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NMR Evidence for 1D Antiferromagnetic Properties in Cs1C60 and Rb1C60 Polymers
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We have performed13C NMR measurements on the three phases of A1C60 sA  K, Rb, Csd and
alkali NMR in Cs1C60 (133Cs) and Rb1C60 (87Rb). We show that, for Rb1C60 and Cs1C60, strong
antiferromagnetic (AF) fluctuations persist up to room temperature, suggesting a one-dimensional
character. However, K1C60 behaves as an ordinary three-dimensional metal. NMR also reveals a
magnetic transition at about 25 K in the Rb and Cs polymers. Comparison of the133Cs and 13C
spectra supports the occurrence of a spin-flop AF phase. Simulations of the133Cs spectrum due
to a distribution of dipolar fields are consistent with momentsm . 0.5mB ordered in AF chains.
[S0031-9007(96)00161-5]

PACS numbers: 76.60.Es, 61.48.+c, 75.50.Ee
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It is by now well established that theA1C60 compounds
display an orthorhombicsod-phase below room tempera
ture, where the C60 balls form polymerized chains in th
a direction [1,2]. Yet the consequences of this stron
one-dimensional (1D) structure on the symmetry of
electronic properties of these systems are still deba
Shortly after the synthesis of this new phase, Chauvetet al.
argued [1], interpreting their ESR measurements,
sod-Rb1C60 is a quasi-1D conductor, where spin or char
density wave (SDW or CDW) instabilities lead to an ins
lating ground state. A transition at about 50 K has actu
been confirmed for Rb1C60 and Cs1C60 through various
experiments [ESR, conductivity [3], and muon sp
resonance (mSR) [4–6]]; such a transition is not detect
in K 1C60 either by ESR or by conductivity despite th
structural similarity [3], although the eventual occurren
of a CDW state is controversial [3,7]. The exact nature
the transition in Rb1C60 and Cs1C60 is still unclear: mSR
seems to favor a highly disordered magnetic state.
the other hand, Erwin, Krishna, and Mele claim that fro
band structure calculations [8] in the polymer phase
electronic density at the bonding sites between C60 balls
is small, and therefore the transfer integral along the ch
is too weak to display a 1D character. As a conseque
the electronic properties should remain three dim
sional (3D).

In this context, local magnetic probe studies are hig
desirable. We present here a thorough study of
various nuclear spins, which allows us to extract a
antiferromagnetic (AF) component of the spin fluctuatio
in the Rb and Cs polymers. In Cs1C60, the comparison
between the133Cs and 13C low T spectra leads us t
conclude that the broadening is not due to static hyper
fields and is better explained by dipolar fields in a sp
flop AF phase.

The 13C relaxation data shown in Fig. 1 demonstrate i
mediately thatT1 behaves quite differently in Rb1C60 and
Cs1C60, on one hand, and K1C60, on the other hand. In
K 1C60, bothT1T  300 sec K and the spin susceptibilit
0031-9007y96y76(19)y3638(4)$10.00
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[3] are T independent, which is the usual situation for a
ordinary 3D metal. On the contrary,sT1Td21 increases
with decreasingT1 as T1 is nearly T independentin the
Rb and Cs polymers. This difference is very likely relate
to the existence of a magnetic ground state in these c
pounds, and would then indicate the occurrence of stro
magnetic fluctuations.The persistence of these fluctua
tions up to 300 K seems characteristic of a reduced
mensionality of the electronic properties,since, in this
case, the energy scale for the magnetic fluctuations, rela
to the strong low-dimension couplings, is much larger th
that of the 3D couplings, which drive the transition. Mor
over,x increases only slightly with decreasingT for both

FIG. 1. T dependence ofsT1T d21 for 13C in the threeA1C60
systems. T1 is the slope at the origin of the magnetizatio
recovery (MR) curve, measured on a narrow window on t
low frequency side (20–90 ppm) of the spectrum. Althou
the MR curves are not exponential, they keep a similar shap
the displayedT range, so that the wayT1 is defined changes its
absolute value but not its temperature dependence. For Cs1C60,
the fit by Eq. (3) issT1T d21  1.7 1 1430T20.95 ssec Kd21.
© 1996 The American Physical Society
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compounds [9,10]. The fact thatT1 andx are nearly con-
stant cannot be understood in a 3D picture. This situat
is reminiscent of that found in 1D organic compounds [1
or in the two-dimensional (2D) cuprates [12], and indica
that electronic correlations are important.

NMR alkali relaxation in Rb1C60 and Cs1C60 (Fig. 2)
allows one to get indications on theq dependence of thes
fluctuations. Since the electrons are mainly located
the C60 ball, 13C senses directly the spin fluctuations
any wave vectorq. In contrast, components atq fi 0
may partially cancel at the alkali site because of
symmetry with respect to the neighboring C60. Figure 2
shows indeed that, contrary to the13C relaxation, a
constant term dominates the alkalisT1T d21 at high T ,
as already mentioned by Tyckoet al. for Cs1C60 [13].
Our measurements at lowT reveal an extra contribution
which increases as for13C. The slight relative increase o
87Rb relaxation rate at highT with respect to133Cs might
be associated with a small quadrupolar contribution
87Rb (cf. Fig. 2 caption). For133Cs, which has a smal
quadrupole moment, the relaxation is purely magne
so that our detailed analysis will be done for Cs1C60.
The fact that theT -dependent term is the same fo
13C and 133Cs is emphasized by the linear relationsh
betweenCssT1T d21 and CsT1Td21 (Fig. 2, inset). The
extra constant term for the alkali implies that the sp
fluctuations are not homogeneous inq space and thatthe
fluctuations probed by13C have a strong AF character.

A quantitative analysis of the relaxation rates abo
60 K for the 13C and 133Cs nuclei allows us to separat
the AF contribution. Very generally, one can write for
nucleusa, wherea stands for13C or 133Cs:

asT1T d21 
kB

ag2

2

X
q

jaAqj2
x

00
'sq, v0d

v0
, (1)

whereaAq is the hyperfine constant permB at wave vector
q. For 13C, CAq exhibits no q dependence, while for
133Cs the symmetry of the alkali site yields
CsAq  4A1 cossqxay2d cossqyby2d 1 2A2 cossqzcy2d ,

(2)
where A1 is the coupling with the four C60 in a plane,
and A2 with the two C60 in a vertical direction (Fig. 3).
For AF fluctuations in thea-b plane, the first term of
Eq. (2) vanishes, implying that the alkali only senses
fluctuations of the two C60 in a vertical direction.

From the symmetry of the structure, it is hard to ima
ine a 2D behavior, and assuming a 1D electron gas mo
is quite natural, although the 1D direction might be eith
along or perpendicular to the polymer chains, depend
upon the strength of the overlapping integrals. Two ter
in the sum overq of Eq. (1) are relevant in 1D, those re
lated to the excitations atq  0, and atq  2kF  pya
(or pyb), for AF fluctuations along (or perpendicular to
the chains [16]. TheT dependence of these two terms
different. As suggested by the plot inserted in Fig. 2,
assume thatx 00s0, v0dyv0 is a constant, while the term a
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FIG. 2. T dependence ofsT1T d21 for 87Rb and 133Cs. The
static quadrupole effects are small for133Cs (spin 7/2), so that
all the transitions are flipped by the NMR pulses, and
consequently observe an exponential MR [14]. For87Rb (spin
3/2), the static quadrupole effects are large, and only the cen
transition is flipped; the MR is well described byMstd 
M0f1 2 0.9 exps26tyT1d 2 0.1 exps2tyT1dg, expected in case
of magnetic relaxation [15]. For Cs1C60, the fit by Eq. (3)
for T  60 K is sT1T d21  3 1 280T20.95 ssec Kd21. The
deviation at lowerT is related to 3D critical effects. A plot
of the 133Cs data as a function ofCsT1T d21 is inserted.

2kF is known to become singular at low temperature w
x 00s2kF , v0dyv0 ~ T kr21, wherekr is an exponent char-
acteristic of the correlation strength. In such a model,
expect for both nuclei

asT1T d21  ag2sajaA0j
2 1 bjaA2kF

j2Tkr21d . (3)

We will assume in the followingA1 . A2  CsA, which
yields from Eq. (2),CsA0  6CsA and CsA2kF  2CsA.
The reduced value ofCsA2kF

explains that the relative
magnitude of theT independent contribution tosT1Td21

is enhanced at the alkali site. The data for Cs1C60 are
fitted by Eq. (3) for the two nuclei with a fixed ratio
CsA0yCsA2kF  3, which yields a consistent determinatio
of a, b, andkr. The good agreement of the fits of Figs.
and 2 supports this model, and especially that the s

FIG. 3. Temperature dependence of the133Cs full width
at half maximum. The different symbols refer to differe
samples. Inset: geometry of the133Cs site, the chain direction
is represented by thick lines.
3639
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8]

K

susceptibility is peaked atq  0 and q  2kF , which
is characteristic of a 1D system. Despite the meta
character of the polymers, we obtain a very small va
kr  0.05, near the strong correlation limitkr  0.

Below 60 K, sT1T d21 increases sharply and deviat
from the 1D fit, as can be seen in Fig. 2 for t
alkalis. In the sameT range, the shape of the recove
curves changes for13C, implying a distribution of relaxa
tion rates. These features might be correlated with
appearance of 3D critical fluctuations near the transitio

As for the static effects, we will first focus on Cs1C60,
since it appears to be more sensitive to the magn
order than Rb1C60 [17]. The 13C spectrum is significantly
modified only below 25 K. As13C is a spin 1/2, it is
only sensitive to magnetic local fields, which definite
establishes the magnetic nature of the transition.
broad tail appears gradually below 25 K, while a narr
line, unbroadened compared to the paramagnetic ph
persists down to 5 K (Fig. 4). At 5 K, the broad ta
represents half the signal intensity and reaches a widt
3000 ppm. However, the133Cs line does not break int
two components, its linewidth increasesas a wholeby a
factor of 5 between 25 and 4 K (Figs. 3 and 5). The
features are intrinsic to the system, as measurem
for two different Cs1C60 samples (Fig. 3) gave identica
results. As all the C60 balls are equivalent in th
orthorhombic structure, it is quite unexpected that o
half the 13C sites sense the magnetic order. Howev
these sites belong to the magnetic phase, since the133Cs
spectrum does not contain a signal similar to the
of the paramagnetic phase. A quadrupolar broaden
on 133Cs, which would be due to a structural distorti
associated with the magnetic transition, can be exclu
as quadrupolar effects are small on133Cs [14].

The maximum values of the local magnetic fields
the 133Cs and 13C nuclei in the magnetic phase are
the same order of magnitude. As we will see below, t
is puzzling since the hyperfine coupling should be mu
stronger for some13C sites than for133Cs. A simple pic-
ture for a magnetic phase is that each C60 bears a local-
ized spin with a direction fixed by the interactions with

FIG. 4. Comparison of the13C spectra at 5 and 30 K in
Cs1C60. The tail which appears below 25 K is magnified
a factor of 10. The spectra were taken point by point,
sweeping the frequency, to ensure detection of all the spins
3640
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neighbors. This momentm induces a local field on the
13C: Hlock  CAm cossud, whereu is the angle between
the applied NMR fieldH0 and m, and CA is the hyper-
fine constant of the site.m is a priori oriented at random
with respect toH0 for a powder sample, so that a broad
ening is expected. From the shift of the different sit
as revealed by the13C magic angle spinning–(MAS-)
NMR spectrum [18], we know thatCA ranges from 0 to
2500 OeymB. Contrary to 13C, the local field on133Cs
is sensitive to the local magnetic structure, and writ
CsHlock  m

P
i Ai cossuid, where the sum runs over th

six nearest C60 neighbors of 133Cs. The value of the
isotropic Knight shift K  6CsAx in the paramagnetic
phase, yields an upper estimateCsA  100 OeymB [19].
Among all the possible magnetic structures, a phase w
completely disordered frozen moments would lead to
larger 133Cs couplings.

p
6CsAd. Even in this case, the

133Cs broadening is at least 5 times too large compa
with that of the tail of the13C spectrum. Therefore the
large 133Cs broadening is inconsistent with an ordered o
disordered magnetic phase where the electron spins
randomly oriented with respect toH0.

To avoid this contradiction between the13C and 133Cs
spectra, it is natural to assume thatthe electron spins
orient perpendicularly toH0 su  py2d in the spin-flop
phase of the AF state.In such a phase, we are in
rather unusual situation, asthe isotropic hyperfine fields
are negligible and the broadening is then mainly du
to dipolar fields. The residual effect of the hyperfine
fields will cause a NMR shift similar to the one of th
paramagnetic phase asx is not much modified below
the transition. Also, as the main component of t
hyperfine local field is now perpendicular toH0, each spin
senses the same fieldsH2

0 1 H2
loc'd1y2, and the additional

corresponding shift would be small in the7T NMR field
even for1mB per C60, and consistent with the data within
experimental accuracy for both13C and the alkali.

In order to evaluate the magnitude and the distributi
of the dipolar fields at the alkali site, we consider on

FIG. 5. 133Cs spectra at 5 and 30 K. Calculated dipole fie
spectra in the spin-flop AF phase for uncorrelated AF cha
(solid line) and for the in-plane ferromagnetic structure [
(dashed line). In both cases,m  0.5mB, and a convolution
of the computed spectra with a Gaussian fit with the 30
spectrum has been performed.
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the dominant contribution of the six C60 nearest neighbors
of 133Cs, as the contributions from more distant neighb
decrease rapidly and will vanish because of the AF or
at long distance. We then compute the distribution
the component of the dipolar field parallel toH0 for all
the positions of the crystalline axis with respect toH0,
assuming different types of magnetic order. The struct
of the simulated spectra are quite sensitive to the lo
magnetic order around133Cs, but the overall broadenin
will always correspond to a large value of the mome
s.0.5mBd. The best fit of the133Cs spectrum (Fig. 5) ha
been obtained withm  0.5mB for AF chains, assuming
no magnetic order between them. The fit is still go
if the AF chains order AF within thea-b plane. On
the other hand, for the in-plane ferromagnetic struct
proposed in [8], the spectrum should exhibit singularit
(Fig. 5) which are not observed. The13C spectrum brings
less information as the twelve C60 neighbors yield smaller
dipolar fields. In both cases considered above, a ro
simulation, which ignores the different locations of th
13C sites on the C60 ball, displays a narrow line and a ta
of 800 ppm linewidth (for0.5mB). The 13C spectrum is
therefore less sensitive to the magnetic order. Furt
additional broadening could arise from the anisotro
dipolar part of the on-ball hyperfine coupling, which h
a similar magnitude for some13C sites [18].

Although previousmSR studies [4–6] conclude thatm
is rather small, this estimate is not reliable as long as
location of the muon is not well known BothmSR and
NMR sense a large distribution of static local magne
field only below 25 K. The small broadening at 75
detected bymSR [4] is not seen in NMR on either nucle
so it is probably a minor effect. On the other hand, t
ESR signal intensity starts decreasing at 50 K for Rb1C60

and at 40 K for Cs1C60 [3]. As the time scale of the ESR
experiment is much shorter than that ofmSR and NMR,
we are tempted to associate the modification of the E
signal to the 3D critical fluctuations, probed below 60
by our T1 measurements.

In conclusion, we have shown that K1C60 behaves the
same as an ordinary 3D metal. However, the Rb and
polymers display original magnetic properties. They a
quite identical at highT , as shown by the similarity of thei
MAS-NMR 13C spectra [18] and of theT1 data presented
here, which can be explained by large AF 1D fluctuatio
occurring on a largeT range above the 3D transitio
temperature. We suggest a crossover between the 1D
3D regimes below 60 K. However, the slight increase
the susceptibility at lowT is anomalous with respect to th
1D picture, which predicts a slight decrease ofx as usually
observed in organic conductors [11]. Detailed electro
structure calculations in the lines of [8] will be required
understand the specificity of these alkali polymer syste
and the changes of magnetic couplings in the series.
magnetic order develops progressively below 25 K a
is shown in the case of Cs1C60 to be consistent with a
spin-flop AF phase, in which the spins are ordered
s
er
f

re
al

t

d

re
s

gh

r,
c
s

e

c

e

R

s
e

s

nd
f

ic

s
A
d

F

in one direction. In the magnetic phase, the13C spectra
are also similar, but the alkali ones differ significantly
the 87Rb spectrum breaks into two components as f
13C [17], while the 133Cs one broadens as a whole. Th
weak 3D couplings which drive the transition could b
slightly different in Rb1C60 and Cs1C60 and would lead to
a different 3D magnetic order of the AF chains, which ca
only be sensed by the alkali. It is quite clear that neutr
scattering experiments are needed to probe the validity
the present analysis and to allow the refinement of o
knowledge of the magnetic order.
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