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Rotational dynamics of C60 and electronic excitation in Rb4C60
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10% ' C enriched Rb4C6p was investigated by ' C NMR. The relaxation rates T, and T2
' are basically

determined by reorientation of the C6p molecules. In addition, T] exhibits an activated electronic contri-

bution with activation energy 104 meV. The same activation energy is also found in Knight-shift measure-

ments. Both compounds, Rb4C6p and K4C6p, exhibit the same electronic excitation with the same activation

energy within experimental error. We attribute this to a local excitation into a high-spin state of the Jahn-Teller

distorted C6p

I. INTRODUCTION

The phase diagram of the known stable phases A, C60
(A = K, Rb) shows a rather rich variety in the physical prop-
erties: In A&C6O polymerization and one-dimensional solid-
state properties were proposed, ' the A3C6o compounds are
known to be superconductors, whereas the insulating A6C6o
compounds show diamagnetic behavior. The A4C60 series
has been the subject of some recent experimental
investigations, concerning its electronic properties: Mur-

phy et al. found in ' C NMR experiments a line shift of 182
ppm for Rb4C6O, Ruani et al. deduce an electronic activa-
tion energy of 50 meV from Raman measurements, whereas
' C NMR data on K4C60 revealed a value of 104 meV.
p, SR experiments on K4C60 show an energy gap of 300
meV, which leads to a semiconductor model for A4C6o.
Another interesting point is the C60 molecular dynamics
which is supposed to depend on the alkali counterion. We
will address this point here by applying relaxation

(T, , T2 ) measurements.
In this contribution we report on the temperature-

dependent ' C shift as well as relaxation measurements of a
10% ' C enriched Rb4C60 sample. The results will be com-
pared with those obtained from a K4C6o sample with natural
abundant ' C. The paper is organized as follows. After a
brief description of the sample preparation, the experimental
setup and NMR procedures applied as well as the parameters
used in this investigation (Sec. II), the results will be pre-
sented and discussed in Sec. III. We will differentiate be-
tween shift measurements (Sec. III A), T, relaxation caused
by molecular reorientation (Sec. III B), and electronic exci-
tations (Sec. III C). The temperature-dependent linewidth
and T2 measurements will be discussed in Sec. III D.

II. EXPERIMENT

The nominal Rb4C6o sample was prepared by vapor dop-
ing similar to the procedure outlined in Refs. 10—12 and was
characterized by C MAS NMR (45.6 MHz) as well as x

ray, revealing about 83% of the sample in the Rb4C6p phase
with 17% contamination from Rb6C6o. It should be noted
here that ' C MAS NMR is very sensitive in detecting small
clusters of unwanted phases which might escape detection by
x rays. ' C MAS NMR of Rb4C60 shows at room tempera-
ture a 1—2 ppm broad line in agreement with a rapid rotation
of the C60 molecules in the Rb4C6o phase. The Rb6C60
impurity phase does not infIuence the ' C measurements
shown below because of the about 60 times longer T, relax-
ation time. Therefore contributions from the impurity phase
Rb6C6o are saturated and not visible in the spectra and relax-
ation rates.

The static ' C NMR measurements were performed with
a homebuilt spectrometer operating at a ' C frequency of
83.7 MHz. Spectra were recorded by a spin-echo pulse se-
quence with four phase alternation. At high temperatures
T& was measured by a conventional inversion recovery pulse
sequence with echo detection, whereas at low temperatures
the saturation recovery technique was applied. T2 was mea-
sured by a Hahn echo sequence, which implies that only
homonuclear dipolar couplings contribute to T2 in addition
to motional dynamics, whereas static heteronuclear cou-
plings are canceled.

III. RESULTS AND DISCUSSION

A. Line shift

The ' C line in Rb4C60 is appreciably paramagnetically
shifted to 182 ppm with respect to TMS at room temperature
in accordance with Ref. 6. This shift is about identical to the
one observed in K4C60 and only 9 ppm smaller than the shift
in superconducting Rb3C60. The temperature dependence of
the total shift 8(T) (see Fig. 1) scales with the susceptibility
y„(T), ' demonstrating the existence of a paramagnetic
Knight-shift contribution. The total shift is related to y„(t)
by the following relation:

B(T)= a+%(T) = cr+ y„(T)A. , (3.1)= &gePa7wPO
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FIG. 2. Temperature dependence of the spin-lattice relaxation

rate T, ' together with a simulation according to Eq. (3.3) (solid
line). Data (*) taken from Ref. 17 were simulated with electronic
(dashed line) and CSA relaxation (BPP peak, solid line) (— —.).
The enriched sample shows an additional BPP peak due to homo-
nuclear dipolar relaxation (BPP peak, dotted line) as described in
the text.
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where y (T) is modeled by a thermally activated electronic
excitation. ' The scenario behind this model can be summa-
rized as follows. The degeneracy of the three ti, derived
bands is lifted by a Jahn-Teller distortion in such a way that
the four electrons of C60 are distributed on the two lower-
lying t, „bands, whereas the third (and empty) t&„band is
energetically split off by an energy AF, . The ground state
consists of ulled bands and is therefore diamagnetic, al-
though an appreciable van Vleck contribution to the suscep-
tibility and the Knight shift is expected. With increasing tem-
perature a thermal population of the third ti, band proceeds
giving rise to a thermally activated susceptibility, Since this
band is most likely very narrow we expect strong localiza-
tion of these electrons and therefore a Curie-like temperature
dependence of their spin polarization. In summary this re-
sults in a temperature-dependent paramagnetic susceptibility
y~(T) and corresponding Knight shift as

p
—6Fel2kg T

—Xo T + —a~ i2k~T(T)= +-
Pa &ex e

(3.2)

where Xo is a temperature-independent part and v„=2,
vo=4 in the case of a twofold degenerate ground state. C is
the Curie constant. A fit of this model to the shift data leads
to an activation energy of 113 meV in agreement with sus-
ceptibility data. Using the temperature dependence of X„and
6, we can estimate the hyperfine coupling constant, which

FIG. 1. ' C line shift (b) and linewidth (a) in Rb4C60 as function
of temperature. The solid lines are simulations of the corresponding
models as described in the text.

B. T~ relaxation

The complete temperature dependence of the T, ' relax-
ation rate is shown in Fig. 2. The stars are data taken from
Ref. 17, which result from a nonenriched sample. There is an
obvious discrepancy between the two data sets in the tem-
perature range 200—300 K. It is interesting to note that re-
sults on K4C60 with natural abundance of ' C, which was
prepared under the same conditions as the enriched Rb4C6p
sample, exhibit an overall agreement with Ref 17. We are
therefore led to assume that an additional relaxation path
occurs due to homonuclear dipolar relaxation in the 10%
enriched sample. This is also in agreement with the field
dependence observed when comparing the data presented
here (7.8 T) with those from Ref. 18 (9 T). We therefore
expect to have the following contributions to the T& relax-
ation rate:

1 1 1 1 1
+ + +

Ti Tio TiL TiD Ti
(3.3)

where contributions from molecular reorientation are repre-
sented by TiL and T,~ and where T,,', represents the con-
tribution due to the electronic excitation. In T,D we summa-
rize the contribution which is mainly due to fluctuating ' C

amounts to a;„=2m0. 7X 10 s '. This value is smaller than
in the A3C60 compounds, ' but comparable to the one ob-
served in the high-temperature phase of A iC6o. ' The hyper-
fine coupling constant a;„is expected to be small, because of
the node of the p, wave function of the carbons. Neverthe-
less, it is not zero as has been observed in other organic
conductors. ' The reason for this is not the nonplanar struc-
ture of C6o, as is sometimes argued, but the core polarization
effect of the 2s electrons. We close the discussion of the
Knight shift by noting that the electronic excitation which is
visible in the Knight shift will appear again in the discussion
of the Ti relaxation.
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TABLE I. Rotational parameters for Rb4C60. 7. 0 is the reorientational correlation time for T~~, AE the
corresponding activation energy. T* denotes the peak temperatore, which is determined experimentally in a
magnetic field of 7.8 T.

Mode detected by

+cOL

EEL
TQ

+cOD

EFD

T1 ~ K4C60

]p 12

180 meV

280 K

T1, Rb4C60

1p
—12

233 meV

350 K
lp

—12

153 meV

T2 ~ K4C60

10 "s
160 meV

145 K

T2, Rb4C60

1p
—10

215 meV

190 K

I. CSA relaxation due to reorientational motion

Let us first discuss the relaxation time TiL caused by Auc-

tuating local fields, expressed by the second moment
6 coL= y ABL due to the reorientational motion of the

C60 molecules. The anisotropic chemical and paramag-
netic shifts, summarized here as chemical shift anisotropy
(CSA) at the local ' C site, leads to a variation of the local
field when the molecule reorients. The degree of fluctuation
6 cuL will depend on the details of the isotropic or anisotropic
molecular reorientation, but will never exceed the total shift
anisotropy. Since the details of the reorientation are not
known it will serve as an adjustable parameter here. The
corresponding spin-lattice relaxation rate can be readily ex-
pressed as' '

T,I 40 1+copr, ~
' (3.4)

where coo is the Larmor frequency. Note that this relaxation
rate increases proportional to Bo fol coo'T L(~1 and becomes
field independent for ~or, L

~) 1. A peak in the relaxation rate
is expected according to Bloembergen, Purcell, and Pound
(BPP) if cops, L

= 1. The correlation time ~,1 is modeled here
by a thermally activated process with activation energy
EEL ..

dipole-dipole interaction, whereas T I is mainly caused by
fIuctuating shift anisotropy, where both are due to molecular
reorientation. In addition we have introduced a temperature-
independent background relaxation rate T,o . Tio amounts
in our case to 0.1 s ' which is quite small compared with the
other relaxation rates. This background becomes visible at
low temperatures, where all other mechanism cease. It is
most likely caused by paramagnetic impurities.

the dipole-dipole coupling between the ' C nuclei. We there-
fore have to complement T,I by the dipole-dipole contribu-
tion

1 6 2 27cl.

TiL 40 1+ (uo7cL

2 +cL 4&+-(~~~t)' 2 2 +
3 1 + Qpp 'r

L 1 + 4 top 21 /

where (Aeon, ) represents the averaged second moment of
the fIuctuating dipole-dipole interaction. Its value was deter-
mined in the fitting procedure as A~D&=2~200 s ', a
rather small value. The reorientational part of the relaxation
discussed here can therefore be described reasonably well by
the first part which is also true for the data in Refs. 17 and 8.
We note that similar relaxation peaks in T, were found in

3 60

2. Dipolar relaxation due to reorientational motion

Due to the enrichment of our compound, we observe an
additional BPP maximum at lower temperatures, which is,
comparing the enriched and the natural abundance samples,
obviously enhanced by homonuclear dipolar couplings. This
contribution is modeled by the additional term' '

1 2
2 +cD 4~,0

T) n 3 I, 1+copdo 1+4ctppn
= —(~~a)' 2 + 2 (3 7)

where (Acro) and ~,o are supposed to be different from the
related parameters in Eq. (3.6). 7,o is again assumed to ex-
hibit a thermally activated temperature dependence. The fol-
lowing parameters were obtained in the fitting: w, o&=1
X 10 ' s, AE~ = 157 meV, and 4 ~D = 2 ~5.5 && 10 s
This contribution is also plotted separately in Fig. 2 like the
CSA contribution.

&cL= &cL.O exp'
kT /

(3.5)

The final parameters obtained from the data fitting are
listed in Table I. The value obtained for 5 coL
= 2~13.7X 10 s ' is in reasonable agreement with the CSA
linewidth at low temperatures. The activation energy AEL
for this reorientational mode is obtained as 233 meV using
an attempt frequency ~,1 0 of 10 ' s. In a previous
publication we have shown that T&L accounts sufficiently
well for the reorientational motion of a non-enriched sample.
It therefore holds also for the data shown in Ref. 17. In the
enriched sample, the situation becomes more complicated:
The reorientational motion should also lead to fIuctuations of

C. Hyperfine relaxation caused by electronic excitation

It is obvious from Fig. 2 that the steady increase of T&

with temperature cannot be accounted for by BPP-like relax-
ation expressions as discussed so far. In fact, it is expected
that the paramagnetic contribution to the Knight shift and
susceptibility which was discussed in Sec. III A results in an
additional relaxation mechanism. If we adopt here the same
model of a thermal excitation to a delocalized spin state, we
expect to obtain the following expression for the electronic
contribution to the relaxation rate:
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= fl kgTB co~)
1 el

(3.g) 0:43T
+: 78T

where Ace„ is the second moment of the hyperfine interac-
tion including isotropic and anisotropic parts. We have re-
placed the wave-vector-dependent dynamic susceptibility by
the expression X~/I" which takes the density of excited
states, i.e., the concentration of excited electrons into ac-
count as well as their scattering rate I . The normalized and
averaged susceptibility X„, which corresponds to the usual
single-particle susceptibility divided by g p,~, can be writ-
ten as

—AE~l2kgT
Vex e

XP 4k T + —QEe j2k~T ~

Vp Vex e
(3.9)

similar to the expression used for the Knight shift. Xp is
given here in units of energy which together with the scat-
tering rate I, given in units of energy, fulfills the unit re-
quirements of Eq. (3.8) and results in the final expression

T1el

—AE~I2kg T
= A co 41 p + p e ~E kB

Vp Vex
(3.10)

The dominant temperature dependence of T1,1 derives from
the last factor. We find from fitting Eq. (3.10) to the relax-
ation data that a satisfactory fit can be obtained without as-
suming any temperature dependence of I . The activation
energy AE, is found to be 104 meV. Within the accuracy of
the experiment, the same value is observed in K4C6p, indi-
cating that this electronic excitation process is not directly
influenced by the rotational dynamics of C6p . By assuming
Ace,

&
=2m10 s ', a typical value for the hyperfine interac-

tion which includes the anisotropic interactions in A3C6p,
'

we deduce a scattering rate I /fi of about 10' s
An alternative description of the relaxation rate is dis-

cussed by Kerkoud et al. ' where the excitation across the
band gap of an indirect semiconductor is considered. Again
the band gap appears as an activation energy. These authors
have investigated in addition the pressure dependence of this

gap which seems too close under large enough pressure. At
ambient pressure we find a better agreement of our experi-
mental data with the relaxation expressions presented here.
Another alternative would be an excitation to a local molecu-
lar high-spin (triplet) state. This would result in a very effi-
cient relaxation mechanism which would again be thermally
activated. However, this would lead to inhomogeneous relax-
ation throughout the sample, which is not observed and
could in addition not explain the temperature-dependent
Knight shift.

The combined thermal activation of the Knight shift and
the relaxation rate leads to the conclusion that the excited
electronic spins are delocalized. This does not necessarily
imply, however, that they are charged and lead to conduction.
Because of the expected extremely narrow bands and an ap-
preciable electron-electron repulsion, characterized by the
Hubbard U, ' the A4C6p compounds may be considered as
Mott-Hubbard insulators. Jahn-Teller and/or crystal-field
effects might further split the ground state and lead to a
highly correlated excited state. The observations discussed
here as well as the pressure dependence of the T1

relaxation' are in qualitative agreement with the prediction
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FIG. 3. Temperature dependence of the spin-spin relaxation rate

T2
' at different magnetic fields. The quasi-temperature-

independent background is already subtracted. The dashed line is a
simulation of the reorientational contribution to T2 '.

of this scenario, although the details will still have to be
worked out.

22(8~) =(Bcu") +(8'cu') —arctan[a6cur, s(T)].
(3.1 1)

We label the correlation time 7;.z of this motion by the
subscript 5 in order to distinguish it formally from the mo-
tional modes discussed so far. It might originate from a dif-
ferent type of motion which does not contribute significantly
to the T, relaxation. Again we assume that ~,z is thermally
activated with an activation energy AEz, rejecting the rota-
tional barrier between different molecular orientations. 6~"
is the linewidth at high temperatures, Bcu' the rigid lattice
value. Using an attempt frequency of 7 gp=10' s ' a line-
width calculation (Fig. 1) results in an activation energy
AE&=220 meV. We note that the activation energy depends
rather sensitively on the attempt frequency. For example, if
we choose an attempt frequency of 7 gp

= 10 s an activa-9 —1

tion energy AE&=190 meV is obtained. Before discussing
these details any further we turn to the T2 relaxation time
which is also sensitive to slow motion and should reAect the
same reorientational dynamics as the line narrowing. A peak
in T2

' appears around 190 K. In Fig. 3, the T2
' relaxation

rate is shown for two different fields as a function of tem-
perature. At a static magnetic field of 4.3 T the decay is

O. Linewidth and Tz relaxation

So far we have discussed T1 relaxation which is sensitive
to Auctuating local fields on a typical time scale of about

cop '=2 X 10 s. The motional narrowing of the linewidth
above 250 K clearly indicates that the C6p rotational motion
changes in the temperature region 100—250 K on a time
scale of about 3 X 10 s. The influence of rotational motion
on the temperature-dependent linewidth Bcu(T) can be de-
scribed by the following implicit equation
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almost monoexponential over the temperature range mea-
sured. At 7.8 T we use the initial slope of the decay function
as a measure of Tz since the magnetization curve does not
show a monoexponential decay. This nonexponential behav-
ior varies with temperature and is probably caused by the
powder average of the anisotropic molecular reorientation.

In order to model the T2
' relaxation rate we apply the

following relation

2v.
J(~o) =

1+cop

whereas J(0) is modeled by

(3.13)

27,
J(0)= 2 21+~ case

(3.14)

which interpolates between the slow motion (Acuscr, s&) 1)
and the extreme motional narrowing case (Acoscr s&&1).

Am~c is the second moment of the chemical shift frequency
fluctuations caused by the reorientational process, whereas

Aco~D is the corresponding fIuctuating dipolar field. One of
the essential differences between these two types of relax-
ation processes is their magnetic field dependence: Acozc
~y Bp is a function of the static magnetic field, whereas

6 cu&D is field independent. We assume that ~,z represents the
correlation time of a thermally activated process as before. A
reasonable fit of the experimental data is obtained with the
parameters b tuse = 2 7r4 8X 10 s . ' (7.8 T), 4 sos~
=2m1.2X10 s ' as shown in Fig. 3 (dotted lines), where
an attempt frequency of ~,zp

= 10' s was used resulting in an
activation energy of 210—220 meV (see also Table I). In
addition to the relaxation processes caused by the molecular
reorientation we must take the static dipole-dipole interaction
into account. The T2 relaxation caused by this interaction is
quasitemperature independent above 250 K and below 130 K
and was subtracted in Fig. 3 from the raw data.

In comparison to the nonenriched K4C6p, which exhibits
a T2 relaxation time of 12.8 ms at room temperature, the
relaxation rate of Rb4C6O (10% ' C) is enhanced [T2(RT) =
4.27 ms]. This fact can be explained by intermolecular
homonuclear dipolar couplings. ' We model this part of T2
by the corresponding second moment, which for a powder
can be expressed as'

Pp 1
M2II= 2 pl 6 I(I+ 1 )fg16m 5 k

(3.15)

1=1 1 + O)$D 7c= —b, cd$c[3J(coo)+4J(0)]+—
2 10 1+5cu~Dm

(3.12)

The spectral density J(coo) is usually given by

interaction is still operative and leads to an enhanced T2

relaxation which we calculate by applying T2
' = /M2, 1. For

the calculation of the lattice sum we approximate the C6p
molecules as points at the appropriate lattice sites. This is
justified approximately by the rapid rotation. We obtain
T2= 12.1 ms for natural abundance ' C and Tz=4.0 ms for
the 10% ' C enriched sample. Both values are in good agree-
ment with the experiment. At low temperatures, where the

C6p rotation is frozen, the ' C-' C dipolar coupling is en-

hanced leading to an enhanced contribution to T2.

E. Summary

In Table I we have listed the rotational parameters of
Rb4C6p separately for T& and T2 derived motional dynamics.
In order to gain some insight into the problem whether the

T2 and T] derived modes are different or not let us look at
the details of the motional parameters. One could argue that
the differences in the activation energies and correlation
times are within experimental error and only a single mo-
tional mode is present. This would be very unusual since the
comparison of different fullerides ' shows a rather com-
plex behavior. Similar rotational modes are observed for the

A3C6p and A4C6p compounds although their crystal structure
is different. In both cases, the Rb compounds show larger
activation energies of T& and T2 derived modes. The striking
difference is that in the A4C6p compounds the rotational
mode visible in T, has more or less the same activation
energy as the one observed in T2 measurements in contrast to
A 3 C6p where they differ considerably. In these compounds,
the energy barriers for uniaxial rotation and Gipping of this
rotation axis are thought to be clearly separated. En Ref. 28,
the slow motion in KsC60 (as observed by T2 relaxation) was
attributed to small angle reorientations. In A4C6p this sepa-
ration of energy scales is not observed. In contrast, the acti-
vation energy observed in the T2 relaxation is about the

same as the one derived from the T, ' relaxation. However,
the attempt frequencies ~ p are quite different leading to
different correlation times. A possible origin for these differ-
ences could be due to a more axial molecular hoping leading
to the T& relaxation in contrast to a more isotropic highly
correlated molecular reorientation causing line narrowing
and T2 relaxation. Further investigations are needed to solve
this discrepancy.

Concerning the electronic excitation it is remarkable that
about the same excitation energy is obtained for Rb4C6p and

K4C6p . Our value determined from shift and T
&

rneasure-
ments is, however, considerably lower than the 300 meV
obtained from the analysis of p, SR experiments but in
agreement with Raman results and susceptibility
measurements. '

The sum runs over all lattice sites occupied by carbon
atoms. The factor f weights the sum corresponding to the
statistical occupation by ' C. At room temperature the
C6p molecules are rapidly rotating in Rb4C6p as follows
from our analysis. Since the rotational rate is much larger
than the intramolecular ' C- C interaction, this interaction
vanishes on the average. However, intermolecular ' C-' C

IV. CONCLUSIONS

In summary we have shown that Rb4C6p and K4C6p are
very similar in electronic structure and reorientational dy
namics of the C6p ions. The activation energies for reori-
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entation are slightly smaller in K4C6p compared with

Rb4C6p. Both compounds show a paramagnetic shift at low
temperatures indicative of a van Vleck paramagnetic contri-
bution and a thermal excitation across an electronic gap
around 100 meV.
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