
Determination of 13C NMR isotropic Knight shift and deviation from BCS relation in A3C60
superconductors

Y. Maniwa, D. Sugiura, and K. Kume
Department of Physics, Tokyo Metropolitan University, Minami-osawa, Hachi-oji, Tokyo 192-03, Japan

K. Kikuchi, S. Suzuki, and Y. Achiba
Department of Chemistry, Tokyo Metropolitan University, Minami-osawa, Hachi-oji, Tokyo 192-03, Japan

I. Hirosawa and K. Tanigaki
NEC Corporation, 34 miyukigaoka, Tsukuba 305, Japan

H. Shimoda and Y. Iwasa
Japan Advanced Institute of Science and Technology, Tatsunokuchi, Ishikawa 923-12, Japan

~Received 29 April 1996!

We determined the isotropic13C NMR hyperfine coupling constant asaiso/2p50.6960.06 MHz for the
C60

32 ion near room temperature~RT!. On this basis, the spin susceptibility at RT,xs~RT!, was estimated in
various alkali-metal doped C60 compoundsA3C60, which is approximately proportional to the lattice constant
a0; we founddxs /da05(0.6160.06)31023 ~emu/mole C60)/Å . The correlation between the superconduct-
ing transition temperatureTc and xs~RT! was determined. It was found thatTc of Na2RbC60, Na2KC60,
Li 2CsC60, and ammoniatedA3C60 is significantly lower than that expected from the BCS relation based on
xs~RT!. @S0163-1829~96!52434-3#

In early works of alkali-doped C60 superconductors,
A3C60, the superconducting transition temperatureTc was
believed to be a monotonic function of the lattice constant,
a0.

1 This relation has been well understood within a conven-
tional BCS picture through the Fermi level density of states
N(EF), which becomes large asa0 increases.

1–3 More de-
tailed studies have clarified that theTc-a0 relation of
sodium-containing compounds with simple cubic~sc! struc-
ture, Na2AC60 ~whereA5K,Rb,Cs!, is much steeper than
that ofA3C60 with face centered cubic~fcc! structure.

4,5 The
origin was attributed to the difference in theN(EF)-a0 rela-
tion between sc and fcc structures6 and also to other un-
known parameters such as lattice imperfections or some
disorders.7 In the case of the former, the sc structure would
lead to aTc of higher than 40 K by a small lattice expansion
of about 0.07 Å~0.5%! from Na2CsC60 of Tc512 K. In the
case of Li2CsC60 and Li2RbC60 with fcc structure, super-
conductivity has not been observed down to 50 mK, while
the empiricalTc-a0 relation predictsTc of a few kelvins.8,9

More recently, ammoniated alkali-doped fulleride,
~NH3)xA3C60 with x;1, was prepared.10–12This family ex-
hibits also different trends in theTc-a0 correlation. It is ob-
vious that one of the most important issues at present is to
clarify whether the deviation from the usualTc-a0 relation is
due to the effect of the Fermi level density of statesN(EF) in
these ‘‘low-Tc materials.’’ For this purpose, we employed
13C NMR technique.
A systematic study ofN(EF) in a series ofA3C60 super-

conductors by13C NMR spin-lattice relation timeT1 has
been reported in previous papers.3,7,13 However, in some
compounds which do not show metallicT1T5const law and
in which theT1 is dominated by other mechanisms,N(EF)

could not be determined. The detailed systematic analysis of
the shift data also could give information onN(EF) and its
variation with the compounds. However, it could not be per-
formed. This is because the small Knight shift~order of sev-
eral ppm! must be extracted from the13C NMR shift tensor,
which has another important contribution from the chemical
shift. In order to separate these two terms, additional infor-
mation and precise determination of the shift are required. In
the present work we determined an isotropic hyperfine
coupling constant in ~NH3)1.14K 3C60 having a large
temperature-dependent spin susceptibility12 and narrow13C
NMR spectra above;200 K. Based on this, we clarified the
variation of Knight shift and spin susceptibility,xs , in sev-
eral A3C60 compounds with differentTc’s. We found that
N(EF) falls on a universalN(EF)-a0 line for all the com-
pounds studied here around room temperature~RT! and thus
in the low-Tc materials theTc deviates from that expected
from the BCS relation based onxs at RT.

A3C60 specimens were prepared by a technique using
alkali-azide~some of them are the same specimens used in
Ref. 14! and also a conventional direct reaction method with
alkali metal and C60 in a glass tube. Several ammoniated
A3C60 specimens were prepared by the method described in
previous papers.10–12 Raman experiments showed no evi-
dence for deviation from 32 for the valence of C60. A
conventional pulse NMR apparatus was operated at 40.6
MHz for 13C NMR measurement. The NMR frequency shift
from that of tetramethylsilane~TMS! as a reference sub-
stance is given by part per million~ppm!.

In Fig. 1, examples of13C NMR spectra at room tempera-
ture are shown. The narrow linewidth of 10–20 ppm indi-
cates that C60 molecular rotation takes place in all these
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specimens at room temperature.~Below ;100 K, all these
specimens show a linewidth broader than;80 ppm due to
the anisotropy of the 13C NMR shift tensor.! In
~NH3)1.14K 3C60, we observed a temperature dependence of
the resonance frequency; 5.7 ppm between 300 and 200 K.
This should be attributed to the temperature-dependent
susceptibility12 reported for the same specimen as the present
study. Combining the NMR shiftd with the susceptibility
(x) data measured by a superconducting quantum interfer-
ence device~SQUID! magnetometer, we obtained thed-x
plot in Fig. 2. The spin susceptibility measured by ESR tech-
nique for the same sample was also temperature dependent
similar to that measured by the SQUID magnetometer,12 im-
plying that the temperature dependence is dominated by the
spin part.

In general, the NMR isotropic shiftd is represented by
d5K iso1dchem,

15 where K iso and dchem are the isotropic
Knight shift and isotropic chemical~orbital! shift, respec-

tively, andaiso is the isotropic hyperfine coupling constant.
Here, we assume thatdchem is temperature independent. On
the other hand,K iso should be proportional to electronic spin
susceptibilityxs ; K iso5(hgegn /2p)21aisoxs , wherege and
gn are the electronic and13C nuclear gyromagnetic ratio,
respectively, andh is Planck’s constant. Since the suscepti-
bility measured by a method such as SQUID magnetometry
is a sum ofxs and other temperature-independent terms, only
dKiso/dxs is deduced to be (5865)3103 ppm/~emu/mole
C60), as shown in Fig. 2, givingaiso/2p50.6960.06 MHz
for the C60

32 ion.
For instance, the value foraiso/2p can be compared with

2.0 MHz reported for Rb3C60,
16 having an error within

50%. On account of the difficulty of the precise determina-
tion of the shift from the broad spectra and/or a small tem-
perature dependence ofx in Rb3C60, we believe that the
difference between these two should not be taken seriously.
However, we emphasize that in the present study the value
for aiso/2p was determined at high temperature, where the
large amplitude C60 molecular rotation is taking place.

Next, we take 150 ppm as the origin of the Knight shift,
following a previous paper.16 This was empirically deter-
mined by using the shift for insulating substances, i.e., 143
ppm for pure C60, and 156 ppm and 157 ppm for C60

62 in
K 6C60 and in Rb6C60, respectively. This means that one
additional electron to C60 leads to a chemical shift of;2.3
ppm. Then we haveK iso546 ppm for ~NH3)1.14K 3C60 at
300 K, which corresponds toxs50.7831023 emu/mole
C60 at 300 K. Similarly, we can estimatexs from the isotro-
pic shift d in Table I in other compounds, using the relations
K iso5d2150 ppm andxs51.7331025K iso emu/mole C60.
For free electrons, the spin susceptibility is given by
xs52mB

2N(EF), where mB is the Bohr magneton and
N(EF) is the density of states at the Fermi level for one spin
direction. Then we haveN(EF)51.553104xs50.27K iso
~states/eV C60 spin!, where the units ofxs andK iso are~emu/
mole C60) and~ppm!, respectively. For example, 186 ppm of

FIG. 1. Examples of13C NMR spectra at room temperature.
These spectra were taken 2–5 times for each specimen and the
averaged values for the peak shift are shown in Table I.

FIG. 2. d-x plot in ~NH3)1.14K 3C60.

TABLE I. 13C NMR isotropic shiftd from TMS inA3C60 com-
pounds. All these compounds show the narrow spectra with
linewidths of 10–20 ppm due to C60molecular rotation. The Knight
shift K iso and spin susceptibilityxs are given byK iso5d2150 ppm
andxs51.7331025K iso emu/mole C60, respectively. For indepen-
dent electrons, we haveN(EF)51.553104xs50.27K iso ~states/
eV C60 spin!.

Substance Shiftd around RT
~ppm!

Shift d at 500 K
~ppm!

Li 2CsC60 179.5
Na2KC60 184.1~fcc!, 181.6~sc!
Na2RbC60 185.8~fcc!, 182.3~sc!
Na2CsC60 185.7~fcc!, 182.2~sc!
K 3C60 186.7
K 2RbC60 188.6 189.5
K 2CsC60 187.8 189.2
Rb3C60 193
~NH3)1.06NaK2C60 191.3
~NH3)0.67NaK2C60 190.8
~NH3)1.14K 3C60 195.9
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K 3C60 gives xs50.6231023 emu/mole C60, and
N(EF)59.7 ~states/eV C60 spin!. This value is compared
with 0.631023 emu/mole C60 in Ref. 17 and 0.6–0.9
31023 emu/mole C60 in Ref. 18, estimated from the static
magnetic susceptibility measurements. This value is also
consistent with ESR measurements, i.e.,N(EF)510–15
~states/eV C60 spin! reported in Ref. 19. The agreement is
fairly good and justifies the above assumption on the origin
of the Knight shift.

The correlation between the shift and the lattice constant
is shown in Fig. 3~a!. The lattice constant at 500 K was
estimated from those of room temperature by assuming
da0 /dT;3.531024 Å /K, i.e., a lattice expansion of 0.07 Å
between 300 and 500 K.19 Those for Na2AC60 ~where
A5K,Rb,Cs! were shown in sc phase. We find that the cor-
relation between the shift and the lattice constant is well
established, giving dKiso/da053564 ppm/Å or
dxs /da050.6131023 ~emu/mole C60)/Å on the assumption
of the linear dependence. That is, the density of states
N(EF) (}xs) lies on the same universal line inA3C60, in-
cluding fcc, sc, and ammoniated compounds,suggesting that
the electronic states of all A3C60 compounds studied here
are quite similar at least around RT where the molecular
motion is significant.This result rules out a possibility that
the sc and fccA3C60 have a differentN(EF)-a0 relation.

6

On the contrary, theK iso-Tc correlation does not have the
universal curve, as shown in Fig. 3~b!. There, we also show
those for K3C60 and Rb3C60 obtained from theTc-a0 cor-
relation under pressure,20 where we used the present
K iso-a0 correlation to obtain theK iso-Tc . The Tc , except
‘‘the low-Tc materials,’’ is found to be well described by a
conventional McMillan equation, if we use relevant phonon
energy ^v& of ;600 K, the effective Coulomb potential
m* of 0.2–0.4, and the electron-phonon coupling constant
l given by l50.0255K iso for m*50.2 and 0.046K iso for
m*50.4. These values are roughly consistent with those in
earlier reports3,7 on 13C-T1. Taking the Stoner enhancement
of K iso into account@K iso}xs}N(EF)/(12a) with N(EF)
}a,;0.44 for K3C60 estimated in Ref. 3#, we find^v& up
to ;1400 K. On the other hand, theTc’s of Li 2CsC60 and
Na2AC60 (A5Rb or K! and ammoniatedA3C60 are much
lower than those expected from the line for other fcc
A3C60. This suggests thatthe Tc variation in A3C60 super-
conductors is not simply described by the change in N(EF)
within BCS theory and/or the low-temperature electronic
states are quite different from those at high temperature in
these low-Tc materials.To examine the latter possibility, we
plotted a relation between shiftd at RT and̂ T1T&20.5 at low
temperature~below;120 K! usingT1 data,

7,12 where both
should be proportional toN(EF). The results are shown in
Fig. 4. We notice that those for the low-Tc materials
@Na2KC60, Na2RbC60, and~NH3)1.14K 3C60# deviate from
a straight line. In the case of~NH3)1.14K 3C60 it is consistent
with the fact that the low-temperature spin susceptibility is
larger than the high-temperature values, probably due to an
electron correlation effect. Similarly Fig. 3~b! indicates that
N(EF) of Na2KC60 and Na2RbC60 decreases with lowering
temperature. Except for the low-Tc compounds, the linear
dependence in Fig. 4 agrees with the assumption that the
orbital contribution to the NMR shift does not strongly vary
from sample to sample.

Such change can be due to phase transitions driven by
Fermi surface instability or by ordering of the intercalated
molecules. If the alkali metals are located at off center in the
C60 interstitial sites, which was actually suggested in
Li 2CsC60 ~Ref. 9! and ~NH3);1A3C60,

11 the latter should
be taken into account. This leads to a change of the crystal

FIG. 3. ~a! The correlation between shiftd and lattice constant
a0. In ~NH3)1.14K 3C60, an equivalent lattice constant for fcc is
shown.~b! The relation betweenTc and Knight shiftK iso . Close
and open triangles were obtained fromTc(a0) dependence in Ref.
20 for K3C60 and Rb3C60 under pressure, respectively~see text!.
The dotted lines are calculatedTc using the McMillan equation with
^v&5600 and 1400 K form*50.2. Without the Stoner enhance-
ment factor~see text!, an appropriate fitting for̂v&51400 K can-
not be obtained.

FIG. 4. The correlation between shiftd at RT and^T1T&20.5 at
low temperature in Refs. 7 and 12. Both are expected to be propor-
tional to N(EF). ^T1T&20.5 for ~NH3)xNaK2C60 has not yet been
reported.
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field at the C60 molecular site. Another possibility is related
to disordered potentials induced by crystal imperfections
~distortion! and/or site disorder of intercalated molecules, as
well as C60 orientational disorder. These would significantly
affect the electronic and superconducting properties in par-
ticular because of the narrow bandwidth of;0.5 eV in this
system. Such problems may be closely related to why ful-
lerides, including higher fullerenes, doped with alkali metal
or other elements are not usually good conductors, except
A3C60.

In summary, we determined the spin susceptibility in vari-
ousA3C60 compounds at high temperature where the large
amplitude molecular motions exist. The high-temperature
electronic states are found to be quite similar in allA3C60
compounds studied here, implying that the lowTc cannot be

understood simply byN(EF) at high temperature within
BCS theory. While the low-temperature electronic states
were suggested to be significantly different from those of
high temperature in someA3C60 compounds, the issue
whether or how theTc suppression is explained within the
BCS framework still remains to be solved. The possibility of
Fermi surface instability and the effect of freezing of the
molecular motion on the electronic states and superconduct-
ing properties should be investigated in the future.
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