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Molecular Dynamics in KqC60'. A sC NMR Study
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(Received 27 May 1993)

Measurements of the C NMR spectrum, spin-lattice, and spin-spin relaxation rates in K3C6O
reveal the existence of two distinct molecular motions of the same C6p molecule above 200 K, with
respective activation energies of 2600+ 300 and 6800+ 500 K. We propose a simple model to explain
these data implying fast axial jump rotation of the C60 molecules combined with slow jumps around
perpendicular axes. The analysis of the spectra indicates an abrupt change in the molecular motion
below 200 K suggestive of a phase transition also evidenced by calorimetric measurements.

PACS numbers: 61.46.+w, 61.50.—f, 64.70.Kb, 74.70.Wz

One of the first questions to clarify towards the under-
standing of the fullerene-based superconductors AsCsp
(A=K, Rb, etc.) [1,2] is the symmetry of the crystal
structure and, in particular, of the crystalline field felt
by the C60 molecule. In the fcc structure found by x-
ray difFraction [3), the crystalline field of cubic symmetry
does not lift the triple degeneracy of the t» molecular or-
bitals forming the conduction band, and this result is the
starting point of substantial theoretical work [4] on the
electronic properties of these systems. This crystal struc-
ture, however, is incompatible with the icosahedral sym-
metry of the Csp molecule, and either an orientational
disorder [3] or a symmetry-lowering distortion of the fcc
structure necessarily occurs. As demonstrated in pure
Csp [5—10], the NMR study of the molecular dynamics
can yield information on the changes of local symmetry.

In this paper we address the molecular dynamics in
K3C60 by studying the 3C NMR spectrum, spin-lattice
relaxation time Ti, and spin-spin relaxation time T2 be-
tween 30 and 400 K. Accurate spin-lattice relaxation
measurements reveal a maximum in T& at T = 230 K
not detected in previous work [11,12]. We show that this
peak arises from fast reorientations of the C60 molecule
and find that the correlation time and activation energy
of this motion are similar to the values observed in the
orientationally ordered phase of pure Csp [8]. The tem-
perature dependence of T& reveals the simultaneous ex-
istence of a slow motion of the same molecule with a
correlation time and activation energy consistent with
those found by Barrett and Tycko [13] using a 2D NMR
technique, and by neutron scattering [14). We suggest
that the two diferent motional correlation times arise
from an anisotropic angular jump diffusion and success-
fully model the shape of the NMR line above 200 K. The
abrupt change of the spectrum as well as a preliminary
differential thermal analysis suggest a phase transition at
200 K.

The K3C6p powder sample used in this study is the
same as in Ref. [12]. While in the previous measurements
no special care was taken to optimize the spectral reso-
lution, here the axis of the sample tube has been aligned
along the field (Hp 7 T) to obtain better field homo-
geneity. The half width at half maximum of the Fourier
transformed (FT) spectrum is 6'v = 0.38 kHz above 310
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FIG. 1, Temperature dependence of Ty obtained at the
peak (solid circles) and at the tail (open triangles) of the
spectra. The data with error bars are for exponential re-
coveries. Those without error bars are defined from the 1/e
decay time for nonexponential recoveries. The full lines are
a fit to Eq. (1) with an activated motion, aud the contribu-
tion of this molecular motion. The dotted line is obtained
with two activated motions (see text). Inset: recovery curves
S(t) = [M(oo) —M(t)]/M(oo) at 270 K.
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K. A typical width for the vr/2 pulse is 14 ps correspond-
ing to an rf field magnitude Hq —14 G. Measurements
with very long repetition times allowed us to observe the
signal of pure Csp, and we found that about 15%%uo of our
sample is unreacted C60. The Ty data have been taken
with the inversion-recovery method on the free induction
decay (FID) with quadrature detection. The recovery
curves have been measured on the K3C60 signal position
of the FT spectra obtained from the FID, and, conse-
quently, do not involve any component of the pure Csp
residuum. This explains the basic difFerences compared
to previously published data on the same sample [12].
The T~ measurements have also been performed on FT
spectra of half of the spin echo signal obtained with a
vr/2 —r —vr pulse sequence, with a repetition time about
Tq at each temperature.

Examples of recovery curves taken at the center and
the tail of the KsCsp line, 3 kHz apart on the side oppo-
site to the C6o signal, are shown in the inset of Fig. l.
They show single exponential behavior with the same T~
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down to 160 K, below which a nonexponential behavior
progressively develops. The distribution in Ti at low tem-
peratures is an intrinsic property of the electronic states
of this material as discussed in Ref. [12]. It is shown
there that the structurally inequivalent carbon sites in
the frozen state possess distinct spin densities, giving dif-
ferent Tq at difFerent sites.

As seen in Fig. 1, Ti exhibits the already reported
[11,12] roughly T-linear variation expected for normal
metals [15], but also a broad peak centered around 230 K
associated with molecular motion. One might attribute
it to spin diffusion between pure Csp and KsCsp domains,
since a maximum in Ti is also found in pure C60 at a
similar temperature [8]. If such a thermal contact be-
tween C spins were present, we should expect a short
Ti for the C60 phase in our sample, induced by the Tq
of metallic K3C60. The very fact that a repetition time
as long as a few minutes is required to detect the C60
signal above room temperature is a direct proof that the
two spin baths are decoupled (see also Fig. 4). Therefore,
the peak in Ti is intrinsic to the KsCqo phase and not
retated to the residual pure Cso phase.

In general, T~ is expressed in terms of the Fourier
component at the resonance frequency u0 of the trans-
verse local field at the nuclear sites [15]. It is assumed
that the correlation function of the fIuctuating field as-
sociated with the molecular motion has an exponential
decay with a correlation time r, . If the electronic band
structure is considered as independent of the molecu-
lar motions, the two relaxation processes can be added.
Then T, can be written as

Ti = AT + ( tHi~c) 2r~ (1 + cdor& ) (1)
where p and H~«are the 3C nuclear gyromagnetic ratio
and the amplitude of the fluctuating local field, respec-
tively. The second term gives a maximum contribution
(Ti )~ „

to Ti for nor, = 1. Then we can extract the
value of HI~, from the amplitude of (Ti ) „,once the
T-linear contribution has been subtracted. Here, we used
n = (9.5+0.2) x 10 s s iK i from the data around 350
K. With (Ti )~~„=0.8 + 0.2 s at 230 K, pHi„=
3.1 6 0.4 kHz is obtained with r, = 1/uo 10 s s. As
shown later, the width of the spectrum observed at 30 K,
in the frozen state, was estimated to be bv = 2.9 6 0.3
kHz after correction for the inhomogeneity of the external
field. This agreement allows us, at this stage, to assign
the peak in Ti to the modulation of the local field at
carbon sites by molecular motion.

With the above values of o. and Hi „and assuming
an Arrhenius law r~ = re~ exp(T~/T), we carried out
a least-squares fit to the data between 160 and 330 K.
The result shown in Fig. 1 gives TJ = 2600 + 300 K,
w&

——2 x 10 + s. These values are similar to those
(T = 2900 to 3500 K and ro 10 i4 s) found in pure
Cso in the orientationally ordered phase [8,10]. If this
motion was a simple isotropic difFusive rotational mo-
tion of the C6o spheres, the NMR spectra should broaden
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FIG. 2. (a) Temperature dependence of the linewidth 6v
defined as the half width at half maximum on the side oppo-
site to the pure C6o signal. The full and dotted lines sketch
the T dependence expected for an isotropic diffusion and a
uniaxial rotation, respectively. (b) Temperature dependence
of T2 . The solid and open squares above 340 K represent T2I,
and T2Q in fits to M(2t) = Mo exp[ —2t/Tgr —(2t/Tga) /2].
The solid circles are for exponential recoveries. The open and
solid triangles are the short and long T2, in fits with the sum
of two exponentials.

when pH~, ~~ 1, i.e. , at T —120 K with the present
parameters. However, as it can be seen in Fig. 2(a), the
NMR line broadening actually occurs in a wide T range
starting at 300 K, with two (or three) steplike anomalies
in 6v(T) around 270 and 200 K (and 100 K).

The motional correlation time found in Ref. [13] at
T = 200 K is 10 times longer than our w~ extrapolated
to the same temperature. In order to test for the ex-
istence of long correlation times we have performed T~
measurements which are sensitive to slow motion. We
noticed first that a short component in the echo decay
appears below 330 K, which is associated with the ob-
servation of a broad tail in the spectra, as we shall see
later. Its T2 increases very fast with decreasing T down
to 300 K, as it can be seen in the right hand part of Fig.
2(b).

While Ti processes also contribute to Tz, the dominant
phase memory loss in T2 is due to slow fluctuations of
the local field along H0. The expression for T2 in the
presence of molecular motion is given by [15]

T = (~HI.,)'[r, + r, (1+~,'r,') '] + (T, ')„„,(2)

in the "fast" motion limit (pHi„r, ( 1). The sec-
ond term in the bracket is always negligible here as
T2 » Ti . The last term is a dipole-dipole (d-d) con-
tribution, which is only partly averaged in the solid as the
rotational motion of the C60 does not modulate isotrop-
ically the relative positions of the nuclei which are not
located on the same Cso ball. For a rough estimate of
(T2 )d d, we have calculated the d-d contribution to the
second moment of the spectrum in a simple model where
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FIG. 3. Variation versus 1/T of r, estimated from Ti (thick
line) and T2 (solid circles), together with the data of Ref. [13]
(triangles). The solid lines show the best fits rf and r,' to
activated behavior.

10

all the C nuclear spins of a Cso molecule (0.66 in aver-

age) sit at the center of the Cso sphere. This model yields
120 and 75 s for the K 13C and the ~ C- C nuclear
d-d interactions, respectively. The slightly smaller val-
ues observed at high T agree with the above estimate.
Without a more refined calculation of the d-d contribu-
tions in presence of motion, we could only deduce here r,
for three data points at 300, 310, and 320 K, for which

(Ts )g g can be nearly neglected.
The relevant values of v; obtained from the short com-

ponent of Tq with pHi, = 3.1 kHz are plotted as logio r,
vs 1/T in Fig. 3, together with those given by Barrett
and Tycko [13] between 195 and 220 K, and with the ac-
tivated behavior estimated from Ti . The first two sets
of data can be interconnected by a line shown as w,

' in
Fig. 3, yielding T' = 6800 + 500 K, wo

——7 x 10
s. This activated process is very different from the one
resulting in 7;f inferred from the Ty data. This fact es-
tablishes the existence of two different molecular motions
in the investigated T range (200 to 400 K). I et us point
out that both ~f and ~; should contribute to T&, the
latter giving a maximum for u0z,' = 1, i.e. , T = 420 K
(Fig. 3). An upturn in the Ti data is indeed seen above
350 K in Fig. 1 and is well fitted by Eq. (1), when the
contributions of both rf and r; are used.

We can gain some information on the nature of the
molecular motions by considering in some detail the spec-
tral shapes, particularly for 200 K & T ( 300 K. In this
range the FID spectra appear inhomogeneous: they con-
sist of a broad tail and a central narrow part (Fig. 4).
Further, below 270 K, the intensity of the spectra de-
duced from the spin echo signal is progressively reduced
with respect to the FID spectrum, the ratio being about
50Fo for T = 255 K. This reduction comes mainly from
the loss of the tail of the spin echo spectra. Therefore,
the tail has a very short T2 (& 1 ms) which cannot be
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FIG. 4. FT spectra obtained from the I'ID signals with two
different repetition times t, showing the large difference in T~
for the K3C60 and C60 phases in our sample. The thick dotted
line is the calculated line shape for uniaxial rotation.

74.92

measured by spin echo for T & 270 K. Finally the exper-
imental fact that Tq is the same at the peak and the tail
of the spectrum (Fig. 1) points out that the is C atoms
vihich give the broad tail of the NMR signal are involved
in two distinct molecular motions.

In order to explain this composition of two motions on
the same molecule, we consider hereafter an anisotropic
rotational diffusion, which has been proposed for pure
Cso, but not clearly evidenced yet [5,7]. The rotation is
fast around an axis fixed in the lattice frame, and slow
around the perpendicular axes. As long as pH~«r, & 1

for both motions (T & 330 K), the overall motion ap-
pears isotropic in NMR and the spectrum only shows a
single narrow line. When pH~, 7 & 1, the averaging
becomes incomplete, and the spectrum should become
characteristic of the fast axial rotation. In this case the

C nuclei are no longer equivalent in the molecular mo-
tion. From Fig. 3, this situation occurs for T & 266 + 5
K, where the inhomogeneous spectrum and the T2 data
reflect the inequivalent carbon nuclei. A narrow line at
the isotropic NMR shift position arises from molecules
for which the angle L9 between H0 and the axis of fast
rotational jumps is close to the magic angle t9~ —55 .
Here Tq is long because "perpendicular" jumps do not
lead to fluctuation in the longitudinal component of the
local field. The tail of the signal —with short T~—results
from molecules with 6I far from 6I~.

To test the proposed model qualitatively, an estimate
of the principal values of the shift tensor (K~, Kg, K, )
is required. The isotropic part of the shift, K;,
(K +Kb+ K,)/3 = 186 ppm, is obtained from the signal
position at high T (& 300). In contrast to pure Cso, the
spectrum is nearly symmetric, and its peak position does
not change within 5 ppm from 30 to 400 K. We are thus
led to consider that the shift tensor has an asymmetry
parameter rl = (K —Kg)/(K, —K;, ) = 1, with a normal
to the C60 sphere. The FID spectrum in Fig. 4, agrees
quite well with that calculated for K~ = 186) Kp = 32,
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I IG. 5. DTA scans for decreasing temperature of our
KsCeo sample (solid line) and of an AlqOs reference sample
(dotted line) under the same experimental conditions. The
arrows indicate the onset of the two features.

and K, = 340 ppm, assuming fast axial rotation for a
powder sample. The characteristic features, a broad tail
and a sharp line at the central position, are well repro-
duced in the model. These considerations might as well

apply in RbsCso to the C NMR spectrum of Ref. [11],
with a more axial hyperfine field tensor, however.

At lower T, no further modification in the spectral
shape is expected, as long as the uniaxial rotation is suf-
ficiently fast [pHi„r~ ( 1, i.e. , T ) 120 K (Fig. 3)].
Although bv(T) displays a plateau from 250 to 200 K
[Fig. 2(a)], its sharp increase at 200 K signals a freezing
of the motions or the occurrence of a phase transition.
Let us also notice that Tz for the short Tq component
of the signal decreases abruptly with decreasing T near
200 K [see Fig. 2(b)]. We also find that below 200 K the
echo signal recovers an intensity comparable to that of
the FID signal. These are further indications that the
local fields become quasistatic. At low T the only decay
process for Tq is the d-d interaction, which explains the
limiting value for T& at low T.

Strong evidence for the existence of a phase transition
at 200 K has been obtained from a differential thermal
analysis (DTA) performed on the same sample. As seen
in Fig. 5, the DTA signal displays two features similar
in shape. We attribute one of them to the 260 K phase
transition of the residual pure C6p in the sample. The
other on"- -with an onset around 200 K and a specific
enthalpy about 1 order of magnitude smaller —we identify
with a phase transition in K3C6p also evidenced by the
NMR measurements.

It should be noted here that the shift tensor we use to
explain the spectrum in Fig. 4 above the phase transition
would result in a linewidth twice as large as the width
observed at low T in the frozen state. The phase transi-
tion may be responsible for the change of the shift tensor

[16].
In conclusion, we have characterized the molecular dy-

namics in K3C6p by C NMR and propose an anisotropic
rotational diffusion tensor for the C6p molecule. This re-
sult is incompatible with the high symmetry of the x-
ray structure [3], and suggest a static distortion of the
lattice —with perhaps a short spatial coherenc" even
above 200 K. We find evidence of a phase transition at
200 K, implying a further lowering of symmetry. The
relation of our findings to the recent observation [17] of
3 (rather than 2) s7Rb NMR lines in RbsCsp, as well as
the effect of the structural distortion on the density and
correlations of the electronic states remain to be further
investigated.
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