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Nuclear magnetic resonance~NMR! has been performed to study the molecular dynamics of the C60 mol-
ecule in K3C60 and Rb3C60. It is shown that the hypothesis of a uniaxial rotational motion around an axis fixed
in the crystal can satisfactorily explain the observed13C NMR results. A resonance line is detected in the39K
and 87Rb NMR spectra below a temperatureT* of 200 and 380 K in K3C60 and Rb3C60, respectively. In
particular, thisT* in K3C60 coincides with the temperature at which we observed a phase transition. This
provides some clue about the origin of the phase transition. The discrepancy between the observed and
calculated13C line shapes at low temperature suggests that the freezing of the molecular motion and a
structural change at the phase transition induce a significant modification of the electron density on the C60
molecule and likely on the conduction band electronic state.@S0163-1829~96!06734-3#

I. INTRODUCTION

Since the discovery of buckminsterfullerene~C60!,
1 a va-

riety of research subjects on this icosahedral molecule have
been developed in chemistry and solid state physics. Suc-
cessful synthesis of superconducting alkali doped composi-
tions @M3C60 ~M5K and Rb!# with the relatively high tran-
sition temperatureTc ~about 30 K for Rb3C60! has opened
another research area. The interest in solid state physics is
not limited to superconductivity and metallic properties.2,3

Because of its highly symmetrical molecular shape, the C60
molecule has quite unique molecular motions in crystals. In
the pristine C60 compound, a random reorientation of the
C60, with time scale of the order of 10211 sec, has been
proposed to occur at room temperature.4–6 Below an orien-
tationally disordered-ordered phase transition temperature
around 250 K, an anisotropic uniaxial rotation takes place.7,8

Its axes appear to be preferentially established along four
equivalent ^1,1,1& directions. The existence of the similar
uniaxial motion has been confirmed even in K3C60 by Yoshi-
nari et al. from 13C-NMR measurements.9 A similar NMR
analysis in insulating K4C60 has also been made by Zimmer
et al.10 The existence of the uniaxial motion in alkali doped
compounds enlightens an essential role of the alkali ions in
the series ofM3C60, which not only transfer charges onto the
C60, but also change the crystal field at the C60. The occur-
rence of the anisotropic motion implies that the symmetry on
the C60 molecule is lower than cubic. Such distortion of the
crystal field might lift the degeneracy of the conduction band
which originates from the triply degenerate lowest unoccu-
pied molecular orbital~LUMO! of the C60 molecule, and
affect the electronic properties.

We should like to note that the C60 molecules in the crys-
tal are well separated~the nearest-neighbor distance is ap-
proximately 10 Å while the diameter of the C60 molecule is
7.1 Å!.11 Thus the narrow band associated with the small
overlap of carbon 2pp orbitals is responsible for the metallic

properties. The degree of overlap is sensitively affected by
the relative position of carbons of different C60. Therefore,
the low temperature (T) electronic properties of the materi-
als are certainly determined by the actual structure after
freezing of the molecular motion. Furthermore, in theM3C60
compounds, a merohedral disordered fcc structure has been
proposed from the analysis of low temperature x-ray data,
where the C60 molecule occupies randomly one of two ori-
entations which can be deduced from each other by a 90°
rotation with respect to the cubic sides.11,12 This results in
three distinct carbon sites relative to the alkali ions, for
which the electronic density possibly varies.

Related to the above issue concerning the crystal structure
in low T, it should be noted that a phase transition at 200 K
has been found in K3C60,

9 although no evidence for a struc-
tural change has been found yet by x-ray experiments. An
identification of the molecular motion and a clarification of
the connection between the phase transition and the freezing
of the molecular motion are quite important to understand
the lowT electronic state.

In this paper, we shall mainly address the dynamics of the
molecular motion and the phase transition. A numerical
analysis based on the13C-NMR results will be presented to
clarify the nature of the molecular motion. The agreement
between the calculated and observed line shapes, together
with an interpretation of drastic changes in the spectra, allow
us to evidence the existence of the uniaxial anisotropic mo-
tion of the C60 molecule in K3C60 and Rb3C60. Although a
similar line shape analysis has also been done by Blincet al.
for the pristine C60 compound,

13 our model has been ex-
tended to interpret the spin-lattice relaxation rate,T1

21, and
gives numerical estimates quite consistent with the data
taken in K3C60. We also report NMR experimental results
performed for the alkali nuclei39K and87Rb in the two com-
pounds. Appearance of an extra peak in the39K spectrum
around the phase transition temperature, whose behavior is
quite identical to that previously reported for the87Rb spec-
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trum below 380 K,14 provides some clue to understand the
low temperature phase.

This paper is organized as follows. The NMR results for
the 13C nucleus as well as those for39K and 87Rb nuclei in
K3C60 and Rb3C60 will be shown in the next section and will
allow one to grasp the similarities and differences between
the two compounds. The formalism used to describe the
NMR shift tensor at a carbon site and theT1

21 in the presence
of the uniaxial rotation will be given in Sec. III. The NMR
line shape calculated for an axial and a nonaxial symmetry of
the shift anisotropy, and the recovery curve of the nuclear
magnetization which allow to determineT1 will be demon-
strated in Sec. IV together with the comparison with the data.
The origin of the phase transition and the appearance of the
extra peak in the cation NMR spectra will be briefly dis-
cussed in Sec. V in connection with the molecular motion.

II. EXPERIMENTAL RESULTS

A. K3C60

1. 13C NMR

In our previous paper,9 we reported the existence of two
distinct correlation times~tc! related to the molecular mo-
tions of the C60 in K3C60. TheT dependence of the fastt c

f

was extracted from an observed broad peak inT1
21, while

that of the slowt c
s was deduced from a combination of data

on the spin-spin relaxation rateT2
21 around 300 K and from

that reported by Barret and Tycko.15 Figure 1 summarizes
our main results about the correlation times. The slopes of
eachtc allowed to determine the activation parameters for
the corresponding motions by fitting to an Arrenius law. The
respective activation energies for the fast~t c

f ! and slow~t c
s!

motions were estimated to be 2600 and 6800 K. It is noted
that the former value is similar to the one determined by
NMR ~Refs. 4 and 6! in pristine C60 in the low T phase
below the transition temperature.

The existence of twotc’s raised an important question
about an eventual inhomogeneity of the molecular motion.
Do these motions take place on the same C60 molecule or do
they occur on different molecules? The answer was given by
comparing Fourier transform~FT! spectra obtained from a

free induction decay signal~FID! and a spin-echo signal.
While the FID signal includes all signals whatevertc , the
spin echo signal selects a window oftc values. Since the
decay function of the spin-echo signal roughly obeys to
exp~2Attc!, a signal component corresponding to the slow
~large! tc is expected to vanish at a sufficiently longt, which
is seen as a disappearance of the corresponding structure in
the FT spectrum taken from the spin echo signal.

Figure 2 demonstrates the FT spectra obtained from the
FID signal ~a! and from the spin-echo signal~b! at 255 K.
The difference in the spectra is obvious, the broad tail ob-
served in the FID spectrum disappears in the echo spectrum.
This fact led us to assign the tail to the slowt c

s. However,
the measurement of theT1 at the tail gave rise to the same
temperature dependence and magnitude ofT1 as those mea-
sured at the peak.9 Since the twotc values are so different in
the investigatedT range theT1 would be significantly differ-
ent in order of magnitude, if the twotc values characterized
motions occurring on distinct molecules. These observations
mentioned above therefore allowed us to conclude that the
13C atoms which give rise to the tail part of the spectrum are
involved in the two molecular motions. This fact also means
that the two motions with markedly different time scales take
place on the same molecules, and that the molecular motions
are homogeneous throughout the material.

Another important observation in our previous paper was
an occurrence of a phase transition around 200 K evidenced
by a clear anomaly in the differential thermal analysis~DTA!
measurements and an abrupt increase of the linewidth of the
FID spectrum, as shown in Fig. 3. The fact that the shape of
the DTA signal at 200 K was the same as that due to the C60
contamination in our sample observed at 260 K supports the
occurrence of a phase transition. Although the two anomalies
~Fig. 3! observed in the linewidth around 90 and 270 K can
be attributed to the slowing down of the activated motions in
Fig. 1, which occur forgH0tc'1, the anomaly at 200 K
cannot be interpreted by these activation processes.

It is also very important to clarify whether or not the
molecular motion persists below the phase transition. Figure
4 shows a comparison of two spectra measured at 255 K
~solid line! and 160 K~dotted line! with different horizontal
scales. Although a larger anisotropy of the shift is required to
explain the spectrum at 160 K, the two spectra are very simi-
lar to each other. As demonstrated in Sec. IV, this character-

FIG. 1. Temperature dependence of the correlation timestc .
The open and solid triangles are thetc extracted from the observed
T1, andT2, respectively. The solid circles are the one reported by
Barret and Tycko~Ref. 15!. Solid lines are the results fitted to an
Arrenius law~Ref. 9!, for tc

s andtc
f .

FIG. 2. Fourier transform spectra of the13C FID ~a! and spin-
echo ~b! signals, measured at 255 K in K3C60. The vertical line
around 140 ppm indicates the location of the pure C60 signal con-
tained in our K3C60 sample.
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istic line shape can be nicely reproduced by the uniaxial
motion model. It can therefore be concluded that the phase
transition is not accompanied with a total freezing of the
motion. From this point of view, it is unlikely to assign the
abrupt change in linewidth at 200 K to a freezing of the
molecular motion. The increase of the linewidth should
rather be attributed to a modification of the electronic state
on the C60 caused by the phase transition.

2. 39K NMR

We have performed39K-NMR measurements on the
sample used for the13C NMR,16 to study the influence of the
slowing down of the rotational motion and of the phase tran-
sition on the alkali sites. Figure 5 shows the39K FT spectra
taken from the FID signal. The two lines observed at 300 K
exhibit a relative intensity ratio of 1:2~within the experimen-
tal error of 2%!. From the known roomT crystal structure,11

these lines are immediately assigned to the octahedral~O:1!
and tetrahedral~T:2! sites. Let us point out here that within
the accuracy of the data we can conclude that the stoichiom-
etry is not far from 2.

As can be seen in Fig. 5, an additional small lineT8
shows up around 200 K. The relative intensity determined at
200 K was 36:54:10~within error64! for theO, T, andT8,
respectively. Let us indicate here that this line is quite similar

to that observed in Rb3C60 by Walstedtet al., which disap-
pears above 400 K.14 The appearance of this extra peak im-
plies that a new K site with different electronic state is es-
tablished around 200 K, at which the phase transition is
detected. Note that theT8 line has a similar linewidth to that
of theT or O lines at the same temperature. This means that
the shift of theT8 line is mainly due to a difference in mag-
netic hyperfine coupling, and not to a quadrupolar effect.18

The slowing down of the rotational motion of the C60
molecule and the occurrence of the phase transition are also
monitored through theT dependence of the linewidth of the
39K lines. This is shown in Fig. 6. The linewidths at the two
39K sites increase rapidly around 240 K, and displays a
change in itsT dependence at 200 K. The fact that the broad-
ening occurs at the two sites nearly in the same way, implies
that the two sites probe the same phenomenon. If we con-
sider that the anisotropy of the local field at the cation sites is
at most 25 ppm~estimated from the linewidth at 4.2 K!
which corresponds to 300 Hz at the operating resonance fre-
quency of 14.88 MHz, the extrapolation of thetc in Fig. 1 to
low temperature allows to expect that the slowing down of
the motions should induce a broadening of the39K line at
about 240 and 96 K for the perpendicular and fast uniaxial
rotational motions, respectively. The fact that the observed
broadening sets in around 240 K is therefore due to the slow-
ing down of the perpendicular motion. The change of the

FIG. 3. Main: Temperature dependence of the half width at
half maximum of the13C peak in K3C60. Inset: The solid and
dotted lines are DTA signals of K3C60 and of the background. The
arrows indicate the onsets of the phase transitions.

FIG. 4. Fourier transform spectra of13C FID signals in K3C60
measured at 255 K~solid line! and 160 K~dotted line!. The hori-
zontal axes have been scaled to bring the spectra into coincidence
~lower scale is for 160 K, and upper scale for 255 K!.

FIG. 5. Fourier transformed spectra of39K FID signals in K3C60
measured at the temperature indicated. TheT, O, andT8 stand for
the tetrahedral, octahedral, and new peak assigned to theT site
offset from the ideal position, respectively~details in text!. The
reference frequency is taken as the resonance of KCl.

FIG. 6. Temperature dependence of the full width at half maxi-
mum of the39K peaks in K3C60. The solid and open circles are the
ones for tetrahedral(T) and octahedral(O) K sites, respectively.
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broadening rate at 200 K provide additional evidence that the
dynamics in the system is suddenly modified by the phase
transition. This is consistent with the abrupt change in13C
linewidth at 200 K~Fig. 3!. So all the anomalies observed at
200 K suggest a strong connection between the phase tran-
sition, the appearance of the third line in the potassium NMR
and the freezing of the perpendicular motion.

B. Rb3C60

The fact that a third lineT8 has been seen in the87Rb
spectra below 400 K indicates that some similarity exists
between the two systems. It is then quite interesting to com-
pare the molecular motions and the phase transition on the
two systems. Previous work by Tyckoet al. reported13C
spectra below roomT, presumably associated with a slowing
down of some molecular motion at lowT.17 More accurate
studies of the13C spectral shapes are required, in order to
understand the relationship of the molecular motions with
the appearance of theT8 line.

1. 13C NMR

The13C line is still narrow at a temperature where theT8
line appears@in Fig. 7, 13C-NMR spectra taken atT5365 K,
from the FID ~a! and from the spin echo~b! are displayed#.
As has been shown for K3C60, the fast uniaxial molecular
motion persists below the temperature at which theT8 line
appears. Although the FID spectrum exhibits a line shape
different from that found in K3C60, the disappearance of the
tail in the spin-echo spectrum strongly suggests the existence
of the uniaxial molecular motion similar to that in K3C60.
The observed line shape can also be well reproduced in terms
of the uniaxial motion as will be demonstrated in Sec. IV.

2. 87Rb NMR

Figure 8 demonstrates theT dependence of87Rb FT spec-
tra obtained from FID signal on Rb3C60. Two lines observed
at 420 K have a relative intensity ratio of 1:2~within the
error of 4%!, as expected from the crystal structure. It should
be pointed out that the third peak has also been found in
Rb3C60 around 370 K. The relative intensity determined at
300 K was 34:54:11~with error of62! for theO, T, andT8,
respectively. This intensity ratio is quite similar to that in
K3C60. This fact might also imply the phase transition tem-
perature in Rb3C60 around 370 K, which is twice as high as
that in K3C60. We will discuss the possible origin of this
extra peak in connection with the phase transition in Sec. V.

III. BASIC FORMULATION

We describe here the model used to calculate the13C
NMR spectra and magnetization recovery. We assume that in
the fast motion~t c

f ! the C60 molecule rotates back and forth
around an axis fixed in the lattice frame. The slow motion
~t c

s! is an occasional flip of the C60 molecule around axes
perpendicular to the fast rotation axis which is kept un-
changed. The time scalet c

s is assumed to satisfy
~gH loc!

21,t c
s,T1 . The former inequality implies that the

uniaxial motion is well established so that the spectrum is
characteristic of the fast motion, while the consequence of
the latter is that the eventual distribution ofT1 values for the
various13C on the C60 molecule, is averaged by the perpen-
dicular motion. To represent the experimental situation, for
which powder samples are used, we consider a single C60
molecule and take into account all possible directions of the
rotation axis with respect to the applied magnetic field. In
order to simplify the calculations, the icosaedral symmetry of
the molecule is neglected, and the density of carbon atoms is
assumed to be uniformly distributed on the C60 molecule.
This assumption would eventually not be valid for experi-
ments in single crystals, for which the spectra could, for
some orientations of the applied field, depend on the relative
orientations of the symmetry axis of the molecule with re-
spect to the crystalline axes.

A. NMR spectra

We will start with the derivation of a formula which de-
scribes the NMR shift at a given carbon atom in the labora-
tory frame in the presence of the uniaxial motion. We define
the shift tensor of the carbon site in an atomic reference
frame as (Kx ,Ky ,Kz). The shift componentKz is normal to
the sphere, whileKx ,Ky are those in the tangential plane to
the sphere. The principal directions of the in-plane shifts on
each carbon site are fixed in the atomic frame, but their di-
rections are unknown at each carbon site. Therefore, we shall
take them as arbitrary. The in-plane shift components of the
Kx andKy should be replaced by~Kxcos

2f1Kysin
2f! and

~Kxsin
2f1Kycos

2f!, wheref is uniformly distributed. To
simplify the written formulas we hereafter represent this shift
tensor as (K1 ,K2 ,K3).

FIG. 7. Fourier transformed spectra of13C FID signals~a! and
spin echo~b! measured at 365 K in Rb3C60.

FIG. 8. Fourier transformed spectra of87Rb FID signals in
Rb3C60 measured at the temperatures indicated. TheT, O, andT8
stand for the tetrahedral, octahedral, and new line assigned to theT
site slightly offset from the ideal position, respectively~details in
text!. The reference frequency is taken at the NMR frequency of
RbCl.
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In order to specify the position of the carbon site during
the motion, we need three independent angles specified in
Fig. 9. The first one~g! specifies the position of the rotation
axis with respect to the external magnetic field applied along
the Z direction in the laboratory frame. The second is the
longitude ~u! of the atom with respect to the rotation axis,
which does not vary during the fast motion. The third angle
w(t) involves the time dependence, and allows to describe
the random jump of the atom on its circular locus in the fast
motion. The shift tensor in the laboratory frame is obtained
by applying three Euler matrices to the shift tensor in the
atomic frame, each of which represents the angular opera-
tions mentioned above. The final result which describes the
actual NMR shift along theZ direction is

sZZ~ t !5$D11cos
2w~ t !1D22sin

2w~ t !

2 1
2 ~D121D21!sin2w~ t !%sin2g

2 1
2 $~D131D31!cosw~ t !2~D231D32!

3sinw~ t !%sin2g1D33cos
2g. ~1!

where

D115K1 cos
2u1K3sin

2u,

D225K2 ,

D335K1sin
2u1K3cos

2u,

D125D215
1
2 ~Kx2Ky!sin2fcosu,

D135D315
1
2 ~K12K3!sin2u,

D235D325
1
2 ~Kx2Ky!sin2f sinu. ~2!

The sXX , sYY, and other off-diagonal elements can also be
calculated in the same way.

If the rotation motion is very fast, we can replace the
square and the linear terms of sinw(t) and cosw(t) by 1/2
and 0, respectively. Then, Eq.~1! becomes

sZZ5
1
2 ~K1cos

2u1K21K3sin
2u!sin2g

1~K1sin
2u1K3cos

2u!cos2g. ~3!

Characteristic of the uniaxial rotation motion is that, contrary
to the case of an isotropic rotational motion, all the carbons
on the C60 molecule no longer exhibit a unique value of the
shift. As seen in Eqs.~1! and~3!, the averaged shift depends
both onu andg.

It should be noted that Eq.~3! can also be rewritten as

sZZ5~K11K21K3!cos
2g1 1

2 ~123 cos2g!

3~K1cos
2u1K21K3sin

2u!. ~4!

This expression allows to display thatsZZ becomes indepen-
dent ofu for the so-called magic angleg;54.7°, obtained for
~123cos2g!50. We find that the line shape for the C60
rotating at the magic angle is ad function at
K iso5(K11K21K3)/3, as expected from the general result
at the basis of magic angle spinning NMR experiments in
solids.19

In the line shape calculation, since the in-plane shift an-
isotropy on the carbon site is unknown, we summed up all
line shapes originating from differentf with equal probabil-
ity, except forKx5Ky . To reproduce the actual spectra we
must also take into account the distribution ofg, which is
given by the derivative element sing dg. The different num-
ber of carbon sites at a givenu contributes to the line shape
with a weight sinu du in the uniform density approximation
done here.

B. Spin lattice relaxation rate T1
21

We shall now proceed a calculation of the spin lattice
relaxation rateT1

21 in the presence of the uniaxial motion of
the C60 molecule, and use the formalism given in Refs. 19
and 20.T1

21 is defined as the coefficient of the recovery of
the longitudinal component of the spin operator,

d

dt
^I z&52

1

T1
~^I z&2^I z&0!. ~5!

The expectation value of the spin^I z& is given by use of a
density matrixr via ^I z&5Tr$r(t)I z%. Once the Hamiltonian
in the laboratory frame is given in the form
HL(t)5( j ,m,nF j

L(t)Am
L (n)exp(imv0t), the time evolution

of r(t) is described by19

d

dt
r~ t !52

1

2 (
j ,m,n

Ij~mv0!†Am
L ~2n!,@Am

L ~n!,r~ t !2r0#‡,

~6!

where

Ij~mv0!5E
2`

`

F j , jexp~2 imv0t !dt,

F j , j~t!5^F j~ t !F j~ t1t!&. ~7!

^ & is an ensemble average. Here, we made use of the fact that
nonsecular products inA andF in Eqs.~6! and~7! are zero.
The characteristic contributions of the motion toT1

21 appear
through the correlation functionF defined in the second
equation of Eq.~7!.

A shift Hamiltonian I•s•H in an atomic frame of refer-
ence can be expressed by

FIG. 9. Definition of the anglesg, w(t), andu.
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HM5(
q

Fq
MAM~q!,

F0
M5

gd

2
,

F61
M 50,

F62
M 5gdh,

AM~0!53HzI z2H•I ,
AM~61!50,

AM~62!5 1
4 ~H1I11H2I2!,

~8!

where the anisotropic part of the shift tensord and its asym-
metry parameterh are defined in

Kx5K iso2
d

2
~11h!, Ky5K iso2

d

2
~12h!,

Kz5K iso1d. ~9!

The time modification of the shift Hamiltonian induced by
the molecular motions becomes a source for theT1

21. The
time dependence of the Hamiltonian in the laboratory frame
can be obtained by transforming that in the atomic frame
through a unitary matrix,U~V!, which describes the motion,
that is, I•U21sU•H, where theI andH are redefined as the
spin operator and the external field in the laboratory frame.
Then the Hamiltonian can be written

HL~ t !5 (
n, j50,61,62
k5Re,Im

F j
LCk j ,n„V~ t !…ak~ j ,n!Ak

L~n!

3exp~2 iv0t !, ~10!

F0
L5

gd

2
, F61

L 50, F62
L 5

gdh

2A6
, ~11!

ARe
L ~0!53HZI Z2H•I AIm

L ~0!50,

ARe
L ~61!5 1

2 $HZ~ I
11I2!1~H11H2!I Z%,

AIm
L ~61!5

1

i2
$HZ~ I

12I2!1~H12H2!I Z%,

ARe
L ~62!5 1

4 ~H1I11H2I2!,

AIm
L ~62!5

1

i4
~H1I12H2I2!. ~12!

The imaginary terms in theA’s appear in the process of the
transformation. TheC’s contain the motion parameters,
while thea’s arise from the fact that the unitary matrix is
normalized. As a simple example for which the moving atom
can be specified by two Euler angles defined in an ordinary
polar coordinate, theCk, j ,n„V(t)… andak( j ,n) are given in
Appendix A.

When two distinct motions, that is, a uniaxial rotation
motion plus perpendicular flips take place, the correlation
function is written by20

F j , j~t!5
1

5
~F j

L!2@Cj ,22Cj ,12exp$2~4Erot12Eflip!t%

1Cj ,12Cj ,22exp$2~4Erot12Eflip!t%

1Cj ,21Cj ,11exp$2~Erot15Eflip!t%

1Cj ,11Cj ,21exp$2~Erot15Eflip!t%

1Cj ,0Cj ,0exp$26Eflipt%#. ~13!

HereErot andEflip are rotational diffusion constants for the
fast rotation motion and the perpendicular flip, respectively.
TheC’s will be given later. Since in our case the correlation
time ~diffusion constant! of the perpendicular flip is more
than six orders of magnitude slower~smaller! than the one of
the uniaxial rotation motion in theT range investigated, we
could safely putEflip50. Therefore the last term in Eq.~13!
does not contribute to the relaxation of the nuclear spin. This
assumption allows to simplify Eq.~13! into

F j , j~t!'
2

5
~F j

L!2@ uCj ,12u2exp~24Erott!

1uCj ,11u2exp~2Erott!#. ~14!

However, this does not mean that the slow motion does not
play any role. Indeed, while the rotational diffusion constant
of the perpendicular flip does not affect theT dependence of
T1

21, this motion still plays a role as it effectively averages
theu dependence ofT1

21 as long as it occurs on a time scale
faster than the observedT1. This argument allows us to av-
erage theuCu2 over thef, u, andw(t) without any weight
function, and thusT1

21 depends only ong, which is the angle
between the external field and the rotating axis of the C60.

Another issue is the evaluation ofT1
21 from the shift com-

ponents known from the static NMR parameters. The de-
duced value forT1

21 depends on the way in which the three
independent shift tensor parameters are assigned to the dif-
ferent spatial orientations. Within our assumptions, three
cases are naturally distinguished depending upon which shift
component is associated withz:

~case 1! Kx5K iso2
d

2
~11h!, Ky5K iso2

d

2
~12h!,

Kz5K iso1d,

~case 2! Kx5K iso1d, Ky5K iso2
d

2
~11h!,

Kz5K iso2
d

2
~12h!,

~case 3! Kx5K iso2
d

2
~12h!, Ky5K iso1d,

Kz5K iso2
d

2
~11h!. ~15!
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After performing the averages overf, u, andw, the results
for the uCu2 anda are shown for each case in Appendix B.

Finally, taking into account thatH5~0,0,H0! in the labo-
ratory frame, theT1

21~g! is given by the following formula:

T1
21~g!5 1

5 (
j50,2

k5Re,Im

~F j
L!22$uCk, j ,2u2Ĩ~4Erot!

1uCk, j ,1u2Ĩ~Erot!%$ak~ j ,1!%2H0
2, ~16!

where

Ĩ~lErot!5
1/lErot

11~v0 /lErot!
2 . ~17!

IV. RESULTS OF THE CALCULATIONS

A. 13C NMR spectra in the presence
of the uniaxial rotation motion

In Fig. 10 we show the calculated line shape~dotted line!
assuming that the NMR shift tensor is axial~h50! with the
symmetry axis alongz, that is, normal to the sphere. The
circulation of the three principal values in the shift tensor
does not produce any difference in the results. We choose
here the shift tensor~290, 290,270!, which is appropriate
for reproducing the observed spectrum of Rb3C60. The line
shape shows a characteristic form, with a sharp line at the
position ofK iso, a shoulder and a broad tail. A small discrep-
ancy around the central peak may be due to an inhomogene-
ity of the tc for the perpendicular motion.

In Fig. 11 we display that obtained forh51 ~dotted line!,
which was assumed in our previous paper for K3C60.

9 The
principal values of the shift tensor are taken to be~32, 340,
186!, where the last value corresponds toKz , normal to the
sphere. Here again, the sharp peak originating from theK iso
and the broad tail are found.

Also demonstrated in Figs. 10 and 11 is the comparison of
the calculated line shape with the observed spectra~solid
line! for the 13C NMR of Rb3C60 at 365 K and of K3C60 at
255 K, respectively. The agreement between them is satis-
factory. This fact suggests that the uniaxial motion is well
established in the two compounds at those temperatures.

On the other hand, as mentioned early in connection with
the disappearance of the tail, the spin-echo spectrum at the
same temperature does not coincide with the calculated line

shape~Figs. 2, 11 and Figs. 7, 10!. This is however due to
the fact that the slow motion of the C60 also takes place in
the real system. We will come back to this point later in the
discussion ofT2

21.
It seems worthwhile to determine whether we can associ-

ate the actual features in the spectra to specific rotation
anglesg with respect to the applied field. Figures 12 and 13
show theu dependence of the line shapes for the cases of the
shift tensors used above. Angles indicated in the figures rep-
resent a range ofg values.~Since the line shapes shown in
Figs. 12 and 13 are obtained by summing up all contributions
for the variousg ranges indicated, the amplitude of each line
shape correctly reflects the relative intensities.! As seen in
the figures, the line shape at 50°–60° is always narrow as
compared with the others. This is due to the rotation close to
the magic angle. On the other hand, it is found that the broad
tail originates from the C60with rotation axes close to and far
from the direction of the external field.

B. Dynamical character in the presence of the uniaxial motion

1. Spin-spin relaxation time T2
21

Figure 14 represents the time averaged shift~sZZ! as a
function of u for the g values indicated in the figure, where
only the h50 symmetry is considered for simplicity~the
results forh51 is essentially identical!. This figure is noth-
ing else but a visualization of Eq.~3!. The figure shows the
different values of the average shift at each carbon site. It is
quite clear that the average shift for a given carbon atom will

FIG. 10. Fourier transformed spectra of13C FID signals~solid
line! measured at 365 K in Rb3C60 and calculated result~dotted
line! @for the uniaxial rotational jump motion. The shift tensor~290,
290,270! is used in this calculation#.

FIG. 11. Fourier transform spectra of the13C FID signals~solid
line! measured at 255 K in K3C60 and calculated result~dotted line!
@for the uniaxial rotational jump motion. The shift tensor~32, 340,
186! is used in this calculation#.

FIG. 12. Dependence of the calculated line shapes with the ori-
entation of the rotation axis with respect to the external field. The
spectra are calculated for the shift tensor~290, 290,270! for the
range ofg values indicated in the figure.
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change each time when a perpendicular flip of the C60 occa-
sionally happens. Since theT2

21 is sensitive to fluctuating
components of the local field along the external field
~5sZZH0!, it is obvious that the slowing down of this per-
pendicular motion is the origin of the shortT2 component
which appears around 300 K in our previous13C-NMR ex-
periment. The rapid increase ofT2

21 is simply due to a large
activation energy for this flipping motion. The intensity loss
in the tail of the spin-echo FT spectrum can also be certainly
explained by the fact that the C60 molecules rotating around
an axis far from the magic angle, which contribute to the tail,
are sensing the largest fluctuations ofsZZ when the flipping
occurs, which gives rise to the shortT2

21.
On the other hand, the carbons on the C60 molecules

which rotate atg close to the magic angle see little variation
in the averaged shift, as long as the fast rotation always takes
place around the same rotation axis. As pointed out in Sec.
III, this condition should result in ad-function-like peak at
K iso in the spectrum. If the fast rotation axis did also change
in time, we would even lose the spin-echo signal for moder-
ately long spin echo delays because all the carbons would be
forced to see different averaged fields from time to time.

Then what is the dominantT2 relaxation process for the
sharp peak corresponding to crystallites in which the C60 are
rotating at magic angle spinning? Here, we should remind
that the natural abundance of13C, 1.1%, corresponds statis-
tically to less than one13C per C60 molecule. Therefore the
nuclear spin dipole-dipole interaction is negligible inside a
given C60. Even if two

13C exist in a same ball, their dipole-
dipole interaction is averaged by magic angle spinning.

Therefore, only the source forT2 certainly arises from the
dipole interaction between13C in different C60’s and

13C and
cation ions, because the rotational motion of the balls do not
correspond to a common magic angle rotation for the two
13C spins. In this case, we can expect that the sharp peak
should decay with aT2 at its static limit, which could be
estimated from a second moment calculation in which we
assumed a point model for the C60 balls ~in a point lattice the
abundance of13C at the C60 site is replaced by 6031.1%!.

This is quite consistent with our observation that a small
contribution inT2

21 was always observed in the whole inves-
tigatedT range, with an absolute value in excellent agree-
ment with that derived through the above second moment
calculation.9 Therefore, the rotation at the magic angle must
be responsible for the observation of the sharp peak in the
spectrum from the echo signal~Figs. 2 and 7!. These argu-
ments are enough to allow us to conclude that the fast rota-
tion axis does not change to other possible axes at least dur-
ing the time scale ofT2. The fact that the orientational axes
are well established in the lattice implies that the symmetry
of the crystal field at the C60 site is lower than cubic.

There seems to exist inconsistency in understanding the
molecular motion in pristine C60 in the high temperature
phase between NMR~Refs. 4 and 6! and x-ray experiments,7

where the former result has been understood by an isotropic
diffusive motion while the latter claims that the motion is
anosotropic. The13C-NMR spectra taken from FID and spin
echo would provide critical information to understand the
molecular dynamics in pristine C60.

2. Spin-lattice relaxation rate T1
21

Here, it is quite worthwhile to check whether the recovery
curve for T1 can also be explained consistently within the
framework used here, namely whether it shows a single ex-
ponential behavior or it implies a multiexponential curvature.

The recovery curve is easily described by the following
equation with the use of theT1~g! derived in Sec. III:

M02M ~ t !

M0
}(

g
expS 2t

T1~g! D sing. ~18!

That is, the curve is reproduced by a sum of all magnetiza-
tions decaying at theg-dependentT1 at the given time. The
sing in the right side originates from the distribution of the
rotation axis with respect to the external field. As seen in Fig.
15 @where ~340, 32, 186! is used for the shift tensor for
K3C60#, all the curves surprisingly show a single exponential
recovery in spite of theg dependence in theuCu2 given in
Appendix B. Other combinations of the shift values also re-
sult in the single exponential behavior. Therefore, our model
of the uniaxial rotation motion around a fixed axis with oc-
casional perpendicular flips can reproduce properly the ex-
perimental observation that the recovery curves could be
nicely fitted to exp~2t/T1! with a uniqueT1 in the T range
where the uniaxial motion takes place.9 The estimated values
from the recovery curves give;0.73 sec for case 2 and case
3, and;0.5 sec for case 1, none of which meets perfectly the
measured contribution of the rotational motion
T1;1.2560.25 sec.9 Since the shift tensor values are as-
sumed to be independent of the carbon site in this analysis,
this small discrepancy may suggest that the charge distribu-

FIG. 13. Dependence of the calculated line shapes with the ori-
entation of the rotation axis with respect to the external field. The
spectra are calculated for the shift tensor~32, 340, 186! for the
range ofg values indicated in the figure.

FIG. 14. Time averaged shift~sZZ! along the external field with
h50 as a function of the positionu of the C atom on the sphere for
theg values of the rotation axis indicated in the figure.
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tion on the carbon sites is not uniformly spread, as has been
claimed from x-ray diffraction analysis.21,22 The T1 might
then be more sensitive to the on-site charge than the features
appearing in the static spectra.

The observed nonsingle exponential recovery curve below
about 160 K~Ref. 9! can be naturally explained by the slow-
ing down of the perpendicular motion, as the correlation time
expected fromt c

s in Fig. 1 becomes comparable toT1 around
160 K. This situation can no longer average out the distribu-
tion of T1 associated with theg dependence.

C. Spectra in the frozen state

Figures 16 and 17 are the line shapes calculated for the
h50 and 1 symmetries in the frozen state~dotted line!. In
contrast to the ones in the presence of the uniaxial motion,
the calculated line shapes are regular three-dimensional pow-
der patterns in a uniformly distributed system. In principle,
the symmetry and the values of the shift tensor should be
determined from the frozen state spectrum at very lowT by
comparison with the calculated line shape. However, the line
shapes observed in K3C60 and Rb3C60 just above their super-
conducting transition temperature cannot be explained from
the shift tensor values deduced from the fits to the spectra
above the respectiveT* with the uniaxial rotation motion.

Here, we should remind that a phase transition occurs at
200 K in K3C60 and possibly around 380 K in Rb3C60. Its
occurrence as well as the freezing of the motion could
modify the electronic state on the C60 molecule and cause
further modifications of the crystal field. The existence of

three distinct carbon sites in the frozen state will also pro-
duce an inhomogeneity of the charge distribution on the car-
bon sites. A synchrotron x-ray experiment performed on the
pristine C60 compound at 300 K claimed the existence of a
nonuniform distribution of charge density on the C60
surface.21 The deduced charge distribution shows density de-
ficiency of 16% in^1,1,1& directions and 10% excess about
^1,1,0&, even though the C60 molecule at that temperature
makes a rapid reorientational motion. The same experiment
on Li2CsC60 has however shown that the excess density is
along thê 1,1,1& axis towards the Li ions.22 The existence of
the alkali ions seems already enough to modify the electronic
charge distribution on the C60 molecule. These multiple ef-
fect would produce even more than three nonequivalent car-
bon sites at lowT.

V. DISCUSSION

We demonstrated so far that the NMR results can be sat-
isfactorily explained by the presence of the uniaxial motion.
On the contrary, the observed line shapes at low temperature
are not well understood. Although the discrepancy could be
attributed to the occurrence of the phase transition, its nature
and relationship to the appearance of the third line in the K
and Rb spectra belowT* are not clear. Walstedtet al. have
performed NMR double resonance14 on 87Rb in Rb3C60 and
assigned the third Rb line toT sites slightly offset from the
ideal position ~T8!. On the other hand, Apostolet al.23

claimed that this extra peak comes from theT sites in the
vicinity of an emptyT site. In this interpretation, theT ions
perform in high temperature an internal jump between va-
cancies existing at theT sites, while the motion is frozen
gradually as temperature lowers. They claimed that when the
jumping rate becomes comparable to the NMR time scale,
then the third line is detected. The vacancy concentration is
estimated to be 1.3%. Since the existence of such a vacancy
breaks the local charge neutrality, the absence of a positive
charge at theT site should produce a large distortion of an
electric potential at the surrounding sites. This situation
would give rise to a large quadrupole interaction for the cat-
ion nuclear spins sitting at bothT andO sites near the empty
site ~the quadrupole interaction couples the nuclear spins to
the electric field gradient!. Although the estimated concen-
tration is very small, since the Coulomb interaction is effec-
tive over long distance the line shape of the regularT andO
sites should be modified through the quadrupole interaction,

FIG. 15. Recovery curve calculated with Eq.~18!. The solid,
dotted, and broken lines are the calculated recovery curves corre-
sponding to case 1, case 2, and case 3, respectively, as defined in
Eq. ~15!.

FIG. 16. Fourier transformed spectra of the13C FID signals
~solid line! measured at 35 K in Rb3C60 and calculated result~dot-
ted line!. ~290, 290,270! is used for the calculated line shape.

FIG. 17. Fourier transform spectra of the13C FID signals~solid
line! measured at 30 K in K3C60 and calculated static spectrum
~dotted line! with ~32, 340, 186! obtained from the best fit in Fig.
11.
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which does not seem to be the case.18 Let us point out that
large quadrupolar effects have been seen in the polymer
phase of RbC60 which has an orthorombic symmetry but for
which the charge neutrality is ensured locally.24 It is then
somewhat difficult to accept this interpretation for the ap-
pearance ofT8 peak, although more refined analyses of the
data are necessary to ensure this point and are presently un-
dertaken. Walstedset al. have ruled out this possibility by
claiming that the thermally activated internal jumps should
also take place betweenT andO sites.14

Recently, Pintschoviuset al. have performed diffuse
x-ray and neutron scattering experiment on single crystal of
pristine C60 and found a pronounced orientational order with
a coherence length of about 40 Å at 265 K, which is above
its disordered-ordered phase transition temperature.25 This
result clearly indicates that a precursor for the orientational
ordering already sets in above its phase transition tempera-
ture. Although it is not yet clarified whether the perpendicu-
lar motion exists in pristine C60, the situation of the high
temperature phase looks very similar to that observed in the
high T phase in K3C60. From this point of view, we may
argue that the phase transition in K3C60 might as well corre-
spond to an ordering of the rotation axis. As mentioned in
Sec. II A 2, the broadening of the39K lines aboveT* can be
assigned to the slowing down of the perpendicular motion.
The discontinuous change of the broadening rate acrossT*
suggests some connection between the phase transition and
the freezing of this motion. Although we claimed from the
analysis of the13C spectra that the rotation axes are well
fixed in the lattice within a time scale of 1024 sec, it is not
clear whether they are randomly distributed with respect to
the lattice. The phase transition might correspond to an in-
crease of the correlation length of the orientation of the ro-
tation axes. This increased orientational order could create a
distinction between cation sites. Recently, Zimmeret al.dis-
cussed the appearance of theT8 peak in terms of a disorder-
ing associated with the thermally activated occupation of the
different C60 orientation rather than the chemical exchange.
The evolution of the observed Rb spectra appeared to be

reasonably reproduced with activation energy 580 meV and
15% probability for theT8 site.26

However, there is no experimental report so far suggest-
ing the change of the lattice parameter in K3C60 around 200
K, while it has been well known in pure C60. More refined
structural and NMR data are required to understand how far
one can discuss the phase transition in connection with the
appearance ofT8 peak along with taking the analogy found
in both systems.

VI. SUMMARY

We presented here some experimental results on13C and
alkali NMR in theM3C60 compounds. We have performed
numerical calculations of the13C line shapes, assuming the
uniaxial rotational motion of the C60 with occasional flips
perpendicular to the fixed rotation axis. The agreements be-
tween the calculated and observed line shapes strongly sup-
port the presence of this characteristic molecular motion on
the C60 in M3C60 and conclude that the rotation axis is well
established in the lattice. The existence of such preferential
axis for the uniaxial motion implies that the crystal field at
the C60 site is distorted and has a lower symmetry than cubic.
We have stressed that the uniaxial motion persists through
the phase transition.

On the other hand, the line shape at lowT could not be
reproduced using the shift tensor deduced aboveT* . The
appearance of theT8 line in the alkali NMR spectra below
T* , which suggests the occurrence of some modification in
the crystal structure accompanied with the freezing of the
molecular motions. The existence of at least three kinds of
carbons in the frozen state seem to modify significantly the
electronic state on the C60 balls.

APPENDIX A

TheCk,m, j ~V! andak(m, j ), where the orientation of the
system can be described in polar coordinates, are given as
follows:

CRe 0,05
1
2 ~3 cos2u21!, aRe~0,0!51, CRe 2,05

A6
2

~cos2w2sin2w!sin2u, aRe~2,0!51,

CRe 0,15A3

8
sin2u, aRe~0,1!5A6, CRe 2,15

A3
2

~sin2w2cos2w!sin2u, aRe~2,1!5A2,

CRe 0,25A3

8
sin2u, aRe~0,2!52A6, CRe 2,25

1

A10
~cos2w2sin2w!~cos2u11!, aRe~2,2!52A15,

CIm 0,050, a Im~0,0!50, CIm 2,050, a Im~2,0!50,

CIm 0,150, a Im~0,1!50, CIm 2,15A3

5
sin2w sinu, a Im~2,1!5A10,

CIm 0,250, a Im~0,2!50, CIm 2,252A6

5
sin2w cosu, a Im~2,2!52A5. ~A1!

If the motion is random and isotropic,Erot5Eflip5E[1/6tc and all products of theuCu2 in Eq. ~13! are equal to 1/5. After
applying commutation rules to the spin operators and paying attention to the fact thatH5~0, 0,H0! in the laboratory frame,
we find back the ordinary expression,19
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T1
215

6

40
~gdHz!

2S 11
h2

3 D 2tc
11~v0tc!

2 . ~A2!

APPENDIX B

Case 1:

uCRe 0,2u25
8
695~25222 cos2g19 cos4g!, aRe~0,2!5

3A695
16&

,

uCRe 0,1u25
8
205~419 cos2g29 cos4g!, aRe~0,1!5

3A205
16&

,

uCRe 2,2u25
8

4535~89142 cos2g19 cos4g!, aRe~2,2!5
A453536

32
,

uCRe 2,1u25
8
845~20129 cos2g229 cos4g!, aRe~2,1!5

13A30
32

,

uCIm 0,2u25
2
35 ~31sin2g!, a Im~0,2!5

3A35
4&

,

uCIm 0,1u25
2
35 ~31cos2g!, a Im~0,1!5

3A35
8&

,

uCIm 2,2u25
2
55 ~413 cos2g!, a Im~2,2!5

5A66
8

,

uCIm 2,1u25
2
55 ~413 sin2g!, a Im~2,1!5

5A66
16

. ~B1!

Case 2:

uCRe 0,2u25
8

5925~14326 cos2g127 cos4g!, aRe~0,2!5
15A237

64
,

uCRe 0,1u25
8

1255~28127 cos2g227 cos4g!, aRe~0,1!5
3A1255

64
,

uCRe 2,2u25
8

17045~5392354 cos2g1171 cos4g!, aRe~2,2!5
A17704536

64
,

uCRe 2,1u25
8

4535~921171 cos2g2171 cos4g!, aRe~2,1!5
A907330

64
,

uCIm 0,2u25
2
345~28113 cos2g!, a Im~0,2!5

3A345
16

,

uCIm 0,1u25
2
345~28113 sin2g!, a Im~0,1!5

3A345
32

,

uCIm 2,2u25
2
905~8913 sin2g!, a Im~2,2!5

A5430
16

,

uCIm 2,1u25
2
905~8913 cos2g!, a Im~2,1!5

A5430
32

. ~B2!

Case 3:
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uCRe 0,2u25
8

5925~14326 cos2g127 cos4g!, aRe~0,2!5
15A237

64
,

uCRe 0,1u25
8

1255~28127 cos2g227 cos4g!, aRe~0,1!5
3A1255

64
,

uCRe 2,2u25
8

17045~5392354 cos2g1171 cos4g!, aRe~2,2!5
A1704536

64
,

uCRe 2,1u25
8

4535~921171 cos2g2171 cos4g!, aRe~2,1!5
A453536

64
,

uCIm 0,2u25
2
345~28113 cos2g!, a Im~0,2!5

3A345
16

,

uCIm 0,1u25
2
345~28113 sin2g!, a Im~0,1!5

3A345
32

,

uCIm 2,2u25
2
665~41151 sin2g!, a Im~2,2!5

A66536

16
,

uCIm 2,1u2
2
665~41151 cos2g!, a Im~2,1!5

A66536

32
. ~B3!
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