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Abstract. For the first time, magnetic properties of fullerides have been studied using a
torque technique. A Rb.C_ single crystal has been investigated in these experiments. It was
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shown that this method is sensitive to the structural phase transition in both superconducting
and normal states. In the superconducting state a transition at 7, = 28 K was observed and a
pinning force of the magnetic vortices has been estimated. In the normal state, the transition
from s.c. to f.c.c. structure has been indicated. A very strong magnetic response has also
been observed at temperatures 7 ~ 200-250 K, which may be explained in terms of the
rearrangement on the magnetic system in the material.
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Introduction

The appearance of superconductivity in
alkali fullerides has led to extensive efforts in
attempting to understand their electronic,
magnetic, structural, and dynamic properties and
toeducidatetheorigin of their high T'.. In particular,
the question of whether or not such a large value
of T, can be caused by coupling to phonons alone
is still to be answered and the answer strongly
depends on the normal state properties. Despite
the apparent simplicity of the structure of A,C,
fullerides (where A is an alkali metal), some
important issues are not yet fully resolved.

Itis well known that A,C ., fullerides, as well
as pure C,, are weak diamagnetics with the
appearance of strong diamagnetism at the
transition to the superconducting state. At high
temperature, solid A;C, forms a face-centered-
cubic (f.c.c) phase. In this phase, C, molecules
freely rotate with a reorientation time scale of
the order of 10°!! seconds. With lowering
temperature, the transition to s.c. structure occurs,
which comes from the fast reorientation of the
C, molecules, and an anisotropic uniaxial rotation
of fullerene molecules takes place. This transition
has been observed for K,C., by NMR
experiments [7; 8], but the exact transition
temperature was hard to evaluate since, in these
experiments, the peak related to this transition
overlapped with a peak related to appearance of
T, site and is very wide. No special effect on the

fullerene, superconductivity, normal state.

magnetic properties at the temperature of the solid
state transition from s.c. to f.c.c. structure has
been observed.

A,C,, fullerides are extremely air sensitive
and usually are sealed in a glass or quartz
capsules. Therefore, most of the magnetic
measurements on these materials have been
done with SQUID magnetometers. Therefore,
an alternative method of investigation of the
magnetic properties may give new information
about the magnetic structure of A,C
superconductors in the normal state.

Experimental Method and Samples

In these experiments we apply the
mechanical torque method in order to study the
magnetic properties of alkali doped fullerenes.
This method has been extensively used to
investigate critical parameters of superconductors
suchas T, critical field H ; and energy dissipation
in the mixed state [3; 4]. A cylindrical (in the ideal
case) sample is suspended on a thin elastic thread
and torque oscillations of small amplitude of 1° or
2° are generated with a short-time impulse. After
that the sample performs free axial-torsion
oscillations in an external magnetic field, 4, which
is perpendicular to the axis of the sample. The
temperature dependence of the frequency, ® (or
of the period, ¢), and of the dissipation of the
oscillations, d, is measured at different magnitudes
of the magnetic field.
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If there are no fixed (pinned) magnetic
moments in the sample, neither the dissipation
nor the frequency of the oscillations depend on
the external magnetic field. For example, when
either 1) the external magnetic field does not
penetrate the substance, which is the case for a
superconductor in an external field smaller than
the lower critical field H_,, or ii) the inner
magnetic moments are either zero or disoriented
and not fixed.

The appearance of pinned magnetic dipoles
produces a nonzero magnetic moment M in the
sample. The interaction between M and H makes
a torque T=MH sin o, where o is the angle
between M and H. This additional moment T affects
the oscillating system and makes the dissipation
and the frequency of oscillations dependent on the
external magnetic field. The sensitivity of this
method is very high, 1017 W [4].

In our experiments we used a crystal of
Rb,C,, that was made from a single crystal of
C,, by doping it with Rb using the method of
vapor phase doping !'. Details of the sample
preparation and its characterization can be
found in [5; 6] (sample R28 therein). The
physical dimensions of the crystal are
3.3 x2.7x 1.3 mm’. It consists of a few single
crystalline grains of the radius about 350 um [1].
The sample is sealed in a quartz capsule to
prevent exposure of the material to air.

Results and Discussions

In Fig. 1 we present temperature
dependences of both period and dissipation of the
oscillations of the sample monitored in the external
magnetic field of 100 mT with increasing
temperature from the temperature of liquid He. At
temperature 7, = 28 K there is a step-like transition
to the normal state on both # and 8. This transition
temperature is slightly lower than that obtained in
[6] for this crystal. This difference is because the
thermometer with the electrical cables cannot be
fixed on the oscillating sample directly and is placed
some distance from it (Fig. 1).

It is clearly seen that the dissipation in the
superconducting state is larger than that in the
normal state. This is because, in the superconducting
state, the material is penetrated by magnetic field
in the shape of vortices. These vortices are partly
pinned on structural defects and the pinning force
depends on several factors like size and number of
the defects, and thermal fluctuations. Vortices in
the material tend to align along the external
magnetic field, which increases the dissipation of
the oscillations. When the material undergoes the
transition to the normal state, vortices do not exist
in the sample anymore and, therefore, do not
prevent the oscillation of the sample.

The larger the amplitude of the oscillations,
the larger is the force applied on a pinned vortex
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Fig. 1. Temperature dependence of the period (solid squares) and of the dissipation of the oscillations
(open circles) of Rb,C, in the superconducting state and at temperatures close to the transition, 7,
in the external magnetic field p H=100 mT
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by the magnetic field. By measuring the period ¢
and the dissipation & at different amplitudes of
oscillations one can find the critical amplitude @,
at which vortices unpin from structural defects.
Using the value of @, one can find the value of
the critical moment T, and the strength of the bulk
pinning force F,as [5]:

3 1
F == , 1
P4 RL M

where R and L are the radius and the length of the
cylindrical sample respectively. The results of the
estimation of the bulk pinning force at temperature
T = 4.2 K are presented in Fig. 2.

With the increasing external magnetic field
from zero, vortices penetrate the sample from its
surface to the center and the bulk pinning force
grows steeply. At the external field H, = H" (in
our experiments H* ~ 50 mT) the sample is
completely penetrated by vortices. Further increase
of the external magnetic field leads to increasing
numbers of vortices (i. e. the volume density of
vortices in the sample), and therefore to the
decreasing of the bulk pinning force.
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Fig. 2. The bulk pinning force as a function
ofthe applied external magnetic field at 7=4.2 K

The temperature dependence of the
dissipation of the oscillations in the normal state
is presented. At around 7', ~270 K a peak can be
observed. This peak may be associated with the
first order phase transition from s.c. to f.c.c.
structure. This transition is related to the freezing
of libration modes and an orientation of C,
molecules. If each C, molecule is considered as
a diamagnetic dipole, then the orientation of
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molecules leads to the orientation of magnetic
moments in the system and, therefore, strong
response on &(7) and (7). As expected, the
transition temperature in Rb,C, is higher than
that in the pristine C, at 7 = 263 K due to the
presence of Rb atoms in the interfullerene space.

There is a second peak at 7, ~ 200-250 K.
The amplitude of the peak of the dissipation (as
shown in Fig. 3) is several orders of magnitude,
which is above of the sensitivity of our
experimental device. Moreover, this peak is much
larger than the one at the s.c. — f.c.c. phase
transition. In our experiments, the sample stops
oscillating and we cannot generate the oscillations
with a short-time impulse any more. We are not
aware of any earlier experiments showing such
strong magnetic response of fullerides materials.
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Fig. 3. Temperature dependence
of the dissipation & of the oscillations
at the external magnetic field p H= 150 mT

In earlier NMR experiments, some anomalies
of the temperature dependence of spin-lattice
relaxation times have also been observed in this range
of temperatures in K,C, [8] and Na,CsC, [6].
However, this anomaly was very weak and, as the
authors reported, its amplitude was in the order of
experimental error. In our experiments, the
magnitude of the effect is huge. Since the effect
appears to be so strong in our torque experiments,
which are sensitive to the presence of fixed/oriented
magnetic moments, it may mean that at this
temperature there is a reorganization of the magnetic
structure in the material.

It is unclear now what kind of magnetic
structure is formed in A,C, These magnetic
moments cannot be the moments of C
molecules since most of the molecules are already
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oriented at 7, = 280 K and, moreover, the
magnetic effect is much stronger than that at the
phase transition. One may speculate that some
persistent currents may appear, or we may assume
that the magnetic moments involved in the
crossover are due to distortions of the C;
molecules or the A,C lattice. In general,
magnetism is mainly related to properties based
on electron spins. The solid lattice, though
important for some of effects, usually does not
provide an important contribution to magnetism.
However, there is a specific type of materials for
which the Jahn-Teller effect plays a very important
role determining both structural and magnetic
properties.

NOTE

! Sample preparations have been done in the
Institute for Material Physics, Vienna University,
Vienna, Austria.
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AHHoTauusi. BriepBrie MarHuTHbIC CBOKCTBA (YIIEpHIOB OBUTH M3YYEHBI C HCIIOMb-
30BaHMEM METO/Ia KPYTSAIIEro MOMEHTa. B 3TUX sKcriepuMeHTax ObLT MCCIIENOBaH MOHO-
kpuctamt Rb,C, . bbuio nokasano, 4To 5TOT METOJ YyBCTBUTENECH K CTPYKTYpHOMY (a3o-
BOMY TIEpEXOy U B CBEPXIIPOBOIAIINX M B HOPMAJIBHBIX COCTOSTHUSX.

Karwuessle cioBa: maruutHoe cocrosinue, Rb.C_ , dymnepeH, cBepXmpoBOAUMOCTS,
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HOPMAJILHOC COCTOSHUC.
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