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Magnetic properties of C¢, and C,, complexes with tetrakis(dimethylamino)ethylene (TDAE) have
been studied based on the measurements of the Faraday-balance magnetization and the electron-spin res-
onance (ESR). It has been found that both TDAE-Cy, and TDAE-C,, possess about one radical spin per

fullerene molecule.

TDAE-C¢ has been confirmed to show a ferromagnetic-type transition at

T.=16.7-17.5 K. Appearance of a broad and intense ESR signal below T, for TDAE-C,, suggests that
the radical spins in the magnetically ordered state are rather localized on each C¢, molecule and are fer-
romagnetically correlated. On the other hand, TDAE-C;, does not show ferromagnetism at tempera-

tures above 4.5 K.

I. INTRODUCTION

A recent report of the observation of “soft” fer-
romagnetism below 16.1 K in the 1:1 complex of C¢, with
one of the strongest organic donors tetrakis-
(dimethylamino)ethylene (TDAE) (Ref. 1) leads to the
suggestion that Cy, may possess other unexpected in-
teresting properties besides superconductivity at high T,
as found in M;Cq, (M =K, Rb, RbCs, or RbT1).27> This
unusual ferromagnetism observed by a SQUID magne-
tometer does not show hysteresis in the magnetization
curve and exhibits a complicated temperature depen-
dence for the magnetic susceptibility. This gives rise to a
simple question of its origin and requires a more careful
study of its magnetic properties with other methods more
direct and simpler than the SQUID measurement (see,
e.g., Ref. 6).

On the other hand, the absence of superconductivity in
M,.C, (n=70, 76, 78, 84, and 90) (Ref. 7) and a strong
decrease in T, in the molecular alloys of
M, (Cq)1—,(Cqp), (M =K, Rb) (Refs. 7 and 8) indicates
that there could be some definite discrimination of Cg,
from C,y and higher fullerenes. In this sense, it also
seems to be of interest to compare the magnetic proper-
ties of TDAE-C, (n =70) with those of TDAE-Cg, and
to check whether the exceptional properties of Cgq, are
reflected in its magnetic behavior.

We have briefly reported® the early results of a com-
parative study of magnetic properties of TDAE-C¢, and
TDAE-C,,, where the former shows a ferromagnetic-type
transition at 7,=16.7-17.5 K and the latter demon-
strates the usual Curie-type narrow electron-spin reso-
nance (ESR) peak for the entire temperature range sug-
gesting an absence of the ferromagnetic transition at least
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down to 4.5 K. In the present paper, we report results of
a more detailed study of magnetic properties of TDAE-
Cqo and TDAE-C,,. For the magnetization measurement
the Faraday-balance method that is more direct and con-
ventional than the SQUID method was employed at
about 4.5 and 20 K and the ESR measurement was per-
formed in the temperature range 4.5-290 K. It is
demonstrated that TDAE-Cg, shows significantly distinct
behavior at low temperatures both in terms of its mag-
netization and its ESR spectrum, suggesting that Cg, is
again exceptional. A preliminary check of TDAE-Cq,
and TDAE-C,, with the use of the low-field-signal (LFS)
microwave absorption has proved the absence of a super-
conducting state down to 4.5 K in these two materials.

II. EXPERIMENT

The sootlike material containing Cgy, C;9, and higher
fullerenes was prepared by arc heating of graphite
(99.997%) in He at about 100 Torr.'° Crude products
were Soxhlet extracted from the carbon soot using carbon
disulfide. @A preparative high-performance liquid
chromatography (HPLC, model LC-908 with JAIGEL
2H, 2H, Japan Analytical Industry Co.) employing
toluene as an elution was used to separate several kinds of
fullerenes from very concentrated extract and to further
purify Cqy and Cyq.

TDAE fullerides were prepared by a recipe similar to
that reported in Ref. 1. That is, 0.60 mg of Cg, (or 0.39
mg of C,) was dissolved in 1 ml of a benzene-toluene
mixed (1:1) solvent and then a large excess amount of
TDAE was added under a nitrogen flow. Care was taken
to purge the oxygen in the solvent before the reaction.
Black precipitate of TDAE-Cy, or TDAE-C,, was ob-
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tained and the solvent and unreacted TDAE were re-
moved. Elemental analyses gave the molecular ratio of
the samples to be (TDAE), 35(Cgo), and
(TDAE); 30(Co)1-

For the magnetization and the magnetic-susceptibility
measurements, 36.8 mg of TDAE-C,, and 34.4 mg of
TDAE-C,, were thus prepared in separate Pyrex NMR
tubes under nitrogen flow and sealed after evacuation
down to less than 10~ * Torr for 2 h. For the ESR mea-
surement, all of these processes were performed directly
in the quartz-ESR tube with a 5-mm outer diameter to
keep the sample away from the atmosphere in the same
manner as that for the magnetization and the magnetic-
susceptibility measurements.

The magnetization and the magnetic-susceptibility
measurements were carried out with an Oxford Instru-
ments Faraday-type balance. The sample holder (sealed
Pyrex NMR tube) was hung in the magnetic field using a
very thin quartz fiber. Magnetic susceptibility of this
holder was eliminated from the raw data. The magneti-
zation curves were recorded at 4.5 and 20 K for each
sample under magnetic fields up to 50 kG (see Sec.
IIT A). The temperature dependence of the magnetic sus-
ceptibility was examined in the range 1.8-260 K at the
constant magnetic field of 5 kG.

The ESR spectra were recorded at 9.1 GHz with a field
modulation of 100 kHz in the temperature range 4.5-290
K on a Varian E-112 spectrometer equipped with an Ox-
ford liquid-helium-flow cryostat. The modulation width
was kept at 0.5 G for most of the measurements. During
single ESR measurements taking ~3 min each, the tem-
perature was maintained within +2 K of its set value.
Peak-to-peak linewidth (AH,,) (Ref. 11) and g values

were determined using a Mn?*-MgO solid solution as a
standard. For the LFS measurements, Helmholtz coils
were used in the usual ESR procedure.'?

III. RESULTS

A. Magnetization and magnetic susceptibility

The magnetization (M-H) curves of the TDAE ful-
lerides measured under the magnetic field change 0— 50
kG—0— —50 kG—0—50 kG—0 at about 4.5 and 20
K are shown in Figs. 1(a) and 1(b). The shape of the
magnetization curve of TDAE-Cg, at 19.5 K shows a typ-
ical paramagnetic behavior, whereas at 4.6 K a saturation
of the magnetization occurs indicating the existence of
ferromagnetic  correlation of  spins due to
superparamagnetism of the TDAE-Cq, sample as de-
scribed below. Hence, a magnetic transition between
these two temperatures definitely occurs in accordance
with the report in Ref. 1. At 4.6 K the saturation is
achieved approximately at the magnetic field 45 kG and
the saturation magnetization is 0.84 emu Gg~ .13 We
have also found that there is no hysteresis in the magneti-
zation curve in correspondence with the data reported in
Ref. 1. For TDAE-Cq, the effective Bohr magneton num-
ber n.s and the spin quantum number S at 4.6 K were es-
timated from the initial M-H curve based on the expres-
sions at S >>1,
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FIG. 1. Magnetization curves of (a) TDAE-C¢ and (b)
TDAE-C at 4.5 and 20 K (see text).

_ M 3kp oM
pp  peMs |9(H/T) |,_,
and
gVvVS(S+1)=ny, (2)

where p.4 stands for the effective magnetic moment, pp is
the Bohr magneton, k is the Boltzmann constant, and g
is the Landé g factor. Here g was assumed to be 2 for
simplicity and the total orbital angular momentum quan-
tum number (L) to be zero as for usual organic radical
spins. The S value thus estimated is listed in Table I,
which suggests that in the present TDAE-C¢, sample at
4.6 K about 170 spins are ferromagnetically correlated.
This value is supposed to give an average of the spin
alignments in the “spin clusters,” which is acceptable
since morphology of the present sample is not crystalline
but probably polycrystalline, and hence the saturation
magnetization observed here should be attributed to su-
perparamagnetism. If there is an appropriate distribu-
tion of spin clusters with large n., the system can ac-
cidentally show a ferromagnetism of bulk scale character-
ized by a hysteresis loop of the magnetization curve at

TABLE 1. Saturation magnetization (Mg in emuGg™'),
effective Bohr magneton number (n.), spin quantum number
(S), and spin-cluster concentration [Ns in (mol-TDAE-Cy,) 1]
of TDAE-C,, at 4.6 K.

Ms Negr S IVSa

0.84(£0.1) 170.8(+0.5) 84.9(+0.5) 4.9(£0.1)x10%°

*This value corresponds to the spin concentration of 8.3X10%
spins (mol-TDAE-Cq,) ™.
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low temperatures. This has been actually demonstrated
in a certain sample of pyrolytic carbon prepared from
adamantane.'®

When the magnetization curve is saturated, the “spin-
cluster” concentration Ny is expressed by

Ms=Nggugs , 3)

where Mg is the saturation magnetization. Employing
S =84.9 obtained above, the spin-cluster concentration
at 4.6 K is calculated to be 4.9 X 10%° (mol-TDAE-Cy,) !
as listed in Table I. On the other hand, TDAE-C,,
showed no existence of ferromagnetic correlation but typ-
ical paramagnetic behavior in the M-H curve at both 4.5
and 20.3 K as shown in Fig. 1(b).

In general, if the observed total magnetic susceptibility
x follows the Curie-Weiss behavior, it can be decomposed
as in the following formula,

X=Xxot+C/(T—O), 4)

where Y, is the temperature-independent magnetic sus-
ceptibility, T is the temperature, C is the Curie constant,
and © is the Weiss constant. Such behavior was observed
at temperatures above 100 K for TDAE-Cg,, and above
4.5 K for TDAE-C,, as shown in Fig. 2(a). The Curie-
type spin concentration N was determined from the fol-
lowing formula,

C=Ncg*u%S(S+1)/3ky , (5)

where, in this case, S was set at .

An analysis of the Curie-type susceptibility data mea-
sured at 5 kG is listed in Table II. The quantity Y, of
TDAE-Cq, is very small suggesting almost complete can-
cellation of diamagnetic and Pauli-paramagnetic suscep-
tibilities, if any, whereas that of TDAE-C,, signifies a
dominant diamagnetic term over a very small Pauli-
paramagnetic term as is expected from small electrical
conductivity of K, C,,.® Employing the value 1:1 for the
molecular ratio of fullerenes and TDAE, the Curie-type
spin concentrations (No) per mol of TDAE fullerides
were estimated to be on the order of 10?* spins, being
very close to the Avogadro number. The N value of
TDAE-Cq, reasonably agrees with the reduced spin con-
centration of TDAE-C¢, with ferromagnetic spin align-
ment at 4.5 K as shown in the footnote of Table I.

The x ™! plots in Fig. 2 again confirm that TDAE-C5,
has a simple Curie-type dependence in the whole temper-
ature range and that TDAE-C, definitely shows an obvi-
ous magnetic transition at 17.5 K, the Curie temperature
in this case. This value is in good agreement with the
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FIG. 2. y !'-T plot for TDAE-Cy (filled circles) and TDAE-
C,, (open circles) below (a) room temperature and (b) 40 K.

value 17.2 K reported in Ref. 1 for H=1 kG. It is strik-
ing that the Weiss constant © of TDAE-Cq, obtained by
the extrapolation of the curve for above 100 K shows a
negative value (—58 K) as is seen in Fig. 2(a), indicative
of antiferromagnetic behavior, which will be discussed in
Sec. IV. In contrast, © of TDAE-C,, is zero within ex-
perimental error so that it follows the Curie law without
any evidence of an appreciable cooperative phenomenon.

B. ESR analysis

The ESR spectral shapes are of simple Lorentzian type
at room temperature for both TDAE-Cq, (see Fig. 3) and
TDAE-C,,, with AH,,,/AH,, being equal to 2.336 and
2.615, respectively, where AH,, and AH,,, indicate the
peak-to-peak linewidth and the outside half-height
linewidth, respectively, of the ESR peak.!! Purely Gauss-
ian and Lorentzian line shapes give the values 1.92 and
2.40, respectively, for this ratio. The TDAE-Cq, line
shape becomes asymmetric under 40 K, which will be dis-
cussed later.

The relative errors of the observed AH,, and g values
are less than 4% and 0.03%, respectively. The tempera-
ture dependence of AH,, of the two samples is shown in

TABLE II. Temperature-independent magnetic susceptibility (Y, in emu g~ 1), Curie constant (C in
emuK g~!), Weiss constant (© in K), and Curie-type spin concentration [N¢ in spins (mol-TDAE-

fulleride) ~'] of the present samples.

Xo C (S) N¢
TDAE-Cq* 3.6(+0.1)X 107 3.1(£0.1)X 1074 —58(£1) 4.6(+0.1)X 107
TDAE-Cyo —4.0(+0.1)X 10~° 2.1(+0.1)X 10™* 0(£1) 3.5(+0.1) X 10%

2Data in the temperature range from 100 K to room temperature where the Curie-Weiss law holds.
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FIG. 3. Selected ESR spectral shapes of TDAE-Cq, in the
low-temperature region. Mark A signifies the broad peak ap-
pearing under 16.7 K, whereas mark B signifies the narrow peak
with the Curie-Weiss-type behavior (see text).

the inset of Fig. 4. AH,, decreases more abruptly in
TDAE-Cg, than in TDAE-C,, with the decrease in the
temperature. This narrowing, probably attributed to the
increase in exchange interaction among electronic spins,
continues down to 20 K in both the samples. Under 16.7
K, however, another broad ESR peak grows in TDAE-
Cyo, eventually causing the two phases 4 and B as seen in
the spectrum of Fig. 3. This broad ESR peak A appears
independently from the narrow one B in TDAE-C¢,. The
peak B could not be decoupled from the big peak 4,
since the intensity of the former is much smaller at lower
temperatures in particular. Hence the AH,, of the peak
B was immeasurable and the g value of the peak A4 was
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FIG. 4. The g values of the ESR spectra of TDAE-Cy, (filled
circles) and TDAE-C,, (open circles). The inset shows the
peak-to-peak linewidths (AH,,) of the ESR spectra. See the
caption of Fig. 3 with regard to the marks 4 and B.
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measured from the zero crossing of the total ESR curve.

It is thus considered that 16.7 K corresponds to T, for
the magnetic transition of TDAE-C¢, by the ESR mea-
surement at H=~3 kG. On the other hand, AH,, of
TDAE-C,, monotonically decreases at low temperatures
until a slight drawback occurs under 10 K. Such a clear
difference of the ESR spectra between TDAE-C4, and
TDAE-C,, offers strong evidence that the radical spins
mostly reside on the fullerenes. The signal of TDAE™,
the reported g value which at room temperature is
2.0036,'® does not appear in the present ESR charts of
TDAE-Cy, and TDAE-C,, This observation result is
guaranteed from the relative error range in the present
measurement mentioned above and signifies that the con-
centration of detectable radical spins of TDAE™, if any,
should be ~ 107 times as low as that of Cg,~ or Cy .
Hence, interpretation of the lack of observation of the
counter spins that should exist on the donor side
(TDAE™") would require some spin-cancellation mecha-
nism such as spin-flipping processes, the details of which
are currently not clear.

The temperature dependence of the g value shown in
Fig. 4 is of similar nature to that of Apr ; that is, the g
value of TDAE-C, becomes large below 20 K. This in-
creased g value is due to the appearance of the broader
peak A, so the higher g value (2.0017-2.0025) can be as-
signed to the ferromagnetically ordered phase of TDAE-
Cg¢o- The g value of TDAE-Cg, is 2.0003 at room temper-
ature in good agreement with 2.0008 for TDAE-C, (Ref.
17) and 1.9991 and 1.998 for electrochemically prepared
Ceo - ! On the other hand, TDAE-C,, shows no dras-
tic change in the g value which is 2.0022 at room temper-
ature, and which is also similar to the value reported for
the central ESR peak (2.003) of electrochemically
prepared C,, .!° Note that this value resembles that
found in polyacenic materials consisting of condensed
aromatic rings.?°

IV. DISCUSSION

Although the origin of the ferromagnetic spin align-
ment and the species of the spin carriers in TDAE-Cq in
Fig. 2(b) are as yet unclear, the comparison and
differentiation of the magnetic properties of TDAE-C,
and TDAE-C,, would be useful at the present stage. The
X~ -T behavior of TDAE-Cg, indicates the sudden
change from the Curie-Weiss dependence with an antifer-
romagnetic interaction (6= —58 K; see Table II) to su-
perparamagnetism with a temperature-independent fer-
romagnetic spin state at less than 20 K. The latter
temperature-independent state suggests the possible pres-
ence of Pauli-paramagnetic behavior in that temperature
range. On the other hand, TDAE-C,, shows a simple
Curie-type dependence with the Weiss constant of nearly
zero. Moreover, a complicated ESR behavior of TDAE-
C4o Was observed at 40 K in which the peak becomes
asymmetric and twice as broad as that at room tempera-
ture, showing a deviation from a simple Curie-Weiss
dependence. Finally, a broader ESR peak A4 (see Fig. 3)
with a larger g value appeared at 16.7 K in correspon-
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dence with the ferromagnetic transition. The appearance
of the broader peak suggests the correlation of spins as
has been found in the superparamagnetism of pyrolytic
carbon prepared from adamantane. !> On the other hand,
the ESR peak of TDAE-C,, is narrow and always sym-
metric, indicative of the ordinary Curie-type spins al-
though the charts are omitted here.

The present ESR signals of the high-temperature phase
of TDAE-Cy, as well as of TDAE-C in the entire tem-
perature range indicate that the spins are largely on the
fullerides to a very small extent on the TDAE side. This
situation is in contrast to, for instance, the tetrathiaful-
valene (TTF) -tetracyanoquinodimethane (TCNQ)
charge-transfer salt, in which the spins reside on both
TTF and TCNQ.2! We currently consider that the mag-
netic property of the low-temperature phase of TDAE-
C¢o showing the ESR spectrum with a larger g value is
determined by polaronic spins on Cq,” as described in
what follows.

Assuming a 1:1 composition in TDAE-Cg, one
transferred electron should occupy the lowest unoccupied
molecular orbital of the neutral fullerene, causing a split
of the orbital level known as the Jahn-Teller distortion??
or, in other words, the polaronic effect in Cgp.2?* In a
TDAE-Cg, crystal the shortest Cgy-Cq, distance of 9.98 A
along the ¢ direction and a much larger lattice constant
of 10.25 A within the a-b plane!” must provide highly an-
isotropic polaronic bands in which electrons should be
delocalized, contributing to Pauli-type temperature
dependence. On the other hand, internal orientational
disorder such as that found in K-doped Cgq, (Ref. 25)
could always cause a certain number of localized states
and contribute to Curie-type spin behavior. Such inter-
play of the Pauli- and the Curie-type spins can cause a
complicated temperature dependence especially in the
present noncrystalline samples.

As has already been pointed out in Ref. 17, the elec-
trons in highly anisotropic (quasi-one-dimensional) bands
of TDAE-Cy, are generally known to be unstable and
tend to exhibit various electronic and/or magnetic phase
transitions, i.e., with the formation of charge-density
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wave, spin-density wave, or other ordered states. Then
the localization of spins in polaronic bands after any of
these phase transitions (e.g., Wigner-type crystallization
of a dilute polaron gas) should create different types of lo-
calized spins such as observed here in the phase A in the
ESR spectra below T, shown in Fig. 3. It may be of in-
terest to point out that a prototype for a polaronic fer-
romagnet has actually been devised by employing a
modified skeleton of polyacetylene with regularly separat-
ed 7 conjugation.’® Further studies of the low-
temperature phase of TDAE-C4, by NMR and inelastic
neutron scattering analyses should give additional infor-
mation on the type of phase transition responsible for fer-
romagnetic alignment of TDAE-Cy,.

In conclusion, the occurrence of ferromagnetic correla-
tion in superparamagnetic domains of TDAE-Cy, with
T.=16.7-17.5 K has been confirmed by Faraday-
balance magnetization and ESR measurements. No ap-
preciable concentration of radical spins on TDAE" was
detected by the ESR measurements for both TDAE-Cq,
and TDAE-C,,. The unusual appearance of a broad ESR
signal below T, of TDAE-C¢, suggests that the spin
correlation of the radical spins resides on each C¢, mole-
cule. On the contrary in TDAE-C,,, the lack of such a
magnetic transition signifies that ferromagnetic correla-
tion does not occur at least down to 4.5 K. Studies of
TDAE complexes with higher fullerenes C, (n =84) are
also now in progress to further clarify the special role of
C¢o compared with other members of the fullerene fami-

ly.
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