribed to the close
Nā Na contact along the@100# direction in the~010! plane
@4.54~8! Å at 1 bar and 300 K#. The Nā Na distance along
the @001# direction@10.25~8! Å at 1 bar and 300 K# is twice
as large as that along the@100# direction. Thus the small
repulsion between Na atoms along the@001# direction results
in the largek of c. Further, the second close Na•••Na dis-
tance along the@010# direction @4.81~7! Å at 1 bar and 300
K# can contribute to the smallk of b. In fact, the values ofk
increase with an increase in the NāNa distance. On the
other hand, the closest NāC distances between the Na

FIG. 7. Plots of the center-to-center distance between the C60

molecules in~a! (101̄) and ~b! ~101! planes vs the temperature.

FIG. 8. X-ray-diffraction patterns at 300 K under pressures of
~a! 22 kbar and~b! 51 kbar@l50.6904(1) Å#. The peak originat-
ing from the diamond anvil cell was eliminated in~b!. The observed
data are denoted by the data points~1 symbols!, and the calculated
plots are by solid lines. The allowed peak positions and the differ-
ence between the observed and calculated patterns are drawn by
ticks and solid lines, respectively.Rwp50.025, RI50.005, andS
51.6 at 22 kbar, andRwp50.024, RI50.006, andS51.6 at 51
kbar.
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atom and the C60 molecule along the@100#, @010# and @001#
directions are 2.80~4!, 2.70~4! and 2.71~4! Å, respectively, at
300 K under a pressure of 1 bar. These values are close to the
sum of the ionic radius of Na1 ~1.16 Å for a coordination
number of 6!,47 and the van der Waals radius of the C atom
~1.70 Å!.34 The difference in the Nā C distance cannot be
related to the difference in thek of a, b, andc.

The pressure dependence of the Na¯Na distance in the
~010! plane is shown in Fig. 10~a!. The Nā Na distance
shows a substantial linear decrease with an increase in pres-
sure up to 53 kbar. The distance is 3.8~2! Å at 49 kbar, which
is larger than that of the Na9 cluster in Na11C60, 2.78 Å.48

Figure 10~b! shows the pressure dependence of the center-
to-center distances between the neighboring C60 molecules in
the (101̄) and ~101! planes. The distances in the (101)̄ and
~101! planes are dominated by the chemical bond forming
the polymer chains and the van der Waals contacts between
the C60 molecules, respectively. The distance in the~101!
plane shows a rapid decrease in comparison with that in the
(101̄) plane.k of the center-to-center distance between the
C60 molecules in the(101̄) plane@2.11(1)31024 kbar21# is
; 1

3 smaller than that@6.55(7)31024 kbar21# in the ~101!
plane. The smallk can be directly related to the formation of
the polymer chain.

As seen from the inset in Fig. 10~b!, the extrapolation
with the Murnaghan EOS,49,50 which can be applied in a
high-pressure region, for the plots of the C60¯C60 center-to-

center distances in the (101)̄ and ~101! planes versus pres-
sure, shows that these distances approach each other with an
increase in pressure. The center-to-center distance in the
~101! plane at 150 kbar is estimated from the extrapolation to

be 9.28 Å which is consistent with the distance in the (101)̄
plane at 1 bar. This result implies the formation of polymer
chains in both planes at 150 kbar. On the other hand, the

C60¯C60 distance in the (101)̄ plane is estimated to be 8.95
Å at 150 kbar. Consequently, a 3D anisotropic polymeric
phase, with two types of polymer chains, may be realized
above 150 kbar. As seen from Fig. 9~d!, b decreases straight-
forwardly up to 53 kbar. This corresponds to the fact that
both distances approach each other with an increase in pres-
sure. However,b is expected not to reach to 90° at 150 kbar,
judging from the extrapolation for the C60¯C60 distances.
The C-C distances at 150 kbar are expected to be 1.9 Å in

the (101̄) plane and 2.6 Å in the~101! plane. The distances
realized at 150 kbar should be shorter than the above values
because in this analysis the distortion of C60 molecule from
I h symmetry is not considered. However, the C-C distance in

FIG. 9. Plots of~a! a, ~b! b, ~c! c, ~d! b, and
~e! V vs pressure. The fitting curve with the Mur-
naghan EOS is shown in~e!.
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the ~101! plane is still longer than that in the (101)̄ plane at
1 bar ~2.18 Å!. The fact thatb is not 90° produces a diffi-
culty in the formation of short C-C contact because of the
molecular orientation of C60. Consequently, we present two
scenarios: that the 2D polymeric phase of Na4C60 transforms
spontaneously to a 3D anisotropic polymer phase above 150
kbar, and that the 2D phase transforms to a 3D isotropic
polymer phase (b590°) through a structural phase transi-
tion for the relaxation of the stress produced at high pressure
by the orientations of the C60 molecules along thê111& di-
rection in the~101! plane. The crystal structure of the 3D
isotropic polymer phase is expected to be bct.

The fitting curve with the Murnaghan EOS for the pres-
sure dependence ofV is shown in Fig. 9~e!. The atmospheric
isothermal bulk modulasK0 was estimated to be 520~1! kbar
from the Murnaghan EOS. TheK0 is larger than those of 1D
polymeric Na2CsC60 ~280 kbar!45 and Li3CsC60 (260 kbar).46

This result can be reasonably explained by the fact that the
C60 molecules in Na4C60 polymerize two dimensionally, dif-
ferent from 1D polymeric fullerides. TheV at 150 kbar pre-
dicted from the extrapolation is 1140 Å3.

As seen from the inset in Fig. 10~a!, the Nā Na distance

predicted at 150 kbar from the extrapolation with the Mur-
naghan EOS for the plots of the closest Na¯Na distance is
2.7 Å which is much smaller than the sum of van der Waals
radius of Na atoms, 4.54 Å.34 The value is close to the near-
est Nā Na distance for the Na9 cluster in Na9.7C60, 2.78
Å,48 and larger than that for the Na1 cluster, 2.34 Å.48 There-
fore, the 3D polymeric phase of Na4C60 will be realized
through the formation of a Na cluster.

IV. CONCLUSIONS

The temperature dependence ofxspin, DHpp, theg factor,
and DHpp/(Dg)2 estimated from ESR showed a clear
change below 100 K. The structural anomaly around 50 K,
indicated from the temperature dependence of lattice con-
stants, may be related to the change in the ESR. If the ground
state below 50 K is a CDW-type nonmagnetic state, as ex-
pected from ESR, the structural change accompanied by the
transformation from a polymer to a dimer may be observed
in the powder x-ray-diffraction pattern. Though a structural
anomaly is indicated around 50 K, definitive evidence for a
structural transition, such as the appearance of new Bragg
reflections, was not found from the x-ray diffraction.

The pressure dependence of lattice constants showed a
smallerk than those of monomeric and 1D single C-C poly-
meric fullerides.41–43,45,46It was found that thek of lattice
constants was governed by the Na¯Na repulsion. Thek of
the center-to-center distance between C60 molecules in the
polymer chain was; 1

3 smaller than that between thek’s in
contact with the van der Waals interaction. The formation of
two types of polymer chains in Na4C60 around 150 kbar is
expected from the extrapolation with the Murnaghan EOS
for the pressure dependence of the C60¯C60 center-to-center
distances in (101̄) and ~101! planes. Further, the 3D isotro-
pic polymer phase may also be realized through a structural
transition. If the 3D polymerized phase of Na4C60 can be
realized, the phase should exhibit a metallic behavior and an
extremely smallN(«F). This phase is very interesting from
the viewpoint of a comparative study of the monomeric bct
phase~metallic! of Na4C60, which is realized above 500 K.23

ACKNOWLEDGMENTS

The authors acknowledge Y. Iwasa and T. Mitani of
JAIST for the opportunity to use Raman equipment. We are
grateful to K. Ishii and A. Fujiwara of University of Tokyo,
and to Y. Murakami and H. Nakao of KEK-PF, for their
valuable discussion in x-ray-diffraction measurements under
high pressure. The x-ray-diffraction study was performed un-
der a proposal of KEK-PF~99G032!. This work was sup-
ported by a Grant-in-Aid~11165227! from the Ministry of
Education, Science, Culture and Sports, Japan.

1J. Winter and H. Kuzmany, Solid State Commun.84, 935
~1992!.

2Q. Zhuet al., Phys. Rev. B47, 13 948~1993!.
3P. W. Stephenset al., Nature~London! 370, 636 ~1994!.

4G. Oszlanyiet al., in Physics and Chemistry of Fullerenes and
Derivatives, edited by H. Kuzmany, J. Fink, M. Mehring, and S.
Roth ~World Scientific, Singapore, 1995!, p. 323.

5O. Chauvetet al., Phys. Rev. Lett.72, 2721~1994!.
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