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Ferromagnetic Behaviour of TDAE-Cg, Samples
Studied with a SQUID Magnetometer

ZVONKO JAGLICIC #, JANKO LUZNIK?, JANEZ PIRNAT?,
ZVONKO TRONTELJ?, DRAGAN MIHAILOVIC?, ALES MRZELY
and ALES OMERZUP

nstitute of Mathematics, Physics and Mechanics, Jadranska 19, 1000
Ljubljana and bJozef Stefan Institute, Jamova 39, Slovenia

A SQUID magnetometer has been used to study magnetic properties of TDAE-Cgy single
crystal and powder samples and another fullerene derivative APhF-Co. The measured mag-
netic transitions, magnetization curves and hysteresis in magnetization curves lead to the con-
clusion that TDAE-Cg behaves as a ferromagnet.

Keywords: fullerene; TDAE-Cgq

INTRODUCTION

The discovery of the new organic magnetic material TDAE-Cgy (TDAE
stands for tetrakis dimethylamino ethvlene) in 1991107 stimulated many
experiments and theoretical investigations on this material. TDAE is a

strong electron donor that forms a 1:1 charge transfer compound with

469



Downloaded by [University of HaifaLibrary] at 10:21 17 August 2012

470 7. JAGLICIC et al.

Ceo, TDAET-Cg, with spin 1/2 on Cgj ions.

Initial measurements of the magnetization versus external magnetic
field strength M(H) showed an ”S” - shaped characteristic but no spon-
taneous magnetization or a maguetic hysteresis curve was observed.!]

Magnetic hysteresis was first reported by Suzuki e al?l Sensitive
M(H) measurements were done with a SQUID magnetometer. Spou-
tancous magnetic order was also confirmed by the zero-field muon spin
relaxation torlmiquv.m Tanaka ef allV tried to explain ferromagnetic
properties of TDAE-Cyy in terms of superparamaguetism where a large
number of ferromagnetically correlated spins forms clusters.

The first TDAE-Cg single crystals were obtained in 199511 and mag-
netic studies on these samples reveal some new magnetic properties. Sub-
sequent studies of single crystal samples have shown that TDAE-Cygo conld
be described as a 3-dimensional Heisenberg ferromagnet insulator 0

Results of our de SQUID magnetization measurements on TDAE-Cl,
single crystal and powder samples and on a new fullerene derivative (1-
(3-aminophenyl)-1H-1,2-methano [60] fullerene cobaltocene (APhF-Co))
confirm the ferromagnetic description of magnetic properties of these sam-
ples and suggest that the essential ingredient for the ferromagnetism is

the fullerene molecule rather than the electron donor molecule.

EXPERIMENTAL

All samples were prepared at J. Stefan Iustitute in Ljubljana: TDAE-
Cgo powder samples were synthesized according to the usual method.!!
TDAE-Cgp single crystals were grown by the diffusion method. APhF-Co
was synthesized by mixing cobaltocene in toluene solution with APhF,
The electron donor molecnle dicyclo-pentadienvl-cobalt (CoCpd or cobal-
tocene) has spin S = 0 in the CoC'p} statel® and only electrons traus-
ferred to APhF™ lead to the magnetic properties of APhF-Co.
Measurements of de-magnetization were performed on a home huilt

SQUID maguetometer. Magnetization has heen determined from a signal
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obtained by moving a sample in an external magnetic field of strength H
along the axis of superconducting detection coils in gradiometric configu-
ration. The signal was calibrated by the common standard CuSO,4-5H,0.
The measuring system allows measurements from 4.2K till 25 K. Magne-
tization curves have been measured by changing the external magnetic
field strength H from 0 — Hyup = —Hpar — 0, where H,,,, was ap-
proximately 10000 A /m.

MEASUREMENTS AND DISCUSSION

Figure 1 shows the temperature dependence of magnetization for about
1 mm3 large TDAE-Cg single crystal in a magnetic field strength H =
4000 A/m. Above the transition temperature the magnetic signal of this
sample is below the sensitivity of our measuring system. Magnetization
below the transition temperature has been detected only after the sample
was thermally annealed. Several newly grown single crystals samples did
not show any magnetic signal before thermal annealing procedure which

is in agreement with previously reported results.[9

7
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Figure 1 ~ M(T) dependence in TDAE-Cgy single crystal sample in
H =4000A/m.
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The M(H) dependence at 4.2K is shown in Figure 2. The mag-
netization reaches saturated value of about 6500 A/m at the magnetic
field strenght H = 3000A/m. A calculated maximal magnetization of
TDAE-Cgp single crystal sample, considering a monoclinic unit cell with
a=15.8584, b=12.998 A, c = 19.987 Aand 8 = 93,37°%] with four free
electrons per unit cell, is about 9000 A/m. The measured value of the

saturated magnetization is more than 70% of the calculated one.

sl L) ,;}..,..gé‘!,-!’i.'.".'.'j
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Figure 2 M(H) dependence in TDAE-Cg single crystal at 4.2K.
Figure 2 b) shows the same measured data points as Figure 2 a) but
only for small magnetic field strength H to make the hysteresis visible.
o and o are for increasing and decreasing H, respectively.
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A hysteresis loop in the M(H) dependence has been also observed, as
shown in Figure 2 b). The remanent magnetization is about 300 A /m.

Next we compare the magnetic properties (transition temperature and
M(H) dependencies at several temperatures below the transition tem-
perature) between the slowly cooled sample and quenched sample. The
cooling rates were about 2K/min and 300K/min from room tempera-
ture down to 4.2 K for slowly cooled and quenched samples respectively.
We did not observe any shift of the transition temperature or changes in
M(H) dependencies for either cooling rate.

Similar measurements have been carried out on TDAE-Cg powder
samples. Figure 3 shows the M(H) dependence of TDAE-Cg powder
sample at 4.2 K. The x-axis scale (the strength of the magnetic field H)
is same as on the Figure 2. a), while the y-axis scale (the magnetization
M) is much smaller than the magnetization of single crystal sarples in

the same external magnetic field.
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Figure 3 ~ M(H) signal in powder TDAE-Cg (0) and in APhF-Co
(s) sample at 4.2 K. Full lines are M{H) dependencies calculated from
the model of superparamagnetism with the cluster density and spin of
the cluster which best fit the experimental data.
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The saturation magnetization in powder sample is about 280 A/m,
which is only 4% of the saturation magnetization of single crystals. The
difference can be contributed to the smaller density of the powder sample
and the surface effects due to a grain structure of the powder sample.
The full line on the Figure 3 is a function calculated from the model of
superparamagnetism. The calculated number of spins in each cluster of
ferromagneticaly ordered spins is of the same order of magnitude as the
number of molecules in each grain of TDAE-Cgy powder sample as deter-
mined by scanning electron microscope. The hysteresis in magnetization
curve in TDAE-Cgg powder sample has also been observed.

A similar magnetic response has been measured on APhF-Co. Figure 4
shows the phase transition to ferromagnetic phase in APhF-Co measured
in the magnetic field strength of 4000 A/m. The transition temperature
is about 18 K. The value of the saturated magnetization in APhF-Co is
smaller than the saturated magnetization in TDAE-Cg powder sample
(see Figure 3) by the same factor as is the ratio of densities of these two
powders. This means that the average magnetic moment per molecule of
TDAE-Cg and APhF-Co powder samples are of the same order of mag-
nitude: about 3% and 2% of the Bohr magneton, respectively.
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Figure4 ~ M(T') dependence in APhF-Co.
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CONCLUSIONS

The results of our de SQUID magpetization measurements on TDAE-
(o single crystals and powder samples indicate a magnetically ordered

»

phase below 9K, "S” shaped magnetization curves and hysteresis in the
magnetization curves lead to the conclusion that TDAE-Cyy behaves as
a ferromagnet. The differences in magnetic properties hetween single
crystal and powder sample can be attributed to the grain structure of the
powder sample.

Another fullerene derivative, APhI*-Co, where electron donor is cobal-
tocene instead of TDAE, has similar magnetic properties as THAE-Cy,
powder sample. This can suggest that the essential ingredient for the

ferromagnetic properties of these materials is the fullerene molecule.
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