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Macroscopic magnetic measurements on the nonferromagnetic modification of TDAE+G

A. Omerzu and D. Mihailovic
Jozef Stefan Institute, Jamova 39, 1001 Ljubljana, Slovenia

M. Tokumoto
Electrotechnical Laboratory, 1-1-4 Umezono, Tsukuba, Ibaraki 305, Japan
(Received 21 January 2000

We present macroscopic magnetic measurements on single crystals of the nonferronadgmeiiification
of TDAE-Cqg in a wide temperatur€ K <T<100 K) and field (0<H <50 kOg@ range. Results show that the
low-temperature magnetic properties @f-TDAE-Cgy can be described in terms of simple paramagnetic
model of noninteracting spins with the effective number of spins corresponding to one Bohr maggpgien
formula unit. The effective number of spins gradually increases from one tquyvper formula unit as the
temperature rises towards 100 K. We propose a model of two independent magnetic subsystems with different
spin interactions which could account for the observed magnetic behavior-dDAE-Cg,.

During the last few years it has been well established thatnagnetic measurements, single crystals were sealed into
the organic charge-transfer salt TDAEg&an crystallize in  quartz tubes under helium. Special care was taken to reduce
two crystal modifications with completely different low- the time of exposure of the samples to ambient temperature
temperature magnetic propertfes. The usual modification to avoid a spontaneous transformation into the more stable
a-TDAE-Cq, exhibits a ferromagnetic transition at 16*K. modification. The magnetic measurements were performed
The magnetic ground state of this modification can be dewith quantum design MPMS superconducting quantum inter-
scribed in terms of the Heisenberg model with a very lowference devicd SQUID) magnetometer in the temperature
anisotropy> A residual orientational disorder of nearly range 2 K<T<100 K and magnetic fields up to 50 k@&
spherical G, molecules, which is always present in the realT). For the ac susceptibility measurements we used the ac
samples, gives this system some characteristics of a spimagnetic field with an amplitude of 1 Oe and a frequency of
glass®® On the contrary, the newly discovered 1 kHz in a zero dc field. A diamagnetic contribution of the
a'-TDAE-Cg modification shows no ferromagnetic transi- quartz tube and the sample holder were separately measured
tion down to 1.7 K2 Interestingly, both modifications crys- and subtracted from the experimental data.

tallize in the sameéC2/c space group with the same param-

The results for the realy’, and the imaginaryy”, parts

eters of the unit crystal cel!! It is known that thea’  of the ac suceptibility are shown in Fig. 1. The susceptibility
modification is the metastable one. It irreversibly transformds essentially Curie-like. A weak hump is also visible near 16
into the @ modification when thermally treatédProton K, which we attribute to a small part of the sample that has
NMR measurementsevealed two resonance lines: a narrowbeen already transformed into the ferromagnetimodifica-

line which is almost temperature independent in #he  tion. From the value of this anomaly<(1.5xX 10"’ emy we
modification and a broader line which follows the Curie- can estimate that the transformed part of the sample is less
Weiss law with a positive Curie-Weiss constant in the then 0.1% of the whole sample. This part is too small for a

modification. These measurements imply that some struc-
tural changes have to occur during thé to « transforma-
tion that affect the methyl groups of TDAE molecule, but
they have not been identified yet in the x-ray measurements.

The ESR measuremehtsave shown that the static spin
susceptibility ofa’-TDAE-Cgy 0beys the Curie-Weiss law in
the temperature range 100—-300 K. Below 100 K it starts to
deviate from the Curie-Weiss law, gradually decreasing from
the paramagnetic value. Eventually, at temperatures below
10 K, the ESR signal completely vanishes. The authors tried
to explain this behavior of the spin suceptibility by introduc-
ing antiferromagnetic correlations between spias invok-
ing spin singlets as a magnetic ground state for
a'-TDAE-Cg,.? To resolve these questions we have per-
formed measurements of the ac magnetic susceptibility and
the static magnetization om’-TDAE-Cg, single crystals.

The crystals ofa’-TDAE-Cgy were grown by the diffu-
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FIG. 1. The real parf’ (solid squaresand the imaginary part

sion method as decribed in Ref. 11. Samples used in thg” (open squargsof the ac susceptibility ofx'-TDAE-Cq, as a
experiments had typical masses between 1 and 4 mg. Fdunction of temperature.
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FIG. 2. Temperature dependence of the static magnetizition o
of a'-TDAE-Cy, measured in a static magnetic fiett=100 Oe. FIG. 3. The magnetization curves af -TDAE-Cg, measur.ed at
The magnetization follows the Curie laM=(C/T)H (dashed sev_era_ll temperatures between 2 gno_l 100 K up to the maX|maI_ mag-
curve. Inset: the temperature dependence of the magnetization iR€UC fl_eld of 5_0 kOd5 T). The solid lines represent the theoretical
the high magnetic field 10 kOe between 2 and 100 K shown in afillouin function.

log-log plot of M~?! versusT. The upper(solid) and the lower . o
(dotted curves are the theoretical Brillouin functiond/ measurements of the field dependence of the magnetization

=Ny tanh@H/ksT) for one and two spins per formula unit of from O to 50 kOe at several temperatures between 2 and 100

TDAE-Cqq, respectively. K. Those measurements enabled us to determine the number
of spins from(1) with a higher accuracy, while providing
divergence ofy” at T, to be observed. independenimeasurement of the number of spins per unit

The low-temperature  paramagnetic  nature  ofcell. Results of those measurements are shown in Fig. 3. We
a'-TDAE-Cq, is demonstrated by the measurement of thefitted theM(H) curves with the expresiofl) and obtained
static magnetization in low magnetic field. In Fig. 2 we showthe number of spins in the sampl, at different tempera-
the temperature dependence of the magnetizatlomea- tures. We have found that the effective number of spins,
sured withH =100 Oe. Also shown in Fig. 2 is the Curie law Ne¢s, indeed changes with temperatutgpper curve in Fig.

M= yH=(C/T)H, whereC=Nn?/kg is the Curie constant 4). It gradually increases from 1 @ K with increasing tem-
with N=1/f.u. calculated from the measured mass of theperature and reaches a value of 2 around 106 Kor com-
sample where N=mMgampie Mmola( TDAE-Cgp) and u parison, we also show the temperature dependence of the
=pug. At low temperatures below6lK a slight deviation pProductMT measured in a 10 kOe fielthe lower curve in
from Curie behavior is observed, which we attribute to theFig. 4). It obviously traces the same curve Mg

presence of a minute amount of the FM phase impurity, Thus, both the magnetic field dependencevtfT,H) at

as already discussed in the previous paragraph. The compaglifferent temperature and the dependence in fixed field
son of the experimental and calculated curves Kb¢T)
yields one s=1/2 spin per formula unit of DAE-Cg, with

an error of less than 2%. This is somehow surprising. One ool %
would expect that unpaired spins on botly,@nd TDAE" ' /}/
should contribute to the macroscopic magnetization, but this

is obviously not the case at low temperatures. Above 20 K 1751
the low inherent signal requires the mesurement of the tem-
perature dependence Mf(T) with a higher magnetic field. . 150}
For measurements up to 100 K we have used a field of 10 =
kOe (1 T). The measured curvd (T,H=10 kO¢ up to 100

K is shown in the inset of Fig. 2. For reasons of clarity we 125
show the results in a plot d#l ~* versusT in a log-log plot.

For a system of noninteracting 1/2 spins in high magnetic 100f
fields we use the Brillouin function

(lowpinway) 1

M= Ngu tanH uH/kgT) (1) ./0 14

to model the data. The uppésolid) and the lowendotted 0 20 40 60 80 100
line are the theoretical predictiof¥) with one and two spins
per formula unit, respectively. A crossover from one to two
spins per formula unit around 30 K is clearly apparent F|G. 4. The effective number of spins per formula unit of
in the data. a'-TDAE-Cq, as a function of temperatur@pper curvg and the

To prove unambiguously the existence of a crossovetemperature dependence of the product of magnetization and tem-
from two to one spin per f.u. near 30 K we have performedperatureM T measured with a 10 kOe fielgower curve.

T(K)
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give a consistent picture of the crossover from one spin petransformation froma’ to @ modification affects only the
unit cell to two occuring near 30 K. The low-temperature orientations of G, molecules, while structural and electronic
magnetic properties of'-TDAE-Cq, can be very well de- properties of TDAE molecules remain unchanged. This en-
scribed with a simple classical model for a paramagnet. Botlables us to identify the subsystem of spins qg & the one

the temperature and the field dependence of the magnetizeesponsible for the ferromagnetjgaramagneticbehavior of

tion exactly follow the Curie and the Brillouin theoretical a-TDAE-C ¢, (a’'-TDAE-Cgy). The subsystem of TDAE
formulas(the Curie formula being only the low-field limit of spins has a nonmagnetic ground state and does not influence
the Brillouin formula. The number of spins at low tempera- the low-temperature magnetic properties of TDAE;Com-
tures corresponds to one spin per pair of ions TDAE;,  plex.

but this number is not constant. It changes with temperature In conclusion, from measurements of macroscopic mag-
and reaches a value of 2 at temperatures around 100 K. Thietic properties ofx’-TDAE-Cgq in low and high magnetic

can be compared with the ESR measurenfewtsich also  fields at different temperatures between 2 and 100 K we have
show a net decrease of the static spin susceptibility witfound that spins inx’-TDAE-Cg, could be divided into two
decreasing temperature. In view of these results, it seemsubsystems. The subsystem of spins localized gnn@l-
plausible to propose a model of two independent spin subecules behaves as a system of noniteracting magnetic mo-
systems with different magnetic ground states which are siments and gives a paramagnetic contribution to the macro-
multaneously present im’'-TDAE-Cgy: one is the sub- scopic magnetic quantities, i.e., magnetization and magnetic
system of noninteracting spins that shows paramagnetisusceptibility. The subsystem of TDAEspins appears to be
behavior down to the lowest temperatures and another is theffectively decoupled from thedg spin subsystem. Its con-
subsystem of strongly antiferromagnetically coupled spingribution to the macroscopic magnetic quantities gradually
that gradually cancel out with decreasing temperature. Sincéiminishes with decreasing temperature indicating the pres-
the value of the saturation magnetization for the ferromagence of some mechanism for spin cancellation in this sub-
netic modificationa-TDAE-Cg, at low temperatures also system. The presence of two spins per formula unit evident
corresponds to one Bohr magnetap per formula unit we  from the magnetization measurements at high temperatures
find that the same mechanism of the spin cancellation mais consistent with quantitative measurements of the ESR sus-
take place also in the ferromagnetic modification. From  ceptibility at 300 K* The nature of the spin cancellation
low-temperature structural measureméhige know that the mechanism at lower temperatures is not yet known.
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