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Abstraetl. — The vibrational speetrum of saturation-doped insulating RbgCg has been measured
by inelastic neutron scattering at nongero momentum transfer in the energy range (5 + 200) meV
at 20 K. The two lowest-energy fivefold degenerate M, modes sharpen substantially in
comparison with supereondueting K;Cy,, acquiring comparable widths to those found in pristine
Cg. This is interpreted as evidence for the importance of these modes in the pairing interaction
for superconduetivity, We estimate that the radial H, modes make a substantial contribution to
the total electron-phonon coupling strength in the superconducting fullerides.

Introduction. — Unlike semi-metallic graphite, pristine Cg is a poor conductor with a band
gap of = 1.9 ¢V. However, intercalation of alkali metals into the f.c.c. erystal structure leads
to an inerease in electrical conductivity of several orders of magnitude [1] and the appearance
of superconduectivity [2] at critical temperatures considerably higher than the analogous
graphite intercalates [3]. The superconducting Ay Cy [4] phases have T.'s increasing with the
unit cell size [5] to over 30 K. Insulating A,Cy, A, Cy and A; Cy [6] phases have also been
isolated. Superconductivity has been interpreted in terms of either electronic[7] or
phonon-mediated pairing [8-12]. The eleetron-phonon-based theories have employed either
low-energy A° -Cy optic [8] or high-energy [9-12] intramolecular modes. Furthermore, the
relative role of the intramolecular modes emerges differently from the various caleulations
performed: i) coupling strength is found to be distributed almost equally among radial and
tangential modes [9], and ii) either the highest-energy tangential [10] or the lowest-energy
radial modes [11] alone are found to contribute principally to the electron-phonon interaction.
Strong support for phonon-mediated pairing involving earbon vibrations, but with significant
Coulomb interaction effects has come from isotope-effect measurements in “C-substituted
A; Cy,y [13]. Neutron seattering measurements at nonzero |Q| on Cy [14] and K4 Cy, [15] have
revealed that selected radial and tangential vibrations of H, symmetry broaden substantially
in the superconductor and are strongly involved in the pairing interaction. Similar supporting
evidence has come from Raman measurements on superconducting fulleride films [16]; these
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alzso show that the low-frequency H," mode exhibits a Breit-Wigner lineshape and the
intramolecular frequencies do not vary between K;Cg and Rby Cy.

We now report inelastic neutron scattering (INS) measurements away from the Brillouin
zone centre on the saturation-doped insulating fulleride RbyCg in the energy nmge
(5 + 200) meV at 20 K. We find that intramolecular vibrational modes, like H;" and H;*,
sharpen signifieantly when compared to supercondueting K;Cg[15], their full widths at
half-maximum being comparable to those in pristine Cg[14]. This constitutes strong
evidence that the broadening effects observed in K Cy do not arise because of cage reduction
Ce — Cly — Cly , or K' disorder introduced by intercalation, but reflect electron-phonon
eoupling. We also present a quantitative estimation of the electron-phonon ecoupling
strengths 4, of the radial H; modes; our results are consistent with 4 large contribution to the
total electron-phonon eoupling constant originating from the two lowest-energy H, modes
(H®, H®),

Erperimental — RbyCg was prepared by reaction of Cg with Rb metal in a sealed,
evacuated pyrex tube at 250 °C (4 days), 300 °C (4 days), followed by distillation of excess Rb
away from the product. Phase purity was confirmed by X-ray and neutron diffraction. INS
measurements in down-seattering mode on a 600 mg sample, sealed in a 9 mm diameter silica
tube under 0.5 atm. He, were performed between 5 and 200 meV at 20 K using a closed-cycle
He refrigerator, with the Time-Focused Crystal Analyser (TFXA) spectrometer at the SIS
Facility, UK; a background run was recorded on an identical silica tube. TFXA is an
inverted-geometry white-beam spectrometer with a Aw/w = 2% resolution, achieved by
using a small final neutron energy (E;= 4meV). The cut in (§, w) space followed by the
detectors is defined by the relationship: Q* = k? + kf — 2k k;eos ¢, where k; and k; are the
initial and final neutron wave veetors related to the initial and final energies by: £, ,=
= ## k2, /2m and ¢ = 135" is the scattering angle. There is little momentum transfer @ variation
at a particular energy transfer « = K, — E;. As a result of large Debye-Waller factors at large
e, high-energy (= 150 meV) spectral features may be partially washed out. The instrumental
characteristics permit the use of the incoherent approximation at energy transfers
= 26 meV, even for coherent seatterers like carbon. INS measurements are not restricted by
the usual optical selection rules and the full vibrational spectrum of Cj; containing
information on all 46 normal modes is obtained. In addition, there is information on the
intermolecular low-energy modes. The intramolecular modes show no significant dispersion
{except at low energies, where dispersion up to 25meV [17] is predicted), permitting direct
comparisons between our data, collected at points throughout the Brillouin zone and the
available zone-centre theoretical and experimental data to be made. INS measurements are
not affected by optical-penetration-depth problems, important in optical spectroscopy.

Results. — The vibrational spectrum of Rbg Cgy (of. Cgy[14, 18], Ky Cey[15], Rby Cg, [191)
may be divided into two regions: i) (0 + 25) meV (fig. 1a)), corresponding to intermolecular
and Rb* -Cf optic modes and ii) (25 + 200) meV (fig. 14)), corresponding to intramolecular
modes (table I). We also include in fig. 15) the variation of the scattering law S(Q, w) with
momentum transfer §. The low-energy region is characterised by two fairly sharp features at
6.4(2) and 8.4(2) meV, possibly associated with translational /librational phonons and a broad
band at 13.1(3) meV (FWHM = 3.8(6) meV), associated with the intermolecular phonons and
the Rb*-Cl optic modes. This is to be compared with K;Cg, which has a sharp
librational /translational feature at 43meV and a broad band at 14meV (FWHM =
= TmeV) [15]. The softening observed for the optic mode may arise from the heavier Rb atom.
There is also a large 15 meV gap present in the vibrational spectrum ((18 + 33) meV),
separating the internal from the external vibrations. The intramolecular part extends
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Fig. 1. - Inelastic neutron scattering spectra of Rby Cg at 20 K (bottom), Ky Cg, at 5 K (middle) and Cg
at 20K (top) in the energy ranges a) (0 + 26) meV and b) (25 + 200) meV, including the momentum
transfer variation, Some assignments in the icosahedral point group I, are shown.

smoothly from 33 to 190 meV. Cg lacke a central atom and radial forces are very weak; the
cage vibrations may be further divided into radial ((33 + 110) meV) and tangential ones
({110 + 190) meV). As a result of reduction, the high-energy cut-off in the vibrational DOS
softens substantially from 205.0 meV through 198.0meV (34%) to 1902 meV (T.2%),
whereas the low-energy onset is barely affected, showing a hardening (0.8 meV) for C&; ; this
reflects the pronounced effect of reduction on the vibrational modes involving stretching
components, particularly of the high =-order six-gix ring fusions.

Table 1 lists the positions and (tentative) assignments of some vibrational modes in Chy~
(n =0,3,6) at low temperatures. An expanded view of the very informative low-energy part
of the INS spectra of fig. 1b) is shown in fig. 2. Phonon modes are well separated and changes
in position and width can be followed as a function of the reduction level of the fullerene cage.
For instance, the optically inactive H, mode softens from 50.0 meV in Cy to 49.2 meV in

TABLE . - Vibrational spectra of Cg (20 K), Ky Cyg (5 K) and RbyCgy (20 K) with tentative assignments.
All energies are given in meV (1meV = 8.066 em ™). Asterisks denote optically active (IR, Raman)
vibrational modes. Assignments of the optically inactive modes ave made wsing the vesulls of the
quantum-chemical calculations of Negri et al, [20],

Assignment Cg ref. [14] K3 Cyg ref. [15] Rbg Coa

HY 83.1(1) a2.7(1) 339(1)

Ta G, 42.7(9), 443 (4) 422(4), 43.7(2) 42.3(9), 434 (4)
H, 50.0(1) 492(1) 46.6 (1)

HF B3.2(1) B25(2) 53.1(1)

G, A> 60.3 (1) 59.9(2) 59.1(1)

Ts.. {Hl}l{!} 66.1 (2}, (68.6) 63.6 (6), 68.5(2) 66.7 (6), BS.2(4)
(Tigs G2, T T0.7 (3) TL5 (4) TL2(8)

Tyl 53403) BL4 (2) B27(2)

HY 88.2(2) B6.5 (2) B5.9(3)

H (53] 91.9(3) - —

o 096.2(2) 84.0(4) —
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Fig. 2. - Expanded view of the INS spectra of RbsCgy at 20 K (bottom), K3 Cg at 5 K (middle) and Cg at
20 K (top) in the energy range (30 + 90) meV, highlighting the changes in the width of the H;" and H*
modes,

K;Cg and 466 meV in RbyCg; this is proportionately a larger decrease (6.8%) in energy
than in the high-energy mode, commonly used to monitor the oxidation level of the
fullerene skeleton[1,16]. We have reported earlier [15] the virtual disappearance, due to
broadening, of the #,* phonon of pristine Cg at 53.2 meV in superconducting Ky Cgp. We now
find (fig. 2) that this mode sharpens dramatically as we move to insulating Rb; Cy ; it softens
only marginally to 53.1 meV and its FWHM of 1.4(1) meV is unchanged from Cg (FWHM =
= 1.3(1) meV). By a fortunate coincidence, H,* oceurs in a part of the spectrum uncontaminated
by other phonon modes, making our experimental observations and analysiz for this mode
unambigwous. Figure 2 also reveals that the well-isolated /" mode at 33.9 meV sharpens
significantly, compared to that of K Cy . It also shows a slightly smaller FWHM (1.3(2) meV)
than undoped Cg (1.7(3) meV), possibly reflecting reduced dispersion effects. At the
moment, it is impossible to extract reliable experimental linewidths for the H, modes in the
high-energy region because of the plethora of modes present and the intengity attenuation
due to the large Debye-Waller factors.

Discussion and conclusions. - Changes in the phonon DOS of superconducting compounds
and their relation to the mechanism of superconductivity are not usually unambiguous, as the
extended literature on high-T, cuprates testifies [21]. However, the molecular nature of the
superconducting fullerides results in fairly dispersionless phonon branches and,
consequently, simple forms for the electron-phonon Hamiltonian[9,10). The total
electron-phonon coupling constant 2 may be simply expressed as a sum of partial

contributions J_, associated with each mode v mediating the pairing interaction, 2 = 2, 4,. It

has been shown, using simple symmetry arguments, that if we consider the t,, electronic
states, the only relevant intramolecular modes are the eight H, and the two A; (for & = 0)
modes, The phonon linewidths (FWHM) y,, measured directly by neutron scattering, are
related to the influence of the electrons on the phonons by: v, = (=/g,) N(0)«f 2,. N(0) is the
electronic DOS at the Fermi level, w, the phonon frequency and g, the phonon degeneracy.
Values of individual mode-coupling constants 2, can then be extracted from the observed
linewidth changes v,. Table II collects together the values of v, on going from Cg to Ky Cg for
the four lowest-energy H, modes (H," -H,") which range from 35em ' for H;* to 1em ™' for
H® . The exact value of the electronic DOS at the Fermi level has not yet been definitely
resolved by experiment; using an estimate of N(0) = 14 states/eV /spin/Cg and g, = 5, we
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TasLE 11 - Observed positions, «, of the four radial H, modes in Cg and their broadenings, y, on
reduction to Ciy Wmmmmmﬂmﬂﬂwﬁ;Vlnm\'ﬁrnm
of states N(0) = 14 states/eV/spin/Co. We also include for comparison the values of y,, estimated by
the LDA frozen phonon calewlations of Schluter ef al, [22].

Vibrational mode P H® Hio H®
o, fmEY 28.1 63.2 882 96.2
v, fem™1 8 35 1 25
¥e, cate /oM 7 15 23 56
V. /meV 74 124 01 27

can caleulate the partial coupling strengths V,[= 4,/N(0)]. The H{* buckling mode (fig. 3)
shows the largest coupling constant, V, = 124 meV. It is followed h}r H" which involves a
distortion of the spheroidal Cy skeleton to an ellipsoid (fig. 3) and has a coupling eonstant
V; = T4meV, In sharp contrast, H," shows virtually no change in linewidth, consistent with
an insignificant contribution (V; = 0.1meV) to the total coupling strength. H;" has a
somewhat larger constant V, = 2.7 meV; however, whereas the three luweat.-m-&nmmr modes
are well isolated, making extraction of widths unambiguous, H;" overlaps with other
vibrational modes. Consequently, we only regard the caleulated value of V; as approximate.
Even though the reported Raman measurements of superconducting fulleride films show
considerable differences among themselves, the important role of H;" which shows a Fano
lineshape and of H* in electron-phonon coupling is clearly evident [16].

Information on the A,'s may be also extracted through the softening of phonon frequencies
due to electron-phonon coupling [22,9, 10], Aw, = — (4, =, /g,). However, changes in phonon
linewidths are more reliable measures of electron-phonon interactions as energy changes also
arise as a result of the cage reduction and depend on details of the electronic structure of the
cluster, H/" and H® show very small changes in frequency (= 1.8% and 1.4%, respectively)
consistent with their principally radial character (a softening for K;Cg, and a hardening for
Rbg Cy, table [, are observed) and in rough agreement with the values expected from
electron-phonon coupling arguments. On the other hand, H;* and H;" soften much more than
would have been expected from electron-phonon interactions alone (table I, = 1.9% and
2.1%, respectively), consistent with increased tangential character.

The electron-phonon coupling ﬂt:-elmglll is found to be substantial for the radial H;, modes

with a cumulative value of Vi, 4, = EI V, = 22 6 meV. This contrasts with models which find or

assume that tangential modes will dominate the electron-phonon interaction [10,12] and
provides support for models predicting important contributions from bueckling modes [9,11].

H;ll‘ H'l:ﬂ'l

ffiu':H'lw

S Sy o

Fig. 3. = Schematic representation of the two lowest-in-energy H, modes of the Cg cage, using the
eigenvectors of ref, [17].
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In table 11, we include the values of the phonon linewidths, y, .y caleulated within the
framework of Schluter et al.'s model which employs a bond charge model [17] and LDA
frozen phonon caleulations [9,22]. Even though the detailed eomparison with experiment is
not perfect, the coupling strength V), caleulated for the radial modes is only = 10% a:er our

estimated one. The predicted coupling strength for the tangential modes is Vigg = z‘ V,=

= 23.0 meV. Taking this value of Vi; 5 as an estimate of the coupling strength in this energy
region and combining it with our V4 value, we obtain a total electron-phonon coupling
constant, V = 45.6meV. For illustrative purposes, we estimate the value of T, using
McMillan's  expression [28): T, = (on,, /1. 2)exp[ — LO4(1 + 2)/(3 — u*(1 + 0.623))]. The
logarithmie mean-phonon-frequency is defined by

hog = exp[{lfmg.x.ln m}

and 4* is the phonon-renormalised Coulomb interaction parameter. 2 is explicitly related to
the magnitude of the DOS at p; using N(0) = 14 states/eV/Cy /spin, we find 2 = 064, a
typieal size of A for many weak-coupling superconductors and in excellent agreement with the
value extracted from isotope effect measurements [13]. «,, is estimated to be 1072 K, 30%
smaller than what is usually assumed, reflecting the large partial s found for the
low-energy modes. Using «*=015[13], T, 8 = 1TK, in good agreement with ex-
periment.

In conelusion, we have reported the INS speetrum at |Q| = 0 of saturation-doped Cy, at
20K and combined our results with earlier work on Cg and superconducting K;Cg to
estimate the contribution of the radial modes to the total eleetron-phonon coupling strength
in the fullerides, Vi, =22.6meV. Our results are consistent with weak-coupling
superconductivity, in agreement with isotope-effect measurements and intramolecular
electron-phonon coupling theories and can explain the unusually high T.'s observed in the
fullerides without invoking any unusual or exotic interactions; the radial modes are
important as o resull of simple geomeiricel reasoms, namely the finite curvature of the
fullerene skeleton [8] allows finite s-= orbital mixing. Such an effect i= absent from the
corresponding alkali-metal graphite intercalates where the graphitic sheets are strictly flat
and provides a rationale for the markedly different T.s observed in the two types of
compounds.
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