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A type of low-temperature structure for ferromagnetica-tetra-kis sdimethylaminod-ethylenesTDAEd-C60 is
proposed on the basis of low-temperature x-ray analysis. We observed that intense superlattice reflections with
odd indices successively appeared belowTs=170 K. The space group symmetry of the low-temperature phase
is determined to beP21/n. Two inequivalent C60 sites exist in the low-temperature phase, which are indis-
pensable to the orbital ordering model of C60. The contact configuration for the neighboring C60s along the
stackingc direction is uniquely determined. The double bond between the hexagons faces the neighboring
pentagon. We found that the surrounding TDAE molecules shift along thec axis s,0.07 Åd and that these
shifts correlate perfectly to the alignment of C60. This result indicates that the steric effect between C60 and
TDAE molecules plays an important role in the orientational ordering of C60. On the other hand, in thea8
phase, no structural phase transition was observed below 30 K. This indicates that all the C60s are crystallo-
graphically equivalent. Structural differences separate the magnetic peculiarities of the two polymorphs in
TDAE-C60.
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I. INTRODUCTION

Molecular magnetism, that is, the magnetic interaction be-
tween molecules, has recently attracted considerable atten-
tion. Several molecular magnets that can be classified as an-
tiferromagnet, ferromagnet, and ferrimagnet have been
systematically designed.1 Unpaired electrons in the mol-
ecules give rise to the magnetism. The antiparallel configu-
ration of molecular spins is usually favorable because it leads
to an increase in the electron transfer energy. The sign of
magnetic interaction between molecules depends on the deli-
cate balance among the kinetic exchange term, Coulomb in-
teraction, and spin polarization effect.

Tetra-kis-sdimethylaminod-ethylene sTDAEd C60 is a
fullerene ferromagnet with the highest transition tempera-
ture,Tc=16 K, among organic ferromagnets.2 Detailed ferro-
magnetic resonancesFMRd measurements were conducted
using a single crystal,3 and the frequency-field diagram was
explained using the usual Kittel’s model with an extremely
weak uniaxial anisotropy. This experiment establishes that
the ground state of TDAE-C60 is the same as that of a bulk
ferromagnet with the highest transition temperature among
purely organic materials. It is also known that its ferromag-
netism strongly depends on the annealing procedure of the
samples. Following the experiment, two polymorphs were
discovered in the salt: a ferromagnetica phase and a nonfer-
romagnetic a8 phase. Thea8 phase crystals irreversibly
transform intoa-phase crystals by thermal annealing.4 The
magnetic susceptibility of thea8 phase obeys a simple Curie-
Weiss law at a high temperature region with a negative Weiss
constant. No magnetic ordering was observed down to 1.5 K,
and the nonmagnetic singlet ground state was proposed in
this phase.5 Although the mechanism of the ferromagnetic
interaction in thea phase has been discussed extensively,
this issue is still debatable. Several theoretical studies were
conducted to explain the highest transition temperature of

this salt. Recently, Kawamotoet al. proposed a model with
cooperative ordering of Jahn-TellersJTd distorted C60.

6 In
this model, the orientation of the orbitals of neighboring JT-
distorted C60s cooperatively order with the orthogonal con-
figuration of the twofold axes in order to reduce the direct
overlapping between the orbitals. The electron correlation in
the nearly degeneratedt1u orbitals would perform well for
the parallel configuration of the spins of the neighboring
C60s. Experimentally, the pressure dependence of the ferro-
magnetic transition temperature, which was investigated by
the high-pressure electron spin resonancesESRd technique,7,8

has been well reproduced by the orbital ordering model of
JT-distorted C60. On the contrary, in order to realize antifer-
rorotative orbital ordering ina-TDAE-C60, the symmetry of
the crystal structure must be simultaneously lowered by the
orbital ordering of C60; this may lead to a space group lower
than that of the room-temperature structuresC2/cd. We have
already reported that a structural phase transition occurs at
approximately 180 K, which is possibly due to the orienta-
tional ordering of C60,

9 but we had not succeeded in solving
the low-temperature structure. On the contrary, Narymbetov
et al. proposed a low-temperature structure that included the
orientational disorder of C60.

10 The low-temperature struc-
ture, which guides the ferromagnetic and/or antiferromag-
netic interactions, is indispensable in resolving the magnetic
properties of the two polymorphs. In this study, we present
the results of the x-ray analysis using several single crystals
from different preparation batches. For thea-phase crystals,
we have succeeded in solving the low-temperature structure
without introducing the orientational disorder of C60. The
final refined factorsR factord of our analysis has improved
and it is comparable with that of the disorder model. For the
low-temperature structure of thea phase, we reveal the
structural phase transition along with the orientational order-
ing of C60, the existence of two crystallographically in-
equivalent C60 sites, the unique contact configuration be-

PHYSICAL REVIEW B 71, 174424s2005d

1098-0121/2005/71s17d/174424s7d/$23.00 ©2005 The American Physical Society174424-1



tween the orientationally ordered C60 molecules, and a slight
shift of TDAE molecules along thec axis. On the contrary,
the low-temperature structure of thea8 phase has a different
type of contact between the nearest neighboring C molecules
along thec axis. We compare the low-temperature structures
for the two polymorphs and discuss them in relation to the
magnetic interactions.

II. EXPERIMENTAL PROCEDURES

The single crystals were obtained by the usual diffusion
method.9 The typical dimensions are 0.530.430.3 mm3.
For the preparation runs, we carefully selected several crys-
tals obtained from different sample batches. As-grown
a8-phase single crystals were well annealed at approximately
70 °C in order to transform them to the ferromagnetica
phase. The details of the annealing procedure are also de-
scribed in Ref. 9. BothTc and the saturation of the magnetic
moment of thea phase are consistent with the previous re-
sults. The magnetization of the single crystal was measured
using a commercial superconducting quantum interference
device sSQUIDd magnetometersMPMS, Quantum Design
Co. Ltdd. All x-ray diffraction measurements were conducted
using a Rigaku RAXIS-IV imaging plate diffractometer with
graphite monochromated MoKa radiation. From 90 K to
room temperature, a liquid nitrogen continuous flow cryostat
was used. Below 90 K, a He-gas continuous flow cryostat
sHelix, Oxford Cryosystemsd was used. The lowest tempera-
ture used for analyzing the structure was approximately
25 K. We selected several single crystals without a twin
boundary to determine the low-temperature structure. One of
the experimental conditions is as follows: data were col-
lected at each temperature to a maximum 2u value of 54.9°.
A total of 90 oscillation images were acquired, each exposed
for 10 min. The data were corrected for Lorentz and polar-
ization effects. The structure was directly solved using the
SIR-97program and expanded using Fourier techniques. Non-
hydrogen atoms were refined anisotropically. Hydrogen at-
oms were included but not refined. The finalR factors for the
structural refinements were less than approximately 9%. In
particular, for thea phase, theR factor at 25 K improved
to ,5.9% without introducing the orientational disorder of
C60. Moreover, to confirm whether the disorder model10

could be reproduced with our measurement result, we have
performed a structure analysis using their method. The ex-
perimental conditions for the structural determination and the
lattice parameters are summarized in Table I.

III. EXPERIMENTAL RESULTS AND DISCUSSION

At first, we explain the structure of thea8-phase crystal.
The lattice parameters at 25 K are summarized in Table I.
The R factor for the structural determination is approxi-
mately 7.3%. The low-temperature structure retains its space
group symmetrysC2/cd. Its atomic coordinates are presented
in Table II. These data of crystal refinement are consistent
with the previous structural analysis.11 Since the orientation
of C60 is completely fixed at this temperature, the contact
configuration along thec axis could be well defined, as

shown in Fig. 1sad. We will compare the contact configura-
tions of thea8 anda phases later.

Next, using the ferromagnetica-phase single crystals, we
examined the temperature dependence of the Bragg reflec-
tions because the structural phase transition temperature has
not yet been correctly determined. Figure 2 shows the tem-
perature dependence of several reflections along with the
x-ray images at various temperatures. A series of intense re-
flections appear belowTs=170 K; however, the other Bragg
reflections exhibit no remarkable anomaly in their intensities
near Ts. The intense superlattice reflections have oddh+k
indices. The smooth evolution of these superlattice reflection
intensities with cooling indicates that the phase transition
is of the second order. The temperature dependence of
these superlattice reflections is well described by the usual
sTs−Td2b formula. The dotted line in the figure represents the
fitting curve with Ts=170±2 K and 2b=0.43±0.02. These
results are consistent with the previous article,9 except for
the accuracy ofTs. The violation of the extinction rules be-
low Ts indicates that the low-temperature phase has a primi-
tive crystal structure. Some of the intensities of these super-
lattice reflections are comparable with those of the Bragg
reflections. Diffuse scattering can also be observed at the
same reciprocal wave vector aboveTs, and belowTs, the
superlattice peaks have well-defined profiles within the ex-
perimental resolution limit. This is in contrast to the previous
structural study.10

We succeeded in analyzing the crystal structure belowTs.
At a temperature aboveTs, the structure could not be ana-
lyzed; this is probably due to the rotation of C60. The lattice
constants at room temperaturesRTd, 90 K, and 25 K are as
follows: a=15.925 Å, b=13.090 Å, c=20.013 Å, andb
=93.67° at RT;a=15.805 Å,b=12.822 Å,c=19.815 Å, and
b=94.491° at 90 K; anda=15.799 Å, b=12.797 Å, c
=19.800 Å, andb=94.788° at 25 K. Figure 3sad shows the
temperature dependence of the lattice constants belowTs.
The thermal contraction of theb axis is remarkable; this may

TABLE I. Experimental conditions for crystal structure determi-
nation and lattice parameters of thea anda8 phases of TDAE-C60

at 25 K.

Formula H24C70N4

Crystal polymorph a a8
Crystal dimensionssmm3d 0.4530.4530.13

Crystal system Primitive Monoclinic

Space group P21/n s#14d C2/c s#15d
a/Å 15.799s1d 15.834s1d
b/Å 12.797s1d 12.7936s5d
c/Å 19.800s1d 19.725s1d
b / + 94.788s5d 94.106s2d
V/Å3 3989.2s5d 3985.3s4d
Z value 4 4

Total reflections measured 25 394 10 771

Unique reflections 7418 4071

Reflections used 5415sI .5ssIdd 3649 sI .5ssIdd
ResidualsR; Rw 0.059; 0.060 0.073; 0.086
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be because this direction is approximately parallel to the nor-
mal to the TDAEs molecular plane. The space group for the
low-temperature phase is determined to be a primitiveP21/n
one. In contrast to the previous structural analysis,10 we suc-
ceeded in solving the low-temperature structure without as-
suming the orientational disorder of C60 molecules. TheR
factor for the structural analysis at 25 K improved to 5.9%. It
should be noted that this value is comparable to that obtained
by the model including the orientational disorder. During the
experimentssapproximately 10 hd, the intensities of the su-
perlattice peaks varied slightly at the lowest temperature, and
the obtained results were found to be valid. Moreover, during
our analyses, no additional Fourier peaks, which would sug-
gest the existence of disorder, were observed. Figure 3sbd
shows the temperature dependence of the isotropic equiva-
lent temperature factorsBeq averaged over the atoms of mol-
ecules. The temperature factors rapidly decrease with cool-
ing, except for the proton atoms. The large temperature
factor of the proton atoms suggests the orientational disorder
of the terminal metyl groups of the TDAE molecule. At
25 K, however, no remarkable differences in the temperature
factors for the individual molecules were observed. There-
fore, we conclude that it is unnecessary to consider the ori-
entational disorder of C60 and that the intrinsic low-
temperature structure, which guides the ferromagnetic
interactions, can be determined. Tables III and IV show the
atomic coordinates of the C60 and TDAE molecules. It
should be noted that the low-temperature unit cell includes
two crystallographically inequivalent C60 molecules. They
are placed on sites 2c and 2d. This is in contrast to the case
of the a8 phase, which has identical C60 sites. In the present
analysis, as C60 exhibits no orientational disorder belowTs,
the contact configuration for the neighboring C60 along the
stackingc direction is uniquely determined, as shown in Fig.
2sbd. The double bond between the hexagons at which the

FIG. 1. Contact configuration for the nearest neighboring C60

viewed from thec axis.sad a8 phase andsbd a phase. The contact in
the a8 phase corresponds to the PM configuration in Fig. 3 of Ref.
10 while that in the a phase corresponds to the FM I-II
configuration.

TABLE II. Atomic coordinates and Biso/Beq for
the a8 phase. Beq=

8
3p 2fU11saa*d2+U22sbb*d2+U33scc*d2

+2U12aa*bb* cosg+2U13aa*cc* cosb+2U23bb*cc* cosag.

Atom x y z Beq

Ns1d −0.0657s2d −0.0310s2d 0.1728s1d 0.59s5d
Ns2d 0.0732s2d 0.0349s2d 0.1855s1d 0.64s5d
Cs1d 0.5771s2d −0.1335s3d −0.1409s2d 0.64s6d
Cs2d 0.5434s2d 0.0497s3d −0.1710s2d 0.66s6d
Cs3d 0.6220s2d 0.0819s3d −0.1345s2d 0.70s6d
Cs4d 0.5212s2d −0.0559s3d −0.1744s2d 0.63s6d
Cs5d 0.5183s2d 0.2090s3d −0.1168s2d 0.70s6d
Cs6d 0.6060s2d 0.1809s3d −0.1010s2d 0.64s6d
Cs7d 0.6524s2d −0.1019s3d −0.1061s2d 0.67s6d
Cs8d 0.5246s2d −0.2130s3d −0.1125s2d 0.63s6d
Cs9d 0.4794s2d 0.1277s3d −0.1600s2d 0.60s6d
Cs10d 0.6752s2d 0.0081s3d −0.1027s2d 0.66s6d
Cs11d 0.4351s2d −0.0879s3d −0.1663s2d 0.66s6d
Cs12d 0.4723s2d 0.2559s3d −0.0667s2d 0.65s6d
Cs13d 0.4365s2d −0.1850s3d −0.1282s2d 0.70s6d
Cs14d 0.6451s2d 0.2006s3d −0.0364s2d 0.64s6d
Cs15d 0.3964s2d 0.0978s3d −0.1522s2d 0.67s6d
Cs16d 0.3734s2d −0.0120s3d −0.1558s2d 0.68s6d
Cs17d 0.5122s2d 0.2761s3d 0.0004s2d 0.57s6d
Cs18d 0.5970s2d 0.2489s3d 0.0154s2d 0.59s6d
Cs19d 0.3859s2d 0.2242s3d −0.0587s2d 0.70s6d
Cs20d 0.3483s2d 0.1459s3d −0.1007s2d 0.61s6d
Cs21d 0.3765s2d −0.2027s3d −0.0807s2d 0.56s6d
Cs22d 0.3121s2d −0.0310s3d −0.1056s2d 0.63s6d
Cs23d 0.4502s2d 0.2578s3d 0.0496s2d 0.63s6d
Cs24d 0.3714s2d 0.2254s3d 0.0132s2d 0.66s6d
Cs25d 0.3137s2d −0.1242s3d −0.0693s2d 0.69s6d
Cs26d 0.2956s2d 0.0675s3d −0.0722s2d 0.62s6d
Cs27d 0.2994s2d −0.1233s3d 0.0030s2d 0.66s6d
Cs28d 0.2816s2d 0.0684s3d −0.0027s2d 0.76s6d
Cs29d 0.3212s2d 0.1489s3d 0.0408s2d 0.70s6d
Cs30d 0.2845s2d −0.0283s3d 0.0353s2d 0.69s6d
Cs31d 0.0023s2d 0.0026s3d 0.2142s2d 0.66s6d
Cs32d −0.1271s2d −0.1045s3d 0.1970s2d 0.74s6d
Cs33d −0.0877s2d 0.0175s3d 0.1067s2d 0.85s7d
Cs34d 0.1051s2d −0.0180s3d 0.1268s2d 0.81s6d
Cs35d 0.1282s2d 0.1153s3d 0.2174s2d 0.90s7d
Hs1d −0.101s4d −0.156s5d 0.232s3d 3s1d
Hs2d −0.177s3d −0.064s4d 0.213s3d 2s1d
Hs3d −0.147s3d −0.150s4d 0.160s3d 2.5s10d
Hs4d −0.145s2d 0.056s3d 0.107s2d 0.2s7d
Hs5d −0.094s2d −0.041s3d 0.066s2d 0.0s6d
Hs6d −0.038s3d 0.068s4d 0.097s2d 1.7s9d
Hs7d 0.069s4d −0.082s5d 0.108s3d 3s1d
Hs8d 0.112s4d 0.038s5d 0.087s3d 4s1d
Hs9d 0.166s3d −0.049s4d 0.139s2d 2.2s9d

TABLE II. sContinued.d

Atom x y z Beq

Hs10d 0.145s3d 0.162s4d 0.182s2d 1.3s8d
Hs11d 0.189s3d 0.081s3d 0.242s2d 1.4s8d
Hs12d 0.092s3d 0.163s4d 0.250s3d 2.4s10d
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twofold axis of the ball exists faces the neighboring pentagon
at an angle of approximately 15° from theb axis. All the
samples that were estimated, which show the ferromagnetic
transition, have the same contact configuration along thec
axis. This is in contrast to the contact configuration in thea8
phase. At the same lowest temperature of 25 K, we could
refine the structure of thea8 phase. No structural phase tran-
sition was present in thea8 phase. As shown in Fig. 1sad, the
double bond between the hexagons faces the neighboring
hexagon.

A remarkable characteristic of the low-temperature struc-
ture is that the orientation of C60 perfectly correlates to the
shift of the surrounding TDAE molecules along thec direc-
tion. In the RT structure, the TDAE molecules are fixed at
z=1/4 due to thetwofold axis along theb direction, but they
exhibit a slight shift along theb direction. Hence, the ab-
sence of this symmetry element in the low-temperature struc-
ture allows the shift of the TDAE molecules along thec
direction. Figure 4 shows the shift of the TDAE molecules,
where eight TDAE molecules surround each C60. The thick
arrows indicate the shift directions of the TDAE molecules.
In the low-temperature phase, TDAEs are placed ons,0,
,0.003, and 0.25±dzd with dz=0.004s,0.07 Åd in the frac-
tional coordinate. The shift along theb axis is comparable
with that of the RT structure. Figure 3scd shows the tempera-
ture dependence of the shift of the TDAE molecules along
the c axis. It should be noted that the CvC double bond of
C60 is aligned along thec axis only when the neighboring
TDAE molecules along theb directionsNos. 2, 4, 6, and 8 in
Fig. 4d approach each other along thec direction, as shown
in the figure. The molecular twofold axis of C60 is aligned

parallel to one of the CvC double bonds. This result clearly
indicates that these shifts correlate to the alignment of the
C60s and that the steric effect between the C60 and TDAE
molecules plays a key role in deciding the orientation of C60.
As shown in the figure, the TDAE molecules stack alter-
nately along thec axis. In the low-temperature structure of
the a phase, the C̄ C distances between the methyl groups
in a TDAE pair are 4.520 Å and 4.840 Å along thec direc-
tion. The shift of the TDAE molecules along thec axis prob-
ably makes their dimerization tight. This may affect the spin
cancellation of a TDAE pair.

Next, we comment on the valence states of a TDAE mol-
ecule in two phases. The central CvC double bond and the
torsional anglef in the N2C-CN2 fragment of a TDAE mol-
ecule are sensitive to the charge state of the molecule.12,13

Using structural parameters, the CvC lengths are 1.413 and

FIG. 2. Temperature dependence of the normalized intensity of
reflections. BelowTs=170 K, several superlattice reflections that
have oddh+k indices appeared. The dotted line is the fitting curve,
which is described in the text. X-ray images atsad T=110,Ts and
sbd T=190.Ts are shown in the upper part of the figure.

FIG. 3. sad Temperature dependence of the lattice constants be-
low Ts. The data are normalized by the data collected at 25 K.sbd
Temperature dependence of the isotropic equivalent temperature
factorsBeq averaged over the carbon atoms of the C60 molecule on
2c site s.d, the carbon atoms of the C60 molecule on 2d site smd,
the carbon atoms of the TDAE moleculessd, the nitrogen atoms of
the TDAE moleculeshd, and the proton atoms of the terminal me-
thyl groups of the TDAE molecules3d. scd Temperature depen-
dence of the shift of the TDAE molecules along thec axis. TDAEs
are placed ons,0, ,0.003, and 0.25±dzd.
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1.419 Å in thea and a8 phases, respectively. Further, the
torsional anglefsN2CvCN2d is also 116° in both phases.
Comparing the molecular orbitalsMOd calculations,12,13 the
TDAE molecules in thea anda8 phases exist as monovalent
cations, indicating that TDAE has aS=1/2 spin. Therefore,
the structural difference between the two phases barely af-
fects the valence state of the TDAE molecules.

The existence of the structural phase transition in thea
phase is in good agreement with the other experiments.
Highly asymmetric13C nuclear magnetic resonancesNMRd
spectra, in which the carbon atoms on C60 are enriched, were
observed below 160 K; further, a broadening of the line-
widths was observed.14 They discussed the broadening in
relation to the dynamical transition in the rotational motion
of C60. However, below 160 K, two correlation times for the
rotational dynamics of C60 increased by more than 2 orders
of magnitude. It can be assumed that this NMR behavior is
due to the static ordering of the rotational dynamics of C60
below the observed structural phase transition. Furthermore,
the temperature dependence of dc conductivity showed a
clear discontinuity of slope at approximately 150 K.15 These
results indicate that the orientational ordering of C60 modu-
lates the intermolecular overlap of electronic wave functions.
The obtained activation energy decreased below this tem-
perature, indicating the enhancement of the intermolecular
contact due to the orientational ordering.

Our findings for the structural phase transition in thea
phase seem to be consistent with these physical properties.
However, theR factors in the two structural analysessdisor-
der model10 and our modeld are almost comparable. Which
structural model is suitable to describe the low-temperature
structure of thea phase? In the disorder model,10 the intense
superlattice reflections, which violate the extinction rules of
the C-centered lattice, are perfectly excluded in the structural
refinement because room-temperature space group symmetry
sC2/cd was assumed. In that case, less than half of the ob-
served reflections were used in the analysis. If we apply this
method to our structural data, theR factor improves slightly
to 4.8% when the ratio of the two configurations is approxi-
mately 55% /45%.16 This ratio is comparable with the pre-
vious one.10 Consequently, this leads to the absence of the

TABLE III. Atomic coordinates andBiso/Beq for the C60 mol-
ecules of thea phase.

Atom x y z Beq

Cs1d 0.6308s2d −0.0918s3d −0.1246s2d 1.52s7d
Cs2d 0.5925s2d 0.0928s3d −0.1459s2d 1.56s7d
Cs3d 0.6524s2d 0.0205s3d −0.1216s2d 1.36s7d
Cs4d 0.5507s2d −0.1232s3d −0.1518s2d 1.42s7d
Cs5d 0.5830s2d 0.1899s2d −0.1071s2d 1.60s8d
Cs6d 0.6694s2d −0.1408s3d −0.0651s2d 1.59s7d
Cs7d 0.5426s2d −0.2526s2d −0.0608s2d 1.15s7d
Cs8d 0.5049s2d −0.2056s2d −0.1191s2d 1.27s7d
Cs9d 0.5099s2d 0.0613s3d −0.1737s2d 1.54s7d
Cs10d 0.6261s2d −0.2199s2d −0.0336s2d 1.19s7d
Cs11d 0.4894s2d −0.0453s3d −0.1768s2d 1.67s8d
Cs12d 0.7035s2d 0.0369s3d −0.0592s2d 1.63s7d
Cs13d 0.4941s2d 0.2159s2d −0.1129s2d 1.48s7d
Cs14d 0.7150s2d −0.0609s3d −0.0232s2d 1.45s7d
Cs15d 0.4479s2d 0.1365s3d −0.1538s2d 1.63s8d
Cs16d 0.4922s2d −0.2760s2d −0.0044s2d 1.11s7d
Cs17d 0.4153s2d −0.1801s2d −0.1241s2d 1.24s7d
Cs18d 0.6267s2d −0.2235s2d 0.0406s2d 1.39s7d
Cs19d 0.4053s2d −0.0799s3d −0.1601s2d 1.60s8d
Cs20d 0.5432s2d −0.2581s2d 0.0582s2d 1.29s7d
Cs21d 0.7148s2d −0.0660s2d 0.0464s2d 1.46s7d
Cs22d 0.4052s2d −0.2509s2d −0.0096s2d 1.2433

Cs23d 0.3675s2d 0.1041s2d −0.1370s2d 1.37s7d
Cs24d 0.3665s2d −0.2024s2d −0.0703s2d 1.36s7d
Cs25d 0.6700s2d −0.1474s2d 0.0798s2d 1.46s7d
Cs26d 0.3464s2d −0.0072s3d −0.1407s2d 1.62s8d
Cs27d 0.3054s2d −0.1259s2d −0.0506s2d 1.05s7d
Cs28d 0.2961s2d −0.0306s3d −0.0852s2d 1.54s7d
Cs29d 0.3681s2d −0.2064s2d 0.0486s2d 1.50s7d
Cs30d 0.3050s2d −0.1279s3d 0.0221s2d 1.59s7d
Cs31d 0.5646s2d −0.0346s3d 0.6741s2d 1.47s7d
Cs32d 0.6188s2d −0.1020s3d 0.6447s2d 1.42s7d
Cs33d 0.4746s2d −0.0567s3d 0.6718s2d 1.46s7d
Cs34d 0.5858s2d −0.1965s2d 0.6122s2d 1.28s7d
Cs35d 0.4985s2d −0.2188s2d 0.6099s2d 1.20s7d
Cs36d 0.4420s2d −0.1465s3d 0.6406s2d 1.50s7d
Cs37d 0.4278s2d 0.0412s3d 0.6627s2d 1.40s7d
Cs38d 0.6858s2d −0.0615s3d 0.6050s2d 1.40s7d
Cs39d 0.6316s2d −0.2139s2d 0.5530s2d 1.30s7d
Cs40d 0.4551s2d −0.2587s2d 0.5493s2d 1.26s7d
Cs41d 0.3514s2d 0.0435s3d 0.6222s2d 1.23s7d
Cs42d 0.3619s2d −0.1438s2d 0.5980s2d 1.37s7d
Cs43d 0.6937s2d −0.1312s2d 0.5486s2d 1.07s7d
Cs44d 0.3335s2d 0.1311s2d 0.5758s2d 1.29s7d
Cs45d 0.3701s2d −0.2134s2d 0.5407s2d 1.17s7d
Cs46d 0.5895s2d −0.2533s2d 0.4938s2d 1.1903

Cs47d 0.4991s2d −0.2759s2d 0.4917s2d 1.2025

Cs48d 0.3180s2d −0.0502s2d 0.5888s2d 1.46s7d

TABLE III. sContinued.d

Atom x y z Beq

Cs49d 0.2899s2d 0.0917s3d 0.5147s2d 1.37s7d
Cs50d 0.2803s2d −0.0223s3d 0.5227s2d 1.34s7d
Cs51d 0.3338s2d −0.1858s2d 0.4771s2d 1.51s7d
Cs52d 0.6069s2d −0.2110s2d 0.4277s2d 1.29s7d
Cs53d 0.4604s2d −0.2481s2d 0.4253s2d 1.30s7d
Cs54d 0.2874s2d −0.0868s2d 0.4671s2d 1.31s7d
Cs55d 0.3790s2d −0.2035s2d 0.4179s2d 1.46s7d
Cs56d 0.5266s2d −0.2073s2d 0.3853s2d 1.33s7d
Cs57d 0.3053s2d −0.0451s3d 0.4027s2d 1.53s7d
Cs58d 0.3619s2d −0.1166s2d 0.3710s2d 1.28s7d
Cs59d 0.5100s2d −0.1234s3d 0.3409s2d 1.43s7d
Cs60d 0.4256s2d −0.0781s3d 0.3336s2d 1.39s7d
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shift of TDAE molecules along thec axis. The contact con-
figuration of C60 along thec axis in our analysis is the same
as the FM I-II configuration.10 Although theR factor may
improved slightly, these superlattice reflections cannot be
strictly ignoredsin the disorder model, theR factor for these
superlattice reflections must be 1d. We emphasize that our
model was directly solved without any special assumption
and was refined.

The structural phase change possibly guides the ferromag-
netic transition of TDAE-C60 since thea8-phase crystal ex-

hibits no structural phase transition and no ferromagnetic
behavior.5 The lower symmetry permits the shift of the
TDAE molecules along thec direction and leads to the ex-
istence of two inequivalent C60 sites. Although the reasons
for the absence of the phase transition and the restriction of
the TDAE molecules in thea8 phase are not clear at present,
the structural differences distinguish the magnetic peculiari-
ties of the two polymorphs in TDAE-C60. Similar “orbital”
ordering, which greatly controls the magnetism, has been
observed in the ammoniated alkali C60 salt NH3K3C60.

17–19It
is proposed that the antiferrorotativesferrorotatived ordering
leads to the ferromagneticsantiferromagneticd interaction be-
tween the spins on C60. Structurally, at least two inequivalent
C60 sites should exist in order to introduce the ferromagnetic
intermolecular interactions. Two possible orientational order-
ing patterns in the low-temperature phase ofa-TDAE-
C60 are presented in Fig. 5, in which the JT-distorted C60 is
described by the ellipse. These examples are consistent with
the symmetry of the low-temperature structure. In Fig. 5sad,
one of the JT axes of C60s aligns parallel to thec axis and the
other is parallel to theab plane, while insbd, the axes align
alternatively within theab plane. In both cases, the orienta-

TABLE IV. Atomic coordinates andBiso/Beq for the TDAE mol-
ecules of thea phase.

Atom x y z Beq

Ns1d −0.0611s2d −0.0289s2d 0.1731s1d 1.09s6d
Ns2d 0.0759s2d 0.0409s2d 0.1940s1d 1.16s6d
Ns3d 0.0613s2d −0.0328s2d 0.3317s1d 1.10s6d
Ns4d −0.0785s2d 0.0305s2d 0.3155s2d 1.22s6d
Cs61d 0.0031s2d 0.0051s2d 0.2182s2d 1.04s7d
Cs62d −0.0052s2d 0.0015s2d 0.2886s2d 1.00s7d
Cs63d −0.1243s2d −0.1043s2d 0.1930s2d 1.16s7d
Cs64d −0.0789s2d 0.0197s3d 0.1070s2d 1.30s7d
Cs65d 0.1144s2d −0.0096s3d 0.1381s2d 1.46s7d
Cs66d 0.1270s2d 0.1217s3d 0.2307s2d 1.52s7d
Cs67d 0.1231s2d −0.1064s2d 0.3079s2d 1.13s7d
Cs68d 0.0824s2d 0.0150s2d 0.3977s2d 1.24s7d
Cs69d −0.1101s2d −0.0228s3d 0.3733s2d 1.39s7d
Cs70d −0.1345s2d 0.1104s3d 0.2831s2d 1.48s7d
Hs1d −0.097s2d −0.149s2d 0.234s2d 0.3s4d
Hs2d −0.178s3d −0.070s3d 0.207s2d 2.5s6d
Hs3d −0.142s2d −0.153s3d 0.151s2d 1.9s6d
Hs4d −0.138s3d 0.062s3d 0.108s2d 2.8s7d
Hs5d −0.085s2d −0.037s3d 0.073s2d 1.8s6d
Hs6d −0.029s2d 0.064s3d 0.098s2d 1.6s5d
Hs7d 0.075s3d −0.069s4d 0.117s2d 3.1s7d
Hs8d 0.121s3d 0.040s4d 0.097s2d 3.5s7d
Hs9d 0.177s3d −0.037s3d 0.157s2d 2.9s7d
Hs10d 0.152s3d 0.170s3d 0.196s2d 2.4s6d
Hs11d 0.179s3d 0.092s3d 0.261s2d 2.3s6d
Hs12d 0.089s3d 0.162s3d 0.263s2d 2.3s6d
Hs13d 0.097s2d −0.154s3d 0.270s2d 0.4s4d
Hs14d 0.174s2d −0.071s3d 0.287s2d 1.7s6d
Hs15d 0.147s2d −0.152s3d 0.350s2d 1.3s5d
Hs16d 0.142s3d 0.055s3d 0.399s2d 2.9s7d
Hs17d 0.091s2d −0.040s3d 0.437s2d 1.1s5d
Hs18d 0.035s2d 0.062s3d 0.408s2d 1.8s6d
Hs19d −0.070s2d −0.078s3d 0.388s2d 1.2s5d
Hs20d −0.114s2d 0.024s3d 0.415s2d 1.1s5d
Hs21d −0.171s3d −0.050s3d 0.359s2d 2.4s6d
Hs22d −0.154s3d 0.158s3d 0.321s2d 2.5s6d
Hs23d −0.189s3d 0.079s3d 0.259s2d 2.2s6d
Hs24d −0.105s2d 0.148s3d 0.247s2d 0.7s5d

FIG. 4. Correlation between the shift of the TDAE molecules
and the alignment of C60 in the low-temperature phase of ferromag-
netica-phase crystals.sad Shift of the TDAE molecules along theb
and c axes, indicated by thick arrows.sbd Alignment of C60 mol-
ecules viewed from thec axis. Opensclosedd rectangles represent
the TDAE molecules atz=0.25+0.004sz=0.25–0.004d.

FIG. 5. Possible orientational ordering pattern in the low-
temperature phase ofa-TDAE-C60. The Jahn-Teller distorted C60s
are depicted by the ellipse.sad The elongated axes of C60s are
aligned parallel to thec axis andab plane alternatively.sbd The axes
are aligned within theab plane.
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tions of C60 are ordered antiferrorotatively along thef001g
andf110g directions. These directions correspond to the next
nearest contact between the C60s. Therefore, it is expected
that intermolecular ferromagnetic interaction is induced
along these directions. Since TDAE molecules exist between
the C60 molecules along thef100g and f010g directions, the
intermolecular interactions along these directions would be
indirect, which may cause superexchange-type antiferromag-
netic correlations to exist. Recently, ESR measurements un-
der uniaxial pressure were conducted by Mizoguchiet al.20 It
is interesting to note that in their study, the ferromagnetic
transition temperature strongly depended on the direction of
the uniaxial pressure against the crystal axes. They proposed
the orbital ordering pattern shown in Fig. 5sad because of the
rapid decline inTc by the uniaxial strain along thec axis.
This is because the intermolecular transfer along thec axis
would be effectively modulated by such a strain. Their find-
ing strongly supports our low-temperature structure for fer-
romagnetica-TDAE-C60.

IV. CONCLUSION

In summary, we have examined the x-ray diffraction mea-
surements of several single crystals of the ferromagnetica
phase as well as the nonferromagnetica8 phase of TDAE-

C60. We observed the following structural peculiarities in the
two polymorphs of TDAE-C60: s1d The structural phase tran-
sition occurs in thea phase at 170 K while thea8 phase
holds the same structural symmetry as that of a RT structure
below 25 K. s2d Two inequivalent C60 sites exist in thea
phase while in thea8 phase, all the C60s are equivalent.s3d
The orientation of C60 is ordered at a low temperature in both
the phases; however, the contact configurations along thec
direction are different.s4d In the a phase, the surrounding
TDAE molecules shift along thec direction belowTs. The
orientation of C60 perfectly correlates to the shift of TDAE
molecules. This structural difference at a low temperature
has been clearly observed in the two polymorphs. The mag-
netism of TDAE-C60 strongly depends on the structural pe-
culiarities and the degree of freedom of the orbitals of C60,
thus leading to a difference in the mixing of intermolecular
wave functions among C60s and between TDAE and C60.
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