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Orientational and Magnetic Ordering of
Buckyballs in TDAE-C,,

D. Mihailovic, D. Arcon, P. Venturini, R. Blinc,
A. Omerzu, P. Cevc

Spin ordering in the low-temperature magnetic phase is directly linked to the orien-
tational ordering of G4, molecules in organically doped fullerene derivatives. Electron
spin resonance and alternating current susceptometry measurements on tetrakis(di-
methylamino)ethylene-Cg, (TDAE-C,) (Curie temperature T, = 16 kelvin) show a direct
coupling between spin and merohedral degrees of freedom. This coupling was ex-
perimentally demonstrated by showing that ordering the spins in the magnetic phase
imprints a merohedral order on the solid or, conversely, that merohedrally ordering the
Ceo molecules influences the spin order at low temperature. The merohedral disorder
gives rise to a distribution of w-electron exchange interactions between spins on
neighboring Cg, molecules, suggesting a microscopic origin for the observed spin-

glass behavior of the magnetic state.

Soon after the discovery by Kritschmer et
al. (1) of an efficient synthesis route for
Cgo» an organic magnetic material based
on Cg, was reported (2). The material,
which is essentially Cgy doped with the
organic donor TDAE, showed a transition
to a magnetic state at a temperature of
16.1 K. This discovery sparked a series of
investigations, some aiming to find new
organic magnetic materials based on
fullerenes. As a result, systematic investi-
gations provided a good phenomenologi-
cal account of the magnetic properties of
such materials. They appeared to be de-
scribed well by a spin-glass model (3) with
a nonzero local field (4), although alter-
native suggestions of superparamagnetism
(5) and itinerant ferromagnetism (2) have
also been proposed. In addition, two sim-
ilar materials have now been synthesized
with different donors and Cg,-derived ac-
ceptor molecules exhibiting a cusp in the
low-temperature static spin susceptibility
similar to that of TDAE-Cg,: cobaltocene-
doped dinitro-spiromethano-fullerene (T, ~
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8 K) (6) and cobaltocene-doped 3-nitrophe-
nyl Cg; (T, =~ 30K) (7). In spite of this, the
microscopic origin of the glassy behavior
remained a mystery until now.

Here we report the discovery of a direct
link between the buckyball orientational
(merohedral) order and the spin order. We
suggest that the exchange interaction be-
tween m-electrons on neighboring Cg,
molecules is responsible for the spin-spin
interaction and that the glassy behavior is
a direct consequence of the inherent
merohedral disorder. By externally manip-
ulating the degree of fullerene molecular
order, we are able to tune T, the temper-
ature of the low-temperature magnetic
transition, in effect changing the spin or-
dering through manipulation of the ex-
change interaction between. spins on the
fullerene molecules.

Our synthesis of the stoichiometric
TDAE-C¢, compound followed the stan-
dard route (2), resulting in a 1:1 ratio of
TDAE and C, in a solid with a mono-
clinic C2 structure, which is similar to the
usual cubic symmetry of Cg, but the unit
cell has correspondingly smaller inter-




buckyball distances (8) and 8 = 94.02°.
The TDAE-C4, compound has already
been investigated quite extensively, and
numerous experiments have confirmed a
charge transfer from TDAE to Cg,. For
example, (i) a strong electron spin reso-
nance (ESR) signal implies one unpaired
spin per molecule, (ii) the observation of a
direct t;,-t; optical transition in optical
absorption spectra implies an occupied t;,
level in the lowest unoccupied molecular
orbital of Cg,, and (iii) a shift to lower
frequency of the pentagonal pinch vibra-
tional mode in Raman spectra is compa-
rable to the shifts in KCq, and RbCy,.
Similarly, (iv) the expected softening of
the low-frequency infrared-active modes
has been observed, along with (v) the 13C
nuclear magnetic resonance (NMR) fre-
quency shift in TDAE-Cg,, which is 188
parts per million (ppm) relative to tetra-
methylsilane and is very close to the shifts
in CsCgp (177 ppm) and RbCy, (173 ppm)
(9). The Raman, infrared, and NMR data
show, at least in the case of the stoichio-
metric material, that one electron is trans-
ferred from TDAE to the C,, molecule. In
spite of this, the material does not show
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Fig. 1. The real (x') and imaginary (x") parts of the
ac susceptibility of TDAE-Cg,, (H,, < 10 G) are
very different depending on whether the sample
was quenched or slowly cooled through the or-
dering transition near 170 K. The filled symbols
show x for a sample cooled slowly (12 hours) from
300 to 30 K, and the open symbols are for the
same sample quenched from 300 to 30 K. All the
curves were obtained after cooling at a rate of 0.3
K/min starting at 30 K. Two repeated experiments
done consecutively are shown to illustrate the re-
producibility of the ordering procedure. Suscepti-
bility is measured in electromagnetic units (emu)
per mole (measured in magnetic field H,,,)).

metallic behavior, and instead, the dc
conductivity shows activated behavior
down to low temperatures (T ~ 80 K)
(10), suggesting that electron localization
leads to a hopping process for the electri-
cal transport. In addition, no sign of low-
frequency temperature-dependent Drude
absorption in optical conductivity is seen,
which would have been an indication of
metallic conductivity (11, 12). Because
ferromagnetic coupling is, with few excep-
tions, a property of metals, TDAE-Cq,
appears to be unusual in this respect.
Here we show that the key to under-
standing the low-temperature magnetic
properties in these fullerene materials lies
in establishing a connection between the
ordering of spins and the merohedral order
of the Cg, molecules. When incorporated
in molecular solids, C,, molecules often
display complex ordering behavior. In
most fullerene solids studied so far, the
molecules rotate at room temperature.
Upon cooling, their rotation becomes
preferential about their threefold molecu-
lar axes, which point along the body diag-
onals of the cubic or quasi-cubic crystal
axes (13). The onset of ordering is usually
around T, ~ 250 K. The molecules even-
tually freeze at low temperature in one of
two preferred orientations relative to each
other. The two merohedral energy minima
correspond to the relative Cg, orientations
in which the hexagon-hexagon double
bond (with the maximum charge density)
on one molecule faces the local minimum
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charge density of the next molecule,
which is at the center of either the pen-
tagon or the hexagon. In pure solid Cg,
the two minima are nearly degenerate
(they differ by ~11 meV), with a barrier
between them (corresponding to the two
relative orientations) near E, = 250 meV
(~2900 K) (I4). Similar behavior has
been observed in other intercalated Cg,
solids (14, 15) and appears to be relatively
universal. In TDAE-Cy,, *C NMR of the
Cgo carbon atoms shows an increase in
line width below 170 K similar to that
seen for pure Cg,, which is indicative of
rotational freezing (16). Also, the ESR
data show an anomalous change in line
width at 170 K, which is probably indica-
tive of an ordering transition. Therefore,
we conclude that, although the details of
the ordering transition are yet to be deter-
mined, merohedral ordering takes place
near this temperature in TDAE-Cy,.
Given that the Cg, merohedral molec-
ular ordering occurs around T, ~170 K,
we decided to study its effect on the low-
temperature magnetic order. We first com-
pared the low-temperature magnetic sus-
ceptibility x(T) of a TDAE-C,, sample
when quenched from 300 to 30 K (to just
above T.) with the behavior obtained
when the same sample is slowly cooled
over the same temperature range (Fig. 1).
The susceptibility measurement is per-
formed identically for the two cases, cool-
ing from 30 to 4.2 K for both the
quenched and slowly cooled case. The sus-
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Fig. 2. Integrated ESR signal intensity (A) and ESR line widths (B) as a function of temperature for a
zero-field cooled sample (full squares) and a sample oriented below 16 K in a 9-T magnetic field (open
circles). A clear anomaly is observed near 170 K in (B). The inset in (B) shows the low-temperature

range.
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ceptibility measurements were performed
in an ac susceptometer (AcSuS System-
projekt) at very slow cooling rates (0.3
K/min) with the sample sealed in a quartz
tube. There was a significant difference in
the susceptibility in the two experiments.
First, when the sample was cooled slowly,
the onset of magnetic ordering was 2 K
higher (14.0 versus 12.1 K) than when it
was quenched. Second, the shape of x'(T)
was quite different for the two cases, and
there was an even larger change in x"(T).
We have previously found a large glass-
like dispersion in ac susceptibility in the
low-frequency range of 75 to 1400 Hz
(17).

The large effects seen upon quenching
imply a significant change in the distribu=
tion of relaxation times, which is induced
by the thermal merohedral ordering of
buckyballs. Quenching from intermediate
temperatures produces a systematic varia-
tion in ¥’ and x” from one extreme to the
other (Fig. 1). The procedure is highly
reproducible (Fig. 1). We observed no sig-
nificant hysteresis in any kind of temper-
ature cycling for T < 30K, indicating that
the ordering is fixed and cannot be signif-
icantly changed at these low temperatures
in the absence of an applied external field.
The experiment conclusively shows that
ordering of Cgo molecules by slow cooling
through the merohedral ordering transi-
tion results in a significantly increased
magnetic order with a sharper onset of
magnetization, lower internal dissipation,
and a higher T, than for the quenched
material.

Because there appears to be clear cou-
pling between spin and merohedral de-
grees of freedom, it is reasonable to sup-
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Fig. 3. A plot of ESR intensity versus 1/T (mea-
sured at 3000 G) shows a Curie-like susceptibil-
ity above 170 K for all samples obtained on heat-
ing from 4.2 K. Field-oriented samples (open
circles) show Curie-like behavior from 4.2 to 300
K, whereas in the absence of orientation by ex-
ternal field, more complicated sample history—
dependent behavior is observed for T < 170 K
(triangles).
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pose that the converse also occurs: Mero-
hedral order could be changed by exter-
nally manipulating the spin system with
an external magnetic field. Spin suscepti-
bility measurements of TDAE-C4, were
performed using ESR for a sample cooled
with and without external field B,,, (Fig.
2). The ESR measurements were per-
formed on samples cooled with B,,, = 0 or
cooled to 4 K with B,,, = 9 T and subse-
quently transferred to the ESR cryostat at
77 K. The increase in ESR intensity and
the change in line width show, as expect-
ed, that the magnetic field significantly
increased the magnetic order and in-
creased T from 16 to 28 K. The spin order
persisted to 28 K (open circles, Fig. 2),
even when B.,, was no longer present. The
fact that the sample was kept at 77 K for
an extended period in between the mag-
netizing procedure and the ESR measure-
ment shows that the system exhibits a
memory of its low-temperature magnetiza-
tion, even when heated well above T..
When heated above 170 K, the sample
lost memory of the molecular ordering; on
subsequent measurements, we recovered
the usual behavior in the susceptibility,
and T. was again near 16 K (squares,
Fig. 2). Conversely to the thermal order-
ing experiment (Fig. 1), where we ordered
the Cgo first and then examined the
magnetic order, with the external magnet-
ic field B.,, we ordered the spins below
T. and found that this procedure imprint-
ed a merohedral order on the Cgy mole-
cules that remained all the way up to T,,.
The two experiments together prove the
existence of a direct link between the spin
and merohedral degrees of freedom in
TDAE-Cq,.

Ordering the buckyballs in the material
with a magnetic field also has a profound
effect on the susceptibility above T.. Usu-
ally the material shows Curie-like behav-
ior for T > 170 K, and for T < 170 X, it
exhibits more complex, nonlinear behav-
ior with a nonzero intercept (triangles,
Fig. 3) (the shape of the curve depends
somewhat on the thermal and magnetic
history of the sample). In contrast, the
field-oriented case is Curie-like over the
whole temperature range of 28 to 300 K
(circles, Fig. 3). To explain this behavior,
we offer the following explanation. For T
> T, the molecules are rotating, the spins
on the individual molecules are equiva-
lent, and the spin susceptibility is predom-
inantly Curie-like. Below Ty ~ 170 K, the
molecular ordering starts to affect the spin
system, giving rise to the complex non-
Curie behavior usually seen in the spin
susceptibility of TDAE-Cg, between T,
and T.. The susceptibility could possibly
be modeled as the sum of two contribu-
tions, their ratio depending on the degree
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of merohedral order. However, we also
recover a Curie-like susceptibility between
T, and T, when the molecules are ordered
by the application of a field B.,,. The field
substantially orders the C4y molecules into
one of the two minima of the double-well
potential, and the susceptibility is then
predominantly Curie-like, corresponding
to that of a single paramagnetic center.

One of the puzzles so far has been the
large pressure dependence of both the mag-
netization and T. in TDAE-Cg, (18). Be-
cause pressure has a large effect on molec-
ular orientation, it immediately shifts the
energy of the minima of the orientational
double well. Thus, applying even slight
pressure can destroy or significantly change
the molecular order and consequently the
magnetic order, which, as we have shown, is
sensitive to the molecular orientations and
overlap of the m-electron orbitals on neigh-
boring Cgy molecules. Measurements of the
pressure dependence of molecular orienta-
tion in the magnetic phase could easily
confirm this.

On the other hand, the spin-glass
behavior arises as a result of the finite
range of merohedral order that can be
achieved in the solid, typically a few hun-
dred spins ordered together (5) into glassy
nanoclusters. Because the morphology
cannhot be reproducibly changed through
thermal cycling or by a magnetic field,
these spin structures are not related to the
morphology of the material but are, ac-
cording to our results, inherently deter-
mined by the merohedral ordering. The
influence of the intracluster merohedral
order on the distribution of exchange in-
teractions and intercluster effects are im-
portant open questions.
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