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We report here the direct evidence of the existence of a permanent electric dipole moment in both crystal
phases of a fullerene-based magnet—the ferromagnetic a-phase and the antiferromagnetic a’-phase of
tetra-kis-(dimethylamino)-ethylene-Cqy (TDAE-Cgy)—as determined by dielectric measurements. We
propose that the permanent electric dipole originates from the pairing of a TDAE molecule with
surrounding Cy, molecules. The two polymorphs exhibit clear differences in their dielectric responses at
room temperature and during the freezing process with dynamically fluctuating electric dipole moments,
although no difference in their room-temperature structures has been previously observed. This result
implies that two polymorphs have different local environment around the molecules. In particular, the
ferromagnetism of the a-phase is founded on the homogeneous molecule displacement and orientational
ordering. The formation of the different phases with respect to the different rotational states in the Jahn-
Teller distorted Cggs is also discussed.

ontrol of the spatial arrangement of molecules plays a role in adjusting the magnetic interactions in

molecule-based magnets'. The coherent magnetic interactions among the localized spins in a fullerene

cage are essentially mediated by the cooperative molecular orbital (MO) ordering between the Cg, cages
via the Jahn-Teller (JT) distortion®. The threefold degeneracy of the lowest-unoccupied molecular orbital
(LUMO) of the Cg cage is partly removed by the distortion of the Cyy cage by intramolecular JT coupling’.
The ferro(antiferro)-rotative orbital ordering of neighboring cages leads to the antiferro(ferro) magnetic correla-
tion between the cages®*”. The orthogonally coupled wave functions of the nearest neighbors reduce the direct
transfer of electrons, which is a favorable configuration for ferromagnetic interactions®. This type of close
coupling between the spin and orbital degrees of freedom is a remarkable characteristic of fullerene-based
magnets in comparison with other molecular magnets.

Tetra-kis-(dimethylamino)-ethylene-Cgqy (TDAE-Cg) has two polymorphic crystals: the o and the o’ phases.
The a-phase is the first fullerene ferromagnet with a high transition temperature (T¢c) of 16 K*>®, On the contrary,
the o'-phase crystal undergoes antiferromagnetic ordering below the Neel temperature (Ty) of 7 K°. Our
previous structural studies revealed that these different magnetic phase transitions for the two polymorphs are
grounded in their structural peculiarities®''. Only the o-phase shows a structural phase transition at approxi-
mately Ts = 170 K. Below the T, the low-temperature (LT) unit cell contains two crystallographically inequi-
valent Cgo molecules in which the hexagons face each other. This configuration would provide alternatively
coupled MOs along all of the nearest-neighbor directions, leading to the LT antiferro-rotative structure for JT-
distorted t;,, orbitals. Note that the orientational ordering in the a-phase works in close cooperation with the
cubical distortion of the surrounding TDAE molecules. By contrast, the a'-phase crystals show no evidence of a
structural phase transition down to 25 K. The unit cell of the o'-phase contains one Cg, with hexagonal-
pentagonal contact between the nearest-neighbor Cys. This configuration provides a ferro-rotative arrangement
for the JT-distorted t;,, orbitals within the ab-plane and along the c-axis. A schematic phase representation for the
two polymorphs is shown in Fig. 1. Accordingly, the magnetism of TDAE-Cg, closely correlates with the
orientational freedom of the Cg, cages.

In spite of the distinct differences in the LT structures and the LT magnetism, however, it has not been possible
to distinguish the two polymorphs via room-temperature structural analysis®''. As mentioned above, the LT
structures for the two polymorphs have remarkable differences in their Cg, orientations. Hence, this study
determines the cause of the differences in the two polymorphs at high temperature by dielectric experiments.
In this Letter, we present the dielectric measurement results for the two polymorphic crystals. The dielectric
investigation uncovered clearly different dielectric responses in the high-temperature region above the orienta-
tional ordering temperature, indicating a distinct difference in the orientational dynamics of Cg, for the two
polymorphs. The observed dielectric behavior is responsible for a permanent electric dipole, which should be
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Figure 1| Schematic phase diagram of a- and a’-phase TDAE-Cg,. The
low-temperature structure of the o-phase has an antiferro-rotative
arrangement for Cqo within the ab-plane, while that of the a'-phase has a
ferro-rotative arrangement.

produced by the pairing of a charged fullerene cage with a TDAE
molecule. Thus, this system may be a good candidate for studying
the correlation between the dielectric and magnetic properties in
fullerene-based magnets.

Results
Figures 2a-2d show the capacitance and dielectric loss of a-phase
TDAE-Cq as a function of temperature and frequency. At room
temperature, the real part of the dielectric permittivity for the DC
limit, ¢, is found to be ~79. Both the capacitance and the dielectric
loss clearly depended on the temperature and frequency. The ¢
spectrum at fixed frequency exhibits a shoulder structure at a given
temperature, and the dielectric loss reaches a maximum at this point
(e.g. ~180 K at 10 kHz). These fundamental characteristics may be
considered as indicative of the Debye-type relaxation process for a
permanent dipole moment. In addition, the shoulder structure of &
and the peak in the dielectric loss shift to lower temperatures with
decreasing frequency, as can be seen in Figs. 2a and 2b. Figures 2cand
2d show the isothermal capacitance and dielectric responses, respect-
ively, while typical Cole-Cole plots at fixed temperatures are shown
in Fig. 2e. These plots can also be explained by the Debye-type
relaxation of the dipole moments.

In this case, the Cole-Cole plots can be empirically analyzed by the
well-known formula'*:

&' (o) =¢(0)—je"(0)= (1)
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8(0) —&(<0)
1+ (jor) =P’

where £(0) and &() are the complex dielectric permittivity for the
low- and high-frequency limits, respectively, 7 is the relaxation time
of the dipole moment, and f is an empirically introduced parameter
for the central angle of the circular arc of the Cole-Cole plot, which is
defined as the multiplicity of the dispersion of relaxation". By fitting
the experimental data to this formula, the v and f values at each
temperature can be determined. Figures 2f and 2g show the
Arrhenius plots for 7 and the temperature dependence of 3, respect-
ively, for o-TDAE-Cgo. The temperature dependence of t adheres
well to the activation process from 300 K to 150 K. It should be noted
that 150 K nearly corresponds to the structural phase transition

temperature (Ts ~ 170 K) of a-phase TDAE-Cg. The solid line in
Fig. 2f shows the fitted line to the activation formula:

E,
T="Tp eXp ( p T) The relaxation time, 7o, and the activation energy,
B

E,, were found to be 4.0 X 107'* s and 273 meV, respectively. This
activation energy is in agreement with the value reported by Pevzner
et al. for a Cg film'* and corresponds well to the results obtained for
the energy difference between the hexagon-hexagon and hexagon-
pentagon contacts of neighboring Cgy molecules”. Importantly,
while 7 is apparently unchanged near the Ts, f shows an anomaly
in this temperature region. The very small f§ value suggests a homo-
geneous relaxation process for an individual permanent electric
dipole. In addition, the f§ value decreases monotonically with
decreasing temperature and exhibits temperature-independent
behavior below the Ts. The freezing of Cgy’s rotation in o-TDAE-
Cso is also evidenced below 150 K by NMR experiments'.
Accordingly, the observed dielectric behavior should be responsible
for the permanent dipole moments around the fullerene cages.

Next, from the Cole-Cole plot of a-TDAE-Cq, at 240 K, the per-
mittivity for the low-frequency and high-frequency limits, £(0) and
&(%0), were determined to be 79 and 3.1, respectively. To calculate the
permanent dipole moment, the Clausius-Mossotti equation was
then used. In this model, the contribution of molecular polarizability
and permanent dipole moment in a crystal are included'”:

N w
= (4mego + ——), 2
350( e0%hm 3kBT> @)

where ¢ is the relative permittivity of the sample, N is the molecular
density of the sample, u is the permanent dipole moment, o, is the
molecular polarizability, ¢, is the permittivity of vacuum, kg is the
Boltzmann constant, and T is the temperature.

Owing to the presence of an eliminable permanent electric dipole
at the high-frequency limit in a-TDAE-Cg, the o, value was eval-
uated. Using the (20) = 3.1 and N = 9.627 X 10*° cm ™~ values, the o,
value was calculated to be 101 A%, The o, of Cgo has been experi-
mentally estimated by several authors and reported to be 76.5 A° for
isolated Cgo'® and 90 A® for a Cg, film'*. Theoretical calculations,
meanwhile, imply that o, = 80-90 A® for Cgo'®. The larger o, value
obtained for a-TDAE-Cqj in this study suggests that it may include
the contribution of the polarizability of the TDAE molecule. Using
the experimentally obtained permittivity at the low-frequency limit,
&(0) = 79, the p value at 240 K was then determined by solving Eq.
(2) and found to be u = 3.7 D. For the Cg film, an electric dipole
moment as large as 0.9 D was observed. It was suggested to originate
from the pairing of interstitial oxygen and C¢, molecules'. For alkali-
metal-doped Cg, permanent electric dipole moments (12-22 D)
originating from the pairing of the mono cations of alkali metals
and negatively charged Cgo molecules® have also been reported. In
alkali-metal doped Cep, it depended on the doped metal. In a-TDAE-
Cso» one-electron charge transfer from TDAE to Cgp, which leads to
the formation of the mono cation of TDAE and the mono anion of
Ceo» was confirmed via magnetization'’, NMR'¢, and photoemission
spectroscopy (PES) experiments®'. Thus, the observed small i for the
a-phase may be due to the cancelation of each of the electric dipole
moments.

Notably, the dielectric responses of the o’ -phase crystals are com-
pletely different from those of the o-phase. Figures 3a and 3b show
the capacitance and dielectric loss of the o’-phase crystals as a func-
tion of temperature, respectively, while Figs. 3c and 3d show the
isothermal dielectric responses as a function of frequency, respect-
ively. The temperature dependence of the ¢ value for the o’-phase is
relatively weaker than that of the o-phase. The Cole-Cole plots,
meanwhile, show a more pronounced behavior, as can be seen in
Fig. 3e. These results are the first evidence of different physical prop-
erties for two polymorphs near room temperature. The dielectric
permittivity for the o'-phase at the low-frequency limit is as large
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Figure 2 | Dielectric response of a-TDAE-Cg. Temperature dependence of the capacitance (a) and dielectric loss (b) at various frequencies. Frequency
dependence of the capacitance (c) and dielectric loss (d) at various temperatures. Cole—Cole plots at various temperatures (e). Arrhenius plots for the
relaxation time 7 (f) and the temperature dependence of B (g) for a-TDAE-Cgo. In (f), the solid line shows the fitted line to the activation formula

E,

T="Tp eXp (k T) with Ea = 273 meV and 7y = 4 X 107 "* s. In (g), the solid line is a guide for the eye.
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Figure 3 | Dielectric response of o’ -TDAE-Cg. Temperature dependence of the capacitance (a) and dielectric loss (b) at various frequencies. Frequency
dependence of the capacitance (c¢) and dielectric loss (d) at various temperatures. Cole—Cole plots at various temperatures (e).
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as that for the a-phase, which can be reasonably understood by
considering the same origin of the electric dipole. However, as can
be seen from Fig. 3, it was not possible to reproduce the data using a
dielectric function with a single component. The dielectric response
of the a’-phase shows a broad distribution of relaxation times and
the existence of multiple relaxation processes. For example, the Cole-
Cole plots in Fig. 3e suggest the overlap of at least two dielectric
functions. Moreover, the dielectric responses of the o’-phase seem
to depend on the sample batch, while those of the a-phase crystals
did not (see Supplementary Fig. S1). This behavior strongly suggests
a more complex environment for the local electric dipoles in the o'~
phase crystal. Thus, the structural study indicates that the annealing
procedure causes the differences in the LT structures for the two
polymorphs (see Fig. 1). That is, a structural phase transition was
not observed in the o’ -phase. The different dielectric behavior for the
two polymorphs implies that the annealing procedure for the as-
grown sample primarily stabilizes the local environment around
the molecules, thus resulting in homogeneous molecule displace-
ment and orientational ordering, which lead to the structural phase
transition (see below for further discussion).

The observed strong frequency dependence of dielectric properties
may be supposed by a formation of dipolar glass phase at low tem-
peratures®. In the o-TDAE-Cg, however, the Cole-Cole plot is ana-
lyzed as one semicircle, which indicates that the relaxation can be
described by single process. Even in the o’-phase, the relaxation may
be described by a few processes. Thus, we may simply consider as a
fluctuation of uniform dipole moment, not a formation of dipolar
glass state, which should has a large distribution of relaxation time®.
Contrary to the frequency dependence of dielectric response, the AC
magnetic susceptibility for the o-phase crystal shows no frequency
dependence around T, indicating no glass like transition. Moreover,
the long-range magnetic ordered states in both crystal phases are
essentially established by the magnetic resonance experiments, that
is, the ferromagnetic resonance (FMR) in the o-phase and the anti-
ferromagnetic resonance (AFMR) in the o’-phase. Thus, we may not
consider the spin-glass state for the magnetic ground state of TDAE-
C60'

Discussion

Specifically, in the RT structure (C2/c) of a-TDAE-Cg, (Fig. 4), the
TDAE molecules are located on the 4e site with a shift (~0.07 A)
along the b-axis; here the center of the skeletal structure N2-C-C-N2
was used to represent TDAE in order to calculate the molecular shift.
The shifting of the TDAE molecules is alternatively arranged along
the c-axis, as depicted by the green arrows in Fig. 4b. In the LT
structure, very weak changes in the absolute values of the shifts along
the b-axis are observed (not shown). Moreover, the LT structure of
the a-phase permits the alternative shifting of the TDAE molecules
along the c-axis in addition to the shifting along the b-axis, which is
depicted by the red arrows in Fig. 4b. The absolute value of the shift
along the c-axis is approximately 0.07 A. In general, owing to the
presence of the inversion symmetry on the Cqj sites, the permanent
electric dipole that was localized on Cg or centered at it was rejected.
On the other hand, all of the TDAE molecules are cubically sur-
rounded by eight Csy molecules, as shown in Fig. 4a. Here it is
assumed that both types of molecules have point charges, and the
electric dipole moments originating from the pairing of a TDAE
molecule and the surrounding Cgy molecules are summed. As a
result, a value of 1.48 D for the electric dipole moment is obtained
if only the shifting of the TDAE molecule along the b-axis is adopted,
while a value of 2.95 D is calculated if the contributions of the shifting
of the TDAE molecule along both the b- and c-axes are adopted. The
merged electric dipole moment points along the b-axis for the former
case and nearly along the b+c direction for the latter case. While this
model may be an oversimplification for estimating the exact u value,
the calculated p value surprisingly reproduces the experimentally

Figure 4 | Electric dipole moment and Low-temperature structure.
Schematic view near the TDAE molecule, (a) which is surrounded
cubically by eight Cgo molecules. (b) Low-temperature structure and
molecular shifting of the TDAE in a-TDAE-Cg.

obtained value. The present dielectric measurements validate the
ratchet motion of Cy between two stable configurations with an
energy separation of E, at high temperature. Moreover, the LT struc-
tural analysis indicates that the Cq(’s orientational ordering in the o-
phase works in close cooperation with the cubical distortion of the
surrounding TDAE molecules''. Accordingly, it may be argued that,
in the high-temperature region above the Ts, the ratchet motion of
Cgo occurs cooperatively with the dynamical movement of the TDAE
molecule along the c-axis, which leads to the thermally fluctuating
electric dipole moment. The precise evaluation of the electric dipole
moment using the MOs of the cages with the JT distortion must be
accomplished in the future.

For now, the information obtained in this study can be used to
explain the effect of the annealing process on the two polymorphs of
TDAE-Cgo. We propose that the JT distortion of the Cyy molecule
plays an important role in forming the crystals of TDAE-Cgp.
Because the mono anion state of the Cgy molecule has a prolate
spheroidal shape, it has two types of rotational moments of inertia.
Any Cgp molecule rotating with respect to their long axis may have a
higher probability of associating with TDAE molecules. In addition,
during crystal formation, the molecular packing should be essential
and prioritized between Cy and TDAE, and thus the Cgo molecules
should be arranged ferro-rotatively. However, to stabilize the
exchange energy between the molecules after crystal formation and
charge transfer, the C4p molecules will attempt to change their
arrangements. During the annealing process, the antiferro-rotative
arrangement should be stabilized because of the enlarged mutual
distances between the molecules. Thus, there are two possible
configurations for a stable magnetic arrangement’. The high-
temperature ratchet motion of the Cg, molecules between the two
configurations is considered to be the origin of dielectric relaxation.
Although the change in the molecular arrangement is not perceivable
via X-ray structural analysis, the average distance of the unit cell is
increased after the annealing procedure'®"". In the a-phase, the struc-
tural phase transition simultaneously occurs with the rotational
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ordering of the Cgy molecules, and ferromagnetism appears because
of symmetry breaking. On the other hand, the o’-phase maintains
the high-temperature structure after the suspension of Cyy rotation
as indicated by its anti-ferromagnetism.

Conclusion

In conclusion, dielectric measurements were obtained for the two
polymorphs of TDAE-Cgp, and differences in their dielectric res-
ponses in the high-temperature region were observed. This dielectric
study on fullerene-based magnets reveals that the low-temperature
magnetic characteristics of the two polymorphic crystals were deter-
mined by the properties of the crystals at room temperature and the
close correlation between their dielectric and magnetic properties.
The magnetism of fullerene magnets is responsible for the spin loca-
lized on the Cgy. The control of the orientation of Cg, molecules
should allow modifying the electronic overlap between the neighbor-
ing molecular orbitals, which leads to the possible magnetic inter-
action (ferromagnetic or antiferromagnetic) between the spins. The
present study shows the potential for manipulating the molecular
orientation, that is, the magnetism, of Cq, molecule by the electric
field. We anticipate that fullerene magnets will be leading candidates
for future molecular devices.

Methods

The single crystals were prepared by the usual diffusion method®"', and several
crystals obtained from different sample batches were carefully selected. Prior to the
magnetic and the dielectric experiments, the crystals were examined by X-ray dif-
fraction, and those with no twinning or contamination by other phases were chosen
for further evaluation. X-ray diffraction measurements were performed using a
Rigaku RAXIS-IV imaging plate diffractometer with graphite monochromated Mo-
Ko radiation. The magnetizations were measured using a Quantum Design super-
conducting interference device (SQUID), and a four-probe method was used to
obtain the dielectric responses. The plate-shaped crystals were placed in a cryostat
and cooled with liquid *He and *He, thus enabling the measurement of the dielectric
response from 400 K to 0.5 K'*. The sample temperature was monitored using a
Cernox thermometer. The typical size of the crystals was 1.5 X 1.5 X 0.5 mm, and the
thickness direction corresponded to the crystal a-axis. The electric field was applied
nearly parallel to the a-axis. The capacitance and the dielectric loss were directly
obtained using an LCR impedance meter (Agilent E4980A).
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