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InTERCALATION of Cu (buckminsterfuliereme') by aikaii
metals’ leads to superconducting compounds of stoichiometry
Aoy (refs 4—6) with transition temperstures T, as high as 33 K
(ref. T These transition temperatures are considerably higher
than those for alkali-metal-intercalated graphite (<06 K)" and
scale with the size of the face-cenired-cuble umit cell®. Here we
present the results of an inelastic meatron scattering study of the
vibrational spectram of the superconducting fulleride K,C, (T, =
193 K). We find significant changes in the peak positions and
intensities principally of the intramolecular H, vibrational modes,
Both 6 the high-energy tangential (1 30-200 meV) and the low-
energy radial {— 50 meV) regions, compared with the vibrational
spectrum of Co, (refs 10, 11). Our resalis provide strong evidence
far the importance of these modes in the palring mechanbsm for
supercomductivity.

The K,C,., sample was prepared by reaction of K, ,C., and
Con i a sealed evacuated pyrex tule at 250 °C for 3 days, 350°C
fior 24 hours and 250 °C for § days"", Phase purity was confirmed
by X-ray diffruction measurements and Rietveld refinement of
high-resolution neutron  powder-difiraction  data. For the
AEuLren scattering measurcments, the 500-mg sample was scaled
in a S-mm-diameter fused salici tube under 0.5 atm helium.
Inelastic neutron scattering (IM5) measurements were done at
5 K and 30 K with the sample inside a continuous-Row “orange’
cryostal, wsing the time-focused crysial analyser (TEX A} spec-
trometer'’ at the 1515 facility, Rutherford Appleton Laboratory:
a background run was recorded on an identical empty silica
tube a1t 3 K. TFXA is an inverted-geometry white-beam spec-
trometer with excellen resolution, e/ w = 2%, over the cntire

energy transfer range, 2.5-500 meV (| meV = L0866 ¢m '}, Even
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FiG. 1 inelastic neutron  scattenng  spectra in the energy tegions
(i) 0-25 e ang (&) 25- 200 meV of T, at 20K [opl and KyCy (bottomt
thee K L DaEA were collected &1 5 K and 30 K and summed Thi nstrumental

Tor primarily coherent scatterers like carbon, the instrumental
characteristics of TFXA permil the use of the incoherent
approximation at energy iransfers =15 me¥. Coherent scattering
effects are important only a1 low-energy transfer,

The scattering law 5{Q, w) of K,C,, was measured in down-
scattering mode between 2.5 and 200 meV. The summed data
collecied at both 5 and 30 K are shown in Fig. 1. 5{ 0, w} may
be writlen as

B0 aw), {1/ 3G TeB, ) expl— P, )
o, = 1/SHTrA+2(B,:ATrB, 1}

where A =23 B, B, is the mean square displacement tensor of
the scattering atom in mode @ and () is the momentum transfer-
red du.nn* scattering; other terms and conventions are defined
clsgwhere', Carbon-60 s a molesular solid with negligible
dispersion ol the intramolecular phonons, and the observed
peaks in 50, w) correspond well 1o the Q=0 modes observed
in infrared and Raman spectroscopy. There are no selection
rules im INS and hence all the vibrational modes are observed,
in addition, considerations of reduced optical penetration depth
in K,C., important in Raman and infrared speciroscopy, ane
nat relevand here. The vibrational spectrum of K., like that
of Cog (vl 11), may be divided into two regions: (1) 2.5-25 meV,
comesponding 10 intermolecular and K -CJ, modes with a
prominent feature at 4.3 meV and a band at 14 meV with full-
width at half-maximum of 7 me¥; and (2} 25- 200 me¥, corres-
ponding ta the intramalecular modes. The vibrational modes of
the molecule may be further subdivided into principally tangen-
il motions, clustering in the high-energy region (1 10- X0 meV)
and radial (buckling) motions in the low-energy region (25
1Hime¥h, The symmetry of most of the buckling modes up to
1k me¥ may be inferred by companson with C.,; there are
well-resolved bands at 33 (H,'''), 44T, G0 49 (H, ), 600G, ),
68 (T,.0, T1 (T}, &2 and K7 me¥ (H,'"), and a broad band
with peaks at 93 and 97 meV (H,""'). The high-energy region
does not show sharp well-defined features and divides roughly
into three pans with pronounced cut-offs in intensity: 110-135,
135-170 and 170- 200 me V.

Imsight into the changes in the intramoalecular bonding of O
on intercalation, and the relevance of the varous vibratonal
maddes to the mechanism of superconductivity, can be obtained
by comparing the low-iemperature |NS spectra of K,Cy, and
L. The striking difference between the two systems is the
redistribution of intensity that occurs between the radial and
tangential modes. Carbon-60 has intense fleatures up 1o
=110 meV, followed by many weaker and broader bands up to
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200 me¥, In this respect, it resembles graphite which shows the
same disribution of i :Il!lll'ldll:‘r between maodes involving oul-of-
plane and in-plane motian'’, In K,Cg,. o the other hand, the

high-energy region is intense. The physical reasons behind these
changes in intensity are not clear, but they may reflect increased
mixing between radial and langential modes. One possible
mechanism involves the srengthening of imteraction force-
constanls. The effect of this would be 1o switch intensily between
the imerscting vibrations, without necessarily changing their
energy very much.

Theoretical treatments of supercanductivity in AyCy, have
considersd purely electronically induced"™ as well as phonon-
induced pairing, m-ful'nnl either low-frequency (= 10-20meV)
K*-Ch optic modes”’ or the high-energy imramobecular
modes"""*, In sddiion, the symmetry considerations for the
intramalecular coupling models allow only A, and H, phonons
1o eouple 1o the 1,, conduction electrons, Schluter e al™ find
coupling strength distribated over both the low-frequency radial
mndm and the high-frequency :u.u;rm.ialmdﬂ whereas Varma
et al" find that the purely tangential H,”" and H,"' modes ai
177 and 19 meV dominate the painng mhnnuln S-lmn[ elec-
tran-phonan coupling will produce substantial b dening ancd

KoLy, identification of optic modes and the nature of lh:
near-gap scattering law below T,
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softening (—10-20%) of the aflected modes. Raman spectros-
copy i sensitive to the A, and H, modes with both A, and all
eight H, modes evideni for Oy Room-tempersture Rafmid
spectra” of AyCyy thin films show only twe A, modes and the
lowest-frequency H,''' mode, the absence of the other modes
being attributed either 1o decreased optical penctration depth
ar lifetime broadening of the spectral function due 1o electron-
phonon coupling.

The IMS data confirm the electron-phonon coupling o at
least some of the H, modes. Indeed the most remuarkable
difference between the K,C, and Cy specira is the disappear-
ance of the H,'"' and H,""' modes at 54 and 196 meV, cansistent
with strong electron-phonon coupling. This is an important
difference from alkali-imercalated graphite, where the corres-
ponding buckling H,"' mode does not couple 1o the = elecrons
because of symmetry considerations. Radial W', H,'" and
H,'*' modes ane present in K,Cy, a1 33, 87 and 97 meV and show
unlr slightly reduced intensities and increased broadening, con-
sistent with minor contributions 1o the electron-phonon coup-
ling strength. A definitive stutement about the eflect of intercala-
tion on the H," ™ modes a1 136, 155 and 177 meV in Cy is
difficult hecause they are weak, but there are signihicant changes
in the spectra of Ky in these regions. Although definitive
peak assignments must awail detailed modelling, it is 1empiing
to assign the broad feature in K, at 186 meV 10 H™', corres.
ponding to a sofiening of —6%. The diflerences berween Co,
and K Co in the 10-20 meV region may be due 1o K -CL, optic
miides.

‘We have also recorded the IN5 spectra of K, Cy, above (30 K}
and below (5 K} the superconducting transition lemperature.
There is only modest evidence for changes in the intensity of
the intramolecular modes in the 135-170 and 170-200 meV
regions, as the sample goes through T,. A decrease in intensity
is, however, observed between 30 and § K ai 4.2 meV; there is
also some indication that this is accompanied by an increased
broadening. Mote that the scamering in this energy range is
completely coherent, and we are cutiing through a phonon,
probably acoustic, branch. These effects may be caused by an
as yet undetected structural anomaly at or above T, or arise
because the phonon energy is close to the superconducting
energy gap (24 =40 K (ref. 21)). We note that the presence of
soft acoustic phonons is well dmmd in the case of Al5-
struciure superconducting materials™

Cur data provide strong evidence for the presence of electron-
phonon coupling to H, modes of K;C,, as predicied by
intramolecular phonon theories™1 . Higher-resolution daia and
detailed mode assignments wre needed for a more complete
picture, particularly the location of the sofiened H, modes in
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Layered magnetic structure of a
metal cluster ion
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THE ability of molecular materials to perform many of the optical,
elecironic and magnetic Tundlions traditionally associated with
extended two- and three-dimensionsl inorganic solids'? has given
rise to imtensive research on molecular elecironics™, In the course
of investigating ihe properties of a class of anlonlc metal clusiers
based on the vanadium ovide systems™®, which bear analogy with
thase of bulk salid materials®, we have encountered unusual mag-
nedic behaviour in a finite molecular system. A cluster containing
15 paramagmetic vanadiom stoms consisis of three distinct layers
im emch of which the magnetication shows o distinct temperature
dependence, Anzlogous behaviour In bulk sysiems can be Tound
in magnetic muliilayers” and also in copper oxide superconductors,
where copper layers with sirong astiferromagnetic coupling are
separated by lavers of rare-¢arth ions in which the coupling is very
weak'™. The behaviour of this cluster suggesis the possibility of
. for molecular-scale switching.
KAV ol Hy00] . & HyD was prepared as described pre-
vlnulliy“ It has a crystallographically imposed trigonal sym.
{space group Ric, No. 167), as shown in Fig. 1a The
nlrrﬂl structure is quasispherical, with three sets of (non.
equivalent) vanadium atoms, V,, V; and ¥, ¥, and V, define
two nonplanar hexagons separated by a triangle of ¥, centres
iFig. 1), This “layer structure” has paramounl importance in
determining the magnetic properties to be described below.
Figure 2 shows the temperature dependence of the effective
magnetic moment per Tormula unit, ux{xT)", where
T is temperatore and y is magnetic susceplibility of
Ko Vi amag 0 H00] . 8 HyO in the range of 5-300 K, measured
with & Faraday apparatus'. The room-temperature value,
405 uy, is much lower than expected far 15 uncoupled
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