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Abstract. The magnetic properties of the polymerized phase of RbCgo have been investigated by static
magnetization measurements. The magnetic susceptibility comprises a temperature dependent part that
decreases rapidly below 50 K, where the metal-insulator transition and the subsequent antiferromagnetic
ordering are expected according to electron spin resonance results. The temperature variation of this con-
tribution resembles that of quasi-one-dimensional gapped systems and shows substantial field dependence

suggesting a disordered antiferromagnetic phase.

PACS. 61.48.+c Fullerenes and fullerene-related materials — 75.50.Ee Antiferromagnetics — 71.30.4+h
Metal-insulator transitions and other electronic transitions

1 Introduction

The stable polymeric phase of the alkali-doped fullerides
ACgp (A =K, Rb, Cs) forming upon slow cooling from
the high-temperature fcc phase has stimulated intensive
research due to the subtle interplay between structural,
magnetic and electronic properties [1,2]. A metal-insulator
transition was ascertained below 50 K by electron spin
resonance (ESR) and conductivity experiments on both
RbCgp and CsCgo polymers [2,3]. Despite extensive stud-
ies, the origin of this transition remains controversial as
both a spin-density wave (SDW) instability characteris-
tic of quasi-one-dimensional (1D) metals [2-4] and an-
tiferromagnetic (AFM) ordering of a three-dimensional
(3D) system [5,6] have been proposed. In particular, the
presence of antiferromagnetic resonance suggestive of the
SDW ground state was revealed by high-field ESR [4],
while persistent 1D spin fluctuations up to room temper-
ature along with the low-T' AFM ordering was inferred
from nuclear magnetic resonance (NMR) [7]. However,
subsequent ESR studies showed that although antiferro-
magnetic resonance can not be excluded below 25—30 K,
a spin-glass-like behavior may be also implicated [8]. Sim-
ilarly, earlier muon-spin relaxation (uSR) studies failed
to identify long-range magnetic order as in regular anti-
ferromagnets or SDW systems but rather a transition to
a disordered magnetic state [9-11]. Analysis of the ESR
lineshapes of RbCgg has also implied that structural dis-
order and localized paramagnetic defects could result in
the spread of the transition temperatures and the devel-
opment of short-range order [12,13].

# e-mail: sglenis@cc.uoa.gr

Density functional calculations have predicted that the
electronic properties retain a strongly 3D-character due
to the rehybridization of carbon orbitals and the large
molecular coordination in the transverse direction to the
polymer chains [5], further corroborated by theoretical
studies of the chain-orientation dependence of the RbCgg
electronic structure [14]. A pressure dependent phase di-
agram has been accordingly constructed for RbCgy ex-
ploiting resistivity [15] and ESR results, indicating a 3D
Mott-Hubbard system with AFM order at low tempera-
tures [6]. Essentially isotropic electronic properties have
been also derived from the analysis of both the *C NMR
spectra in CsCgg showing that the spin density is con-
centrated near the equator of the Cgg molecules and thus
favors substantial interchain coupling [16], as well as ESR
studies of the reduced g-anisotropy [17] and the scatter-
ing rate of RbCgg [18]. Static magnetic susceptibility mea-
surements that have elucidated the SDW ground state of
quasi-1D organic salts like (TMTSF)2PF¢ [19], have been
only recently reported for the RbCgo polymer revealing a
reduction of the susceptibility below 50 K [20]. This behav-
ior has been analyzed within the SDW approach, relying
on the quasi-1D electronic properties of RbCgo predicted
for a narrow range of chain orientation angles [14], which
are, however, incompatible with the value of 46—47° de-
termined by thorough structural studies [21,22].

In this work, we have performed a systematic study
of the field and temperature dependence of the static
magnetization for the polymeric phase of RbCgg comple-
mented by ESR measurements. A temperature-dependent
contribution resembling that of quasi-1D gapped systems
is deduced that decreases rapidly below 50 K, where
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AFM ordering is expected. Appreciable field dependence
is observed suggesting an inhomogeneous magnetic ground
state of RbCgg.

2 Experimental

RbCgp powder samples were prepared by the solid state re-
action of stoichiometric amounts of Cgg with Rb in sealed,
evacuated quartz tubes, properly polymerized by slow
cooling from high temperatures. Magnetic measurements
were performed using a Quantum Design MPMS SQUID
magnetometer in the temperature range of 5—300 K and
magnetic fields up to 50 kG. The diamagnetic contribu-
tion of the support cell was independently measured and
subtracted. To verify the AFM transition for the RbCgg
polymer sample, ESR measurements were performed on a
standard Bruker X-band spectrometer (v = 9.42 GHz)
with 100 kHz field modulation. An Oxford flow cryo-
stat was used for temperature dependent measurements
(4—300 K).

3 Results and discussion

Figure 1 shows representative ESR spectra of the RbCgg
sample as a function of temperature, which can be accu-
rately fitted to a single Lorentzian lineshape over a broad
temperature range. However, deviations from the single
Lorentz fit occur at 8 < T' < 30 K, which can be taken
into account by the superposition of a broader Lorentzian
line (Fig. 1). Figure 2 summarizes the temperature depen-
dence of the total integral ESR intensity Igsgr, which is
proportional to the spin susceptibility, normalized to the
high temperature value and the resonance linewidth of the
dominant narrow ESR line. A rapid drop of Igsr below
50 K signals the opening of a gap in the spin excitation
spectrum, followed by a shallow minimum at 7" ~ 15 K,
below which a slight increase is detected. Despite its low
amplitude, the intensity of the broad ESR component is
not negligible amounting to about 10 to 30% of the to-
tal Igsr, depending on T', and follows qualitatively the
same temperature variation, though with a clear mini-
mum at 15 K. The ESR linewidth broadens rapidly be-
low 40 K, suggestive of the slowing down of spin fluctu-
ations and the growth of internal fields as AFM ordering
is approached. At T' > 50 K, the linewidth increases sub-
linearly with temperature, complying with the conduction
electron spin relaxation caused by spin-orbit scattering on
phonons and defects [18]. Overall, these results are in good
agreement with previous ESR studies [2,4,6,8,12,13], val-
idating subsequent dc magnetization measurements on the
same sample.

Figure 3 shows the field and temperature dependence
of the static magnetization M (H,T). A rapid increase of
the isothermal magnetization M (H )y curves is observed
at low fields [Fig. 3a] as well as large differences between
the magnitude of M/H that decreases with increasing
magnetic field [Fig. 3b]. Both these features indicate the
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Fig. 1. Temperature dependence of the X-band ESR spec-
tra for RbCego. Lines correspond to the best fit Lorentz line-
shapes for the total spectrum (solid line) and its two compo-
nents (dashed lines).
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Fig. 2. Temperature dependence of the total ESR intensity
and the resonance linewidth for RbCgo at the X-band.

presence of ferromagnetic impurities, in agreement with
previous results on RbCg [20]. To obtain an estimate of
the ferromagnetic contribution, the magnetization curves
have been analyzed using M(H,T) = Mpy + AM =
Mpy L(pnH/ET) + MoByj2(x), where L(uH/KT') is the
Langevin function with u the average moment per fer-
romagnetic particle and Mpp; the corresponding satura-
tion magnetization, while By j3(x) is the Brillouin function
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Fig. 3. (a) Field dependence of the static magnetization M (H)
at various temperatures, and (b) temperature dependence of
M/H at different magnetic fields for RbCeyo.

with ¢ = gSupH/kT and My = NgSup for paramag-
netic S = 1/2 spins with g = 2.0. Prior to this analysis
all raw data were corrected for a core diamagnetic sus-
ceptibility of —2.74 x 10~* emu/mole [20,23]. An effective
description of the M(H)r data could be thus obtained
for different values of p at various temperatures and an
increasing saturation magnetization Mpjy; at low temper-
atures (T < 10 K). The resulting magnetization curves
AM = M — Mpgjp; do not scale with a single paramagnetic
S = 1/2 Brillouin function at different temperatures. In-
stead, if paramagnetic spins with S = 1/2 are assumed,
a continuous reduction of the spin concentration IV is ob-
served as temperature decreases, indicative of antiferro-
magnetic correlations.

Subsequently, the temperature dependence of the dif-
ferential static susceptibility x i (T) = [0(AM)/0H]r
was derived from the AM(H) data, as shown in Fig-
ure 4a. The susceptibility is thus found to vary slowly
down to T' = 20 K, whereas a paramagnetic-like upturn
turns out to be dominant at lower temperatures. No clear
anomaly of x 47 (1) could be resolved in the temperature
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Fig. 4. (a) Temperature dependence of the differential static
susceptibility x4 at different magnetic fields. The solid line
represents the best fit of the low-T susceptibility to xo + xcw
at H = 1 kG. (b) Temperature dependence of the difference
Ax = xaig — xXew (H =1 kG) at the same magnetic fields.

range of 25—35 K, where the AFM transition is expected,
except for a small but distinct field dependence at mag-
netic fields H < 10 kG. This behavior is in contrast to
the spin susceptibility xs determined from the X-band
ESR intensity. In the latter case, 3D AFM fluctuations
above Ty ~ 35 K followed by the presence of antiferro-
magnetic resonance at lower temperatures have been pro-
posed to broaden the ESR line beyond detection [4]. On
the other hand, the absolute value of x 4 at 7' > 50 K ap-
proaches the corresponding spin susceptibility xs. In par-
ticular, x4 is about 70% of x5 ~ 7 x 10~* emu/mole [2].
This discrepancy may be due to overestimates of the dia-
magnetic and/or ferromagnetic corrections. In either case,
the increase of xqir at T' < 20 K, should be detectable
by ESR, unless excessive broadening or shift of the un-
derlying resonance occurs. This would indicate that the
low-T rise of x 4if is not entirely due to paramagnetic im-
purities but may also reflect intrinsic contributions such
as those observed in the AFM ground state of SDW or-
ganic conductors, perpendicular to the easy magnetization
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axis [19,24]. In order to analyze further the tempera-
ture variation of x4, we may assume that the low-T'
upturn can be effectively described in terms of a tem-
perature independent term o and a Curie-Weiss term
xXcw = C/(T — O©). These two contributions have been
determined by fitting the x4 (1) data for H = 1 kG at
T < 15 K, yielding xo = 0.00032(3) emu/mole, a Curie
constant of C' = 0.0051(3) emuK/mole and a Curie-Weiss
temperature @ = —3(1) K. Subtracting the latter com-
ponent from x g7 (T) yields a nearly constant susceptibil-
ity Ax = xaip — Xcw at higher temperatures that de-
creases rapidly below T' ~ 50 K, as shown in Figure 4b.
This behavior is in good agreement with the tempera-
ture variation of Iggsgr, while the magnitude of Ay at
T = 100 K is approximately 65% of the spin susceptibility
xs(100 K) ~ 7x10~* emu/mole [2]. Furthermore, subtrac-
tion of xcw from xa: (') at higher fields reveals a grad-
ual reduction of the high-T" susceptibility and a smoother
temperature variation [Fig. 4b].

To explore the field and temperature dependence of the
static susceptibility the M (T) data, where the resolution
of the experimental points is higher, have been accordingly
analyzed. Figure 5a shows the temperature dependence of
the static susceptibility derived from the ratio AM/H =
(M — Mpgy)/H for different magnetic fields. In this case,
the temperature dependence of Mgj; has been determined
from the corresponding M (H)r curves up to 120 K and
then extrapolated up to high temperatures. The resulting
plots of AM/H vs. T are similar to x ¢ (T") up to 120 K,
including the paramagnetic-like upturn at low tempera-
tures. However, a broad local maximum is observed for
magnetic fields of 1 and 3 kG at T' =~ 100 K, which is sup-
pressed at higher fields, and a small increase of the low-T
susceptibility below 20 K as the magnetic field increases,
most clearly seen in the inset of Figure 5a. Performing
the same decomposition as for x4 (1), namely fit of the
low-T susceptibility at H = 1 kG to a Curie-Weiss law, re-
sults in the best fit values of xo = 0.00031(2) emu/mole,
C = 0.0053(2) emuK/mole for the Curie constant and
6 = —2.0(5) K for the Curie-Weiss temperature, similar
to those obtained from the analysis of the differential sus-
ceptibility. Subtracting the ycw component from AM/H
reveals the broad maximum at T' ~ 75 K, most promi-
nent for the smaller magnetic fields, followed by a rapid
decrease of the susceptibility below 50 K, as shown in Fig-
ure 5b. At higher magnetic fields, a gradual smearing of
the rounded maximum of Ay is observed and a smoother
temperature variation leading eventually to a crossover
of the susceptibility at T ~ 20 K for different applied
fields. This behavior generally agrees with the tempera-
ture dependence of the differential susceptibility Ax up
to 120 K, yet the field dependence of the static suscep-
tibility appears to persist even at high temperatures re-
sembling the behavior of spin-glass like systems. To this
aim, the temperature dependence of the zero-field cooled
(ZFC) and field cooled (FC) magnetization was subse-
quently measured at different magnetic fields. A small
splitting of the corresponding ZFC and FC M/H curves
was indeed observed below approximately 50 K only for
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Fig. 5. (a) Temperature dependence of AM/H = (M —
M)/ H for different magnetic fields. The solid line represents
the best fit of AM/H to xo+xcw at H=1kG and T' < 15 K.
The inset shows in more detail the variation of AM/H be-
low 100 K. (b) Temperature dependence of (AM/H) — xcw
(H =1 kG) for the same applied fields.
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H = 10 kG, whereas no appreciable irreversibility was
traced for smaller fields, as shown in Figure 6. Subtrac-
tion of the low-temperature Curie-Weiss part from both
the ZFC and FC magnetization data, showed a slight but
clear hysteresis unlike that of canonical spin-glasses, where
pronounced irreversibility between the ZFC and FC mag-
netization is frequently observed at low magnetic fields.
Moreover, relaxation measurements of the remanent mag-
netization at 6 K after turning off the magnetic field ap-
plied typically for 5 minutes did not show any appreciable
time decay as would be expected for a spin-glass system.
In that case, a disordered AFM ground state may be in-
voked that would comply with the random static order
suggested by uSR experiments [9-11].

A disordered AFM phase for RbCgy has been previ-
ously inferred from the analysis of the ESR lineshapes
showing multiple active sites [12,13], similar to the present
ESR results, as well as the increased contribution of im-
purity scattering in the ESR linewidth [18]. This was ra-
tionalized by the presence of structural disorder mainly
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Fig. 6. Temperature dependence of the ZFC and FC magne-
tization at magnetic fields of 3 and 10 kG. The inset shows the
resulting (M/H) — xcw curves at H = 10 kG.

due to the finite polymer chain length and the possi-
ble presence of paramagnetic defects. On the other hand,
pressure-dependent NMR studies have shown that CsCgg,
considered to exhibit similar electronic properties with
RbCgp, undergoes a transition to a non-magnetic state
at Ty = 13.8 K coexisting with magnetic order [25,26].
The structural origin of this transition has been clearly
evinced by high-resolution synchrotron X-ray diffraction
showing a spontaneous lattice contraction below 14 K and
thus significant magnetoelastic coupling [27]. A dynami-
cally inhomogeneous state has been then suggested involv-
ing both localized spins and mobile polarons that compete
with 3D AFM order imposed by the transverse coupling
between the polymer chains. It is worth noting that the
observed x(7') variation can be well described with the
thermally activated dependence of the static susceptibil-
ity [20], inherently occurring on the low-T" approximation
for both gapped 1D AFM Heisenberg chains [28] and 1D-
conductors [29] due to the quadratic dependence of the
dispersion relation near the band minimum. The temper-
ature variation of y preserving the generic features of low-
dimensional systems might then support an electronically
driven inhomogeneity due to disordered AFM chains. In
this respect, the field dependence of the susceptibility may
be related to either chemical inhomogeneity anticipated
from structural disorder or even electronic phase separa-
tion caused by the coexistence of localized spins and mo-
bile polarons.

4 Conclusions

In conclusion, static magnetization measurements on the
RbCgp polymerized phase show that no distinct anomaly
corresponding to the antiferromagnetic transition identi-
fied by ESR is observed. The bulk magnetic susceptibil-
ity exhibits a relatively slow temperature variation up to
T ~ 20 K and a small paramagnetic-like upturn at lower

temperatures. Subtraction of the latter contribution re-
veals a temperature and field dependent part rapidly de-
creasing below 50 K, where AFM ordering is expected to
set out according to the ESR data. The temperature de-
pendence of the latter contribution resembles closely that
of quasi-1D gapped systems. The observed field depen-
dence sustained from high temperatures is attributed to a
disordered AFM phase, further supported by a small irre-
versible behavior of the ZFC and FC magnetization at a
relatively high magnetic field of 10 kG.

We would like to thank Professor K. Prassides for kindly pro-
viding the RbCgo polymer samples.
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