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Magnetism in RbC60 studied by muon-spin rotation
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We report an investigation of the magnetic properties of orthorhombic RbC60 using muon-spin rotation

(p, SR). Measurements in zero applied field and high transverse field reveal a transition to a magnetic state
below T= 60 K. The p, SR spectra at low temperatures indicate that the internal magnetic fields are quasistatic
on the time scale of a few p, s and have a Lorentzian-like distribution. These observations suggest that the

magnetic structure is more disordered than a simple spin-density-wave state or an antiferromagnet.

There is considerable current interest in the recently
discovered stoichiometric intercalation compounds A C6o
(A = K,Rb, Cs) since their electronic and magnetic proper-
ties may help elucidate the nature of superconductivity in the
conductive A3C6o phase. It is now generally accepted that the
alkali-metal-intercalated fullerides are highly ionic com-
pounds in which each alkali-metal cation donates an electron
to a C60 molecule. The electronic properties are then deter-
mined by bands composed primarily of the molecular orbit-
als of C60, in particular those formed from the triply degen-
erate lowest unoccupied molecular orbital (LUMO).
However, the narrowness of these bands and the failure of
band theory to explain the insulating behavior of A4C60 sug-
gest that strong electron correlation effects may be important
in this class of compound as in high-T, copper oxide super-
conductors.

The recent synthesis of AC60 is particularly interesting
since this material, like A3C60, has an odd number of elec-
trons in the LUMO which should favor metallic behavior.
RbC60 has two clearly distinguished crystalline phases;
above about 350 K x-ray diffraction peaks can be indexed to
an fcc structure in which the cations are located in the octa-
hedral interstitial site. At lower temperatures the stable
phase denoted o-RbC6p has a (body-centered) orthorhombic
unit cell with approximate dimensions: 9.1, 10.1, and 14.2
0

A. Although there is disagreement over the conductive prop-
erties of the high-temperature fcc phase, IR transmission,
NMR spin relaxation, and conduction-electron spin reso-
nance (CESR) all confirm that o-RbC6p is indeed an electri-
cal conductor between 60 and 350 K. Although it has been
proposed to be a quasi-one-dimensional conducting
polymer ' the degree of one-dimensionality is questionable
since the intrachain ball separation (-1.4 A) is not much
different than the smallest interchain ball separation (-1.6
A). Furthermore, according to recent density-functional
calculations, the rehybridization of C orbitals at the

C6o-C6o bond impedes conduction along the chains and leads
to nearly isotropic electronic properties for the experimen-
tally determined lattice constants. Below 50 K a sharp drop
in the CESR susceptibility (y, ) of o-RbC6p has been ob-
served and interpreted as evidence for a transition to a non-

conductive spin-density-wave (SDW) state. On the other
hand, band-structure calculations predict that the ground
state has electronic moments coupled ferromagnetically
within a chain and antiferromagnetically between chains.

In this paper we report an investigation of the properties
of 0-RbC60 using muon-spin rotation. The positive muon is a
sensitive site-based probe of the internal magnetic fields and
thus is useful in determining the presence and type of mag-
netic order. At a temperature of about 60 K we observe a
gradual transition to a magnetic ground state which is char-
acterized by a Lorentzian-like distribution of weak internal
magnetic fields which are quasistatic on the time scale of the
muon lifetime (2.2 p, s). The exponential decay of the muon
polarization at early times and the absence of any oscillatory
behavior in the zero-applied-field (ZF) p, SR spectra suggest
the magnetic structure is considerably more disordered than
for a simple spin-density-wave or antiferromagnetic state.

The measurements were performed on the M15 beamline
at TRIUMF which provides a beam of —100% spin-
polarized positive muons. A sample of RbC60 weighing 320
mg was sealed in an Al vessel with a thin Kapton window to
allow entry of the low-energy (4 MeV) positive muons. An
exchange gas of 10% He/90% Ar was used to ensure good
thermal conductivity between the powdered sample and the
target vessel. We estimate that about 80% of the muons
stopped in the sample. Those that missed the sample were
stopped in an annular disk of high-purity silver which has a
very small temperature-independent muon-spin-relaxation
rate. The temperature of the target vessel was controlled to
within 0.2 K using either a cold-finger cryostat or a He gas
flow cryostat. For zero-field measurements the ambient field
at the sample was compensated by three orthogonal Helm-
holtz coils, effectively reducing the external field to ~0.03
mT.

Conventional ZF-p, SR spectra were taken at several tem-
peratures between 2.6 and 250 K [see triangles in Figs. 1(a)
and 1(b)].Above 30 K excellent fits were obtained assuming
the muon polarization had the following time dependence:

P,(t) =Ap+A ie
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FIG. 1. Time dependence of the muon-spin polarization in

o-RbC60 in zero applied magnetic field and low longitudinal fields;
(a) 75 K: triangles ZF, squares 3 mT; (b) 2.6 K: triangles ZF, circles
2 mT, squares 10 mT. The fit function shown here is the sum of one
or two exponentials and a nonrelaxing term.

where the exponential term comes from the sample and the
smaller constant term from the silver annulus around the
sample. Above 60 K kzF is small and weakly dependent on
temperature (see Fig. 2). The static nature of the magnetic
fields in this region is confirmed by the fact that the muon-
spin relaxation can be quenched by application of a small
external magnetic field [see squares in Fig. 1(a)]. We at-

tribute the relaxation above 60 K to static nuclear dipolar
fields from naturally occurring C (1.1% abundance) and

Rb (100% abundance). Normally, muon-spin relaxation
due to nuclear dipoles is best described by a Gaussian distri-
bution of internal fields which leads to a Gaussian-like relax-
ation function (i.e., quadratic at early times). However, in
materials such as RbC6o where only a small fraction of the
nuclei have moments, one expects a wider distribution of the
nuclear dipolar fields and thus a more exponential-like form
(linear at early times) as is evident in Fig. 1(a).

Figure 2 shows that the temperature dependence of kzF
obtained from fits of the data to Eq. (1).The increase below
60 K clearly establishes the transition to a magnetic state.
For temperatures below 15 K the relaxation function be-
comes more complicated. Good fits over the entire time
range could be obtained assuming 2/3 of the sample signal
relaxes according to a two-component exponential and 1/3 is
time independent. [See triangles in Fig. 1(b).]"However, the
parameter XzF plotted in Fig. 2 is derived from fits to a single
exponential over a restricted time interval (2.5 p, s for runs
taken below 15 K) where a single exponential gives a good
fit. Note that in the case of rnultiexponential relaxation this
procedure yields the average relaxation rate weighted by the
amplitudes for the various components. A comparison of the
spectra at 2.6 K in ZF and low longitudinal field is shown in
Fig. 1(b). As in the case of the data at 75 K only small
external magnetic fields (10 mT) are required to suppress
X.zF. This establishes that most of the observed spin relax-
ation is due to small static internal magnetic fields as op-
posed to large rapidly fluctuating magnetic fields. Since
) zF in Fig. 2 is a measure of the static internal field kz„
should scale approximately with the order parameter for the
magnetic transition. Note that XzF rises gradually below the
transition and does not saturate until the temperature falls
below about 5 K. This suggests there may be a very broad
distribution of transition temperatures. Recently Uemura
et a/. have reported ZF-p, SR results on a different sample of
o-RbC6O. Although the ZF-p, SR spectra look similar to
those shown in Fig. 1 the temperature dependence appears to
be different and suggests the presence of two transitions at
75 and 20 K in that sample.

One can characterize the field distribution in the magnetic
state more precisely by comparing the single exponential re-
laxation rate XzF with that predicted for a Lorentzian distri-
bution of internal fields seen in highly disordered systems
such as dilute spin glasses. ' For example, a Lorentzian
distribution of internal magnetic field p(B) = (w/m)
X[1/(w +B )] gives rise to a muon-relaxation function in
ZF

N O P,(r)= +,'-(1 —
)~.r)e "', (2)
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FIG. 2. The average muon-spin-relaxation rate in o-RbC60 from
single exponential fits to the first 2.5 p, s below 15 K, and to the
entire 10 p, s above 15 K.

where k =2m'„w and 7~=0.1355 MHz/T is the gyromag-
netic ratio of the muon. This function looks exponential at
early times with a relaxation rate kz„=4/3k. Substituting the
X.zF observed in RbC60 at 2.6 K one obtains an estimate for ~
of 1 mT. The actual field distribution is more complicated
than a simple Lorentzian since Eq. (2) does not fit the low-
temperature ZF spectra for times greater than a few p, s. Nev-
ertheless, there must be a substantial high-field tail as in the
case of a Lorentzian distribution in order to explain the
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exponential-like relaxation at early times. The static nature
of the internal fields along with the absence of any oscilla-
tory behavior in the ZF spectra well below the transition
temperatures implies that the peak in magnetic Geld distribu-
tion is close to zero field. This is unexpected for an ordinary
antiferromagnet or simple spin-density wave where well be-
low the transition temperature there exists a peak at finite
field with a sharp cutoff. For example, in materials known
to possess SOW ordering, such as the tetramethyltetraselena-
fulvalene (TMTSF) compound (TMTSF)2PF6 (Ref. 15),
damped oscillatory behavior is normally observed at small
reduced temperatures. Although in a few materials, such as
(TMTSF)2C104, these oscillations are less obvious, the mea-
surements in those cases were not taken at small reduced
temperatures where narrowest line shapes are expected.
The signature for an antiferromagnet is even more distinctive
since the entire spectral weight is centered at one or at most
a few field values. The field distribution observed in
o-RbC6O more closely resembles that seen in highly disor-
dered magnetic materials such as spin glasses. One possible
source of disorder is competition between polymerization
and dimerization. Recently a completely dimerized state of
KC6p has been observed in samples which are quenched rap-
idly through the fcc to orthorhombic transition at 350 K.

Additional measurements were also taken in a large exter-
nal magnetic field of 1.45 T applied transverse to the initial
spin-polarization direction. In such a transverse field (TF)
p, SR experiment the muon spin precesses at a frequency
which is the vector sum of the external field plus the internal
field. The frequency spectra taken on RbC60 at low tempera-
tures could be decomposed into two components: a broad
line due to the signal from the sample plus a small-amplitude
very narrow line from the silver annulus. Excellent fits to the

p, SR time spectra were obtained assuming an exponential
relaxation of the precession signal from the sample. This is
consistent with a Lorentzian-like internal field distribution
seen with ZF-~SR. Comparing Figs. 2 and 3(a), it may be
seen that the fitted TF-pSR relaxation rate ()t,TF) has the
same temperature dependence as XzF. The observed reduc-
tion in XTF compared to XzF is expected since in TF only the
z component of the internal field (i.e., along the direction of
the applied field) contributes to the line broadening whereas
in ZF the two components perpendicular to the initial muon
polarization contribute. Figure 3(b) shows the average pre-
cession frequency in the sample as a function to temperature.
The lack of any significant temperature dependence above
the transition (in particular the absence of Curie behavior) is
further evidence that above 60 K o-RbC60 is nonmagnetic.
Below 60 K one observes a small upward frequency shift
which closely follows the temperature dependence of XTF
and Xzp. We may conclude from the TF data that there is a
gradual transition to a magnetic state at 60 K upon cooling
and that it is not significantly affected by the presence of an
external field of 1.45 T.

Finally we note that the amplitude of the precession signal
observed in TF is similar to that in the superconducting
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FIG. 3. Temperature dependence of the muon-spin-relaxation
rate (a) and average precession frequency (b) in a transverse mag-
netic field of 1.45 T. At the same field a reference sample of high-

purity silver gave a frequency of 196.035 MHz, which, accounting
for the known muon Knight shift in silver (Ref. 18), yields the

unshifted reference frequency 196.017 MHz indicated by the arrow.

Rb3C60 i.e., about 12% of the injected muons do not con-
tribute to the precession signal. This suggests that as in other
fullerides a small fraction of the muons form the endohe-
dral paramagnetic complex Mu@C6p, where Mu is muo-
nium. In metallic A3C6p, Mu@C6p can be identified as a
small amplitude relaxing signal in a high longitudinal mag-
netic field. However, no such signal was seen in RbC6o be-
tween 40 and 100 K.

In conclusion a combination of ZF-p, SR and high TF-
p, SR data on o-RbC60 reveal a gradual transition from a
nonmagnetic state above 60 K to a magnetic state at lower
temperatures. The internal magnetic field distribution well
below the transition is more disordered than one expects
from either a spin-density-wave state suggested by CESR or
an antiferromagnetic state predicted in theory.
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