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Double-resonance NMR probes of structural distortions in alkali-metal-fulleride superconductors
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The Rb NMR line shape of the RIT ¢, superconductor contains three distinct peaks: one associated with
octahedrally coordinated Rb in the fcc lattice ofyOnolecules and two others, labelddand T, both
associated with tetrahedrally coordinated Rb. This contrasts with the accepted crystal structure, in which all
tetrahedral Rb sites are equivalent. We report multinuclear single and double resonance NMR experiments
which probe for effects which could lead to the unexpected splitting, and discuss implications for electronic
structure [S0163-1826)51334-7

In the widely accepted fcc crystal structbref the  magic angle spinning; here we address only the three peaks

Rb;Cs, superconductdrtwo Rb™ ions per G, molecule oc-  which are resolved in the static spectra.

cupy interstitial sites of tetrahedralf coordination, and one  In order to characterize possible differences in the local

occupies a site of octahedraD) coordination, leading one €nvironments of th@ and T’ sites we have performed spin-

to expect twof’Rb line shape features with an intensity ratio €cho double resonan¢8EDOR"*® experiments, af =80 K

2:1. Walstedet al® confirmed this expectation for high tem- and at magnetic field 8.8 T, on a sample of RisCq used

perature (300 K) NMR but found that at lower tempera- in previous experimenfs:™ In Rb,CsCq the Rb atoms oc-

tures the peak associated with the tetrahedrally ¢oordi- ~ CUPY only the tetra_lhedrally _coordlnated |nters_t|t|al sites,

nated Rb ions split into two peaks,andT’, with intensity while _th(iol?zrger Cs lon occuples the MOre spacious octahe-
dral site.”"“ In the SEDOR experiment we first apply the

ratio 11:2. This robust splitting necessarily implies a struc- . .
tural distortion or defect in these materials which is not de_usual spin-echo sequence—m2 pulse covering both the

1 87 3 1 H .
tected by other probes. Walstesttal. described several pos- TandT’ “Rb(the "a” species, followed after a timer by

sibilities, including Gy, molecular misorientations near the am pulse. The echo occurs at timer Zollowing the initial
Lo 9 %0 - 7/2 pulse, and has an amplituée Individual contributions
T’ sites, displacements of the octahedral alkali ions awa

f h £ th hedral d Thesi o E from both theT andT’ sites(denotedE; andE+/) are
cr:(s)[n the center of the octahedral cage toward Tesites,  ogq)yeq by Fourier transform. We follow the initial echo
60

molecular Jahn-Teller distortions, and charge densityuith a Carr-Purcell-Meiboom-Gilf train of 128 echoes in
waves or distortions associated with the above. Alternativelyorder to enhance Signa| to noise. Next, the Spin_echo experi_
Fischeret al? present x-ray-diffraction evidence that the al- ment is repeated; however, coincident with H‘TIQDU'SG on

kali fullerides are off stoichiometric(Rb;_,Cgy, with the « species{'Rb T andT’) we also apply ar pulse to a
x~0.03) and suggest that' sites may be nearest neighbors different nuclear species labeled3:” In this second spin-

of tetrahedral vacancies. This agrees with the hypothesis of

Lof et al? that stoichiometric RBC ¢ is a Mott insulator and

that metallic behavior arises only from off-stoichiometry. ‘ T '
Any of these possibilities would have major behavior impli- 3 M **K (150K)
cations for electronic structure and superconductivity; thus, it

is crucial to probe directly for their existence. In this paper 7Rb (292k) O T .
we report multinuclear double resonance NMR experiments i !

NMR Signal

which demonstrate that the magnitude of each of these ef- 5 o. N1 ez 1
fects is either vanishing or below very strict upper bounds.
Figure 1 shows alkali-metal-atom NMR line shapes for M3 (292K) T -
K3Cso (3K, T.=18 K), RbsCq (]Rb, T,=29 K), and
Cs,RbCq (**3Cs, T, =33 K), obtained by Fourier transform 200 0 200 400 600

of the spin-echo signaf’Rb line shapesfor Rb;Cg) con- Frequency (ppm)
tain the features identified previoudlgnd labeledD, T, and
T'. The same feature®, T, andT' are also observed in the
3% and 3%Cs line shapes for KCg, and CSRbCq; thus,

the T,T' splitting is a universal feature of th&;Cg, Super-

FIG. 1. 3K, #8Rb, and ¥ Cs NMR line shapes of KCg,
Rb;Cqo, and RbCgCq, respectively, at the temperatures indicated.
Line shapes contain the features labef@dT, and T’ associated
conductorsiwith A=K, Rb, or C3. It should be noted that with octahedrally ©) and tetrahedrally T,T') coordinated alkali
further, finer resolution splittings of both th@ andT peaks ions. TheT, T’ splitting first observedRef. 3 in Rb;Cqgy is present
have recently been observed §fRb spectra obtained using for the K and Cs doped materials as well.
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0.5 : : : 11 The SEDOR time development should scale approximately
oa b qoe o g with 1/,/A%. We use this procedure to estimate the small
g .3 @ 709 3 percentage differences in? for the T and T’ curves.
Q
g ospfle © Q- Flip Cs & First consider the case th&iC is the 8 species(Fig. 2)
Q o 1 07 : :
£ ooz & n“ o2 5 § Walstedtet al. suggested, as one of several possibleT’
5 a0l F T 2 b1l {osg g splitting mechanisms, that tHE Rb could be facing a five
T = ,;FFF [*] ° O‘*’ T . . . , . .
& T oq . 5o sy 1 0s® B membered C ring on each of the neighboringy€, while in
2 ol & e . Tog the accepted structufevhich does include “merohedral dis-
5 . b@ S {o1 7 order,” in which Cg, randomly assumes one of two possible
Be S0 s 0 s s 005 orientation$ all T sites would face 4 six membered rings.
03 -0 We calculate that? (summing over the 240 carbons in the
] 2 4 6 8 10 - . n s .
2t (ms) four near-neighboring gy's) is some 5.1% larger for the five

membered configuratiofil.68/m<’) than for the six mem-
FIG. 2. Comparison of’Rb T (white squaresand T’ (black  bered (1.60/mg). (Here we have used=0.8, which we
squares SEDOR fractions vs pulse spacing-2at T=80 K and  have calculated using the Bloch equations, the measured
25p|0|ied fieldB=8.8 T. Data sets are shown f@r=""C, **Cs, and  13C |ine shape, and the measured rf field strengthe time
RbT’ (insed, whereg is the nuclear species which is flippeske  gc5jes of thel and T’ experimental SEDOR curves, how-
tex®. ever, differ by only 0.3% 0.5%, indicating that\? for the
two curves are equal to within 1%, much less than the dif-

echo sequence the echo amplitudes for speeiesstypically ference between the five membered and six membered con-

reduced, since the effect of-8 dipolar coupling is not re- .. . . o
focused at the time of the echo. This reduction is characterf—lguratlons' The carbon environments of fieandT" sites,

. . e . ) then, are very nearly identical.
ized by the "SEDOR fraction,” defined as follows: Walstedtet al. suggested another possible structural dis-

E-(no flio)— E~(fli spin tortion leading to thel, T’ splitting: that all four octahedral

u P)—E+(flip B spin Rb (Cs, in our casgions which are near neighbors of a Rb
1 T’ site are displaced from the center of their cages towards
(1) the T’ sites; from this configuration one predicts an NMR

The SEDOR fraction and its dependence are used to char-intensity ratio forT to T’ of 7:1, not far from experiment.
acterize the distances and the abundancg afoms which  The two remaining sets of SEDOR data in Fig. 2, however,
are near neighbors df (or T'). Walstedtet al> used selec- rule out this splitting mechanism. The data sets shown use
tive pulses to perform SEDOR o#fRb alone, with, for ex- Rb T andT’ as thea nucleus, and**Cs and®Rb (T")
ample,« being the®Rb T site andg the 8Rb O site, and  (insed, respectively, as thed nucleus. Thea=°%Rb T;
thereby ruled out the possibility of phase segregatio of B='*Cs SEDOR is quite similar to that af=%"Rb T';

andT'. Our results on multiple nuclear species enable us té3=">Cs, but we find that its decay is some 3%.5%
extend their conclusions. faster (indicating T-O distancesshorter than those ofT’-

Figure 2 shows the SEDOR fraction vs Zor a=3%Rb 0O). This small difference could suggest that octahedral Cs
T (open squarésand T’ (blackened squargsand for ions are displaced from the centers of their cages by a very
B="1C, 13%Cs, and®Rb T’ (insed. The striking feature for small distance, approximately 1% of the expecle® dis-
all three sets of data in Fig. 2 is that the SEDOR fractions fotance of 0.62 nm, but displacedvay from, rather than to-
=T andT’ ®Rb are remarkably similar, indicating that the ward, theT’ Rb sites, a slight modification of the proposed
T andT’ environments, at least in terms of the configurationstructure of Walstedéet al. However, if this structure were
of nearby Cs, C, and@l’ Rb atoms, are also remarkably simi- correct, then tetrahedrally coordinated Rb which are nearest
lar. For quantitative analysis we use the “method of mo-neighbors(i.e., displaced by a distana@2) of the T" Rb
ments” approacﬁ?‘ One can show that for early values of would necessarily b& Rb, notT’. In that event one would
t=2r the SEDOR fraction is given approximately by SF expect that, for3=%Rb T, the «=%Rb T’ SEDOR frac-
(1/2)A%t2+O(A“t%). HereA? is given for a powder sample tion would develop substantially slower withr2han that of
by: a=8Rb T because &’ site could have nd@’ near neigh-
bors. The data, however, confound this expectation; Fig. 2
1 1 (insed shows that their SEDOR developments are the same,
§Sﬁ(sﬁ_1) Z 6 2 within experimental error of~5% (in time scal¢. Thus, a
' T’ site has the same average numbeF bheighborgwithin
where y is the gyromagnetic ratidS; is the spin of theg ~10%) as aT site. One must conclude that tiieT’ split-
species, the sum runs over glsites, and NA is the natural ting is not the result of displacement of the four
abundance of the isotope. The factorf is the effective T'-neighboring octahedral ions from the centers of their
flipping fraction for theB species, equal to one for a perfect cages. Similar reasoning rules out the possibility suggested
m pulse. We find that while it is difficult to extract? from by x-ray-diffraction results of Fischeet al* and NMR of
experiment with high precision due to the importance ofZimmeret al® that T’ sites are nearest neighbddisplaced
higher order contributions, we can obtain high precisionby a distancea/2) to a tetrahedral site vacancy occuring
comparisons of the very similar sets bfandT' data in Fig.  off-stoichiometric Rlz_,Cgy. One can show that such a
2 by scaling the time axis of one data set to best fit the other.clustered” arrangement of th&' sites around the vacancy

SEDOR fraction T site)= E-(no fiip)
T

4
AZ:(f)NAg Yaysh?
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TABLE I. Experimentally and theoretically determined valuesAt characterizing the dependence of
the SEDOR fraction on the pulse spacing, as defined in thd Eext(2)]. The o nucleus(second columnis
observed while the8 nucleus(first column) is flipped. The parametér, the flipping fraction, appearing in
Eq.(2) is taken to be 0.80 fog="1%C, 1.0 forB=13%Cs, and measured directly as 0.130 5+ ®Rb T’ (here
defined as a fraction of the tot&’Rb spectrum consisting &f andT’). In the fourth column(Theory we
have assumed that the pulse inverts populations for the full array of Zeeman levels, while in the fifth column
we assume that only the centré, (& %) transition is flipped.

A% (ms™?) A% (ms™?) A% (ms™?)
B Nucleus: a Nucleus: (Exp) (Theory) (Theory')
¢ SRbT 0.17+0.02 0.160 0.160
SRb T’ 0.17+0.02
13%cs SRb T 0.272+0.01 2.74 3.2%10°?
SRb T’ 0.264+0.01
85Rb T’ SRb T (3.6-0.2)x10°* 8.72x1074 2.12x1074
SRb T’ (3.8+0.4)x10°*

would result in quite different behaviors for the two data setgattern, shown in Fig. 3insey, from which one may infer
in Fig. 2 (inseb; the time scale for the=8Rb T would be  '3C-13C bond lengths. The large feature at zero frequency
some 33% faster than that far=8"Rb T’, in sharp contrast results from*C nuclei having no'*C near neighbors. The
with experiment. The only plausible conclusion is that theremaining intensity consists of two Pake doublet patterns,
placement ofT’ sites must be thoroughly random, with nei- peaked at frequencies 1#48.05 kHz and 1.62 0.05 kHz
ther a tendency foil’ sites to cluster nor to repel. This (Fig. 3), which are related to the C-C bond distariRg ¢
conclusion is certainly inconsistent with ordering, even shoraccording td*
range, of a charge density wave.

Why, then, the slight differencévhich we believe to be v=+3v?h(1-D)/87RZ 3)
greater than our experimental efran the a=%Rb T and
«=%Rb T’ SEDOR curves fo3=13Cs? If 8 is a quadru- WwhereD is the duty cycle of the rf power used in applying
polar nucleugas are'33Cs and®Rb), and if only the central the successiver pulses. For the pulse spacing used, 57.4
transition is flipped, then the fact®;(S;—1)/3 in Eq.(1)is  us, and the pulse duration, 10w, we haveD =0.181. The
replaced by 1[/2(2Sz+1)]. It is also possible to obtain a inferred bond lengths are 1421.5 and 146-1.5 pm—equal
result intermediate between these two limits if the strength ofo the values in undoped 5. Based on the rather clear
the rf field is of the order of the electric-field gradient inter- resolution of these two distances from the data, we estimate
action. Our best fits foA? for the cases wherg='*%Cs and
B=5%Rb do lie in between these calculated limits. We sus-
pect that the slight differences in the tyg=133Cs SEDOR 127
curves may result from a small difference in the electric-field I
gradient interactions fot®3Cs neighboringT and T’. The
predicted and experimentally derived valuesAdfare sum-
marized in Table I.

Walstedtet al. suggest a third possible mechanism which
could result in the observe®Rb T, T’ splitting: that upon
doping the ng molecule undergoes a Jahn-Teller distortion.

ey

0.8 [

0.6 |

0.4

ignal Amplitude (Arbitrary Units)

Undoped G has two types of C-C bonds: those bordering

two hexagong“6-6" bonds), with length~0.140 nm, and C o 142pm i
those bordering a hexagon and pentagté-5” bonds), 02 1 o

0.145 nm. Were &; to undergo a Jahn-Teller distortion one P ]
would expect a different distribution of bond lengths, de- 0 02t

pending on the magnitude and the nature of the distortion. To” _ | DpolarGoupling freq (khiz) L
test this possibility we have performeddC NMR Carr- 0'205 ; 1.5 0

Purcell sequence on &°C enriched (13% sample of . .
RbyCypat 8.8 T and 80 K, following the procedure developed Dipolar Coupling Freq (kHz)

by Yannoniet all* to measure the bond lengths in undoped

Ceo- The initial *C spin echo is successively refocused by  FiG. 3. Inset: Pake doublet pattern obtained by Fourier trans-
m pulses spaced apart by a time.2The amplitudes of the  form of the transient train of Carr-Purcell-Meiboom-Gill echoes for
successive echoes form a transient signal with a time evoluc in 13% 13C enriched RRC¢,, T=80 K, B=8.8T. Main figure:
tion determined by*3C-3C dipole-dipole coupling, with ef- Detail of the inset, with arrows indicating the expected edges ap-
fects of chemical and Knight shift anisotropy removed. Thepearing in the Pake pattern for C-C bond lengths of 146 and 142
signal is Fourier transformed to yield the characteristic Pakem.
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FIG. 4. *3C line shapes of 13%°C enriched RRCq,, T=80 K
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remarkably similar, with center of mass line positions at
39+5, 42+5, and 435 ppm, respectively, relative to un-
doped Gy, and full widths at half maximum of 945,
94+5, and 95 ppm. The conventional®C line shape
without SEDOR has line position 38 ppm and width
109+2 ppm. (The slightly upward shifts and narrow
linewidths for the SEDOR line shapes relative to the conven-
tional may result from correlation between thc-8'Rb di-
polar coupling and®C shift anisotropieg. Although the
13C  shifts in thee materials are not completely
understood®’~?4it is surprising that there is no discernible
difference in shifts between these structurally inequivalent
13C sites.

Without information about the magnitudes of the struc-
tural distortions leading to th&, T’ splitting in the alkali
fullerides, theorists, in calculating electronic structures rel-

andB=8.8 T Uppermost line shape is a conventional line shapevant for understanding superconductivity, have assumed the
from all *C spins. The lower three line shapes were obtained byndistorted fcc lattic® Our results would appear to validate

SEDOR(see textand result mostly front3C’s which are nearest C

neighbors of, respectively, tf&Rb T, ¥Rb T’, and 'Rb O sites.

that any distortion of the gg ion must involve changes in

the bond lengths which are smaller that©.002 nm.
Finally, if the 8Rb T,T’ splitting results from a differ-

ence in local spin density at tieand T’ sites, one expects

that 3C which are near neighbors @fandT’, respectively,

would also experience different shifts. To test this proposi-

tion we performa="3C andB=%Rb T, T’ and O SEDOR.

We choose a timer=338 us, short enough such that the

that procedure. We show that' sites are associated with
neither misoriented g, neighbors, displacements of the oc-
tahedral ions from the centers of their cages, nor hypoth-
esized tetrahedral site vacancies. Any Jahn-Teller distortion
of the C3; ion involves C-C bond distance distortions of less
than 1.5%. Clearly excess electron charge density is present
at theT’ sites, as that is the only plausible splitting mecha-
nism, yet we demonstrate that tfié sites occupy the tetra-
hedral interstitial positions in a thoroughly random fashion,
without site-to-site correlation. The effects of randdm

effects of ’Rb-13C dipolar coupling are small except for placement on band structure should be much less pro-

Rb-C pairs which are nearest neighbors. We take i@

spin echo with pulse spacing then repeat the experiment,

but flip selectively theT, T’ or O peaks in the®’Rb line
shape. Subtracting thé’C echo where the R peak is
flipped from the echo with no flip yields &C signal derived

primarily from 3C’s which are nearest neighbors of a Rb

nounced than those resulting from the onset of an ordered
charge density wave, where a gap in the density of states is
formed. Despite these reassuring findings, the mechanism
which results in thél, T’ charge density distortion remains a
mystery.
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