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Neutron-scattering study of librations and intramolecular phonons in Rb, (K, ,Cs,

D. Reznik, W. A. Kamitakahara, D. A. Neumann, and J. R. D. Copley

Materials Science and Engineering Laboratory, National Institute of Standards and Technology, Gaithersburg, Maryland 20899

J. E. Fischer
Laboratory for Research on the Structure of Matter and Materials Science and Engineering Department,
University of Pennsylvania, Philadelphia, Pennsylvania 19104

R. M. Strongin, M. A. Cichy, and A. B. Smith III
Laboratory for Research on the Structure of Matter and Chemistry Department, University of Pennsylvania,
Philadelphia, Pennsylvania 19104
(Received 7 September 1993)

We report the results of inelastic neutron-scattering measurements on Rb, (K, 4C¢. Librational
modes were observed as broad peaks with maxima between 4.1 and 4.7 meV, as the temperature is
lowered from 300 to 12 K. As in K;Cg, no change in the width or position of the librational peak was
observed when the sample was cooled through the superconducting transition. Thus any coupling of the
librations to electronic states is small. The magnitude of the orientational potential barrier was estimat-
ed from the librational peak frequency. A flat background observed in the low-energy inelastic-
scattering spectra is ascribed to two-phonon scattering. The density of states of intramolecular modes is
similar to that of previously studied M;Cy, compounds; modes at 53 and 66 meV in pure Cq, are not ob-
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served in Rb, (K 4Ceo-

I. INTRODUCTION

Inelastic neutron scattering has proven to be a power-
ful probe of the dynamics of pure Cy, and of the alkali-
metal-doped materials M, Cg, (x =3 or 6).!7° Neutrons
couple to all normal modes of the material, and the com-
plete spectrum of mode energies can be probed using ap-
propriate instruments. Furthermore, the fact that
thermal neutron wavelengths are comparable with inter-
atomic distances means that information about the spa-
tial character of the excitations can be obtained.!® The
study of lattice excitations in M;Cg4, compounds is of par-
ticular interest, because phonons are believed to mediate
superconductivity in these materials.

In M;Cq compounds the fullerene molecules are on a
face centered cubic (fcc) lattice and the alkali-metal ions
occupy tetrahedral and octahedral intermolecular sites of
the lattice,'! contributing their valence electrons to the
conduction band.> NMR results suggest that when more
than one type of alkali metal is intercalated, the heavier
ions preferentially occupy the larger octahedral sites.!>!*
X-ray diffraction results indicate that the Cg, molecules
are oriented with twofold molecular axes along the crys-
tal axes, so that hexagons face the tetrahedral sites.!! In
this way the size of the tetrahedral sites is maximized,
and the energy of the alkali-ion-Cg, interaction is mini-
mized. There are two orientations that satisfy this condi-
tion, and it is possible to go from one to the other, either
by rotating the molecule through 90° about any one of the
001 directions or through ~44.5° about one of the 111
directions (Fig. 1). The x-ray results suggest that mole-
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cules are randomly distributed between the two types of
orientations.!!

In this paper we present the results of a detailed study
of librational and intramolecular modes in Rb, (K 4Ceo-
We compare these results with our previous results for
K;C¢, (Ref. 3) and in doing so we improve our under-
standing of the earlier data.'®

FIG. 1. The two distinct orientations of fullerenes in the
Stephens model of M;Cq, (Ref. 11) are shown at (a) and (b). Di-
agrams (b) and (c) represent the same orientation which is ob-
tained from (a) by hops about the (001) and the (111) axes, re-
spectively. Note that 120°—cos™(1/4)=44.5".

1005 © 1994 The American Physical Society
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II. SAMPLES AND EXPERIMENTAL DETAILS

The Rb, (K 4C¢o sample was prepared at the Universi-
ty of Pennsylvania from pure C, powder obtained using
standard procedures.'® Synthesis of the pseudobinary al-
loy was achieved by diluting the saturation-doped phase
Rb¢Cy¢, with additional C¢; and a small amount of K met-
al. The final annealing step involved heating for one
week at 720 K. The superconducting transition tempera-
ture deduced from magnetic susceptibility measurements
was 28 K in accordance with expectations based on the
sample’s stoichiometry.!’

Two sets of neutron-scattering experiments were per-
formed. After the initial set of measurements at the Na-
tional Institute of Standards and Technology (NIST) the
sample was returned to the University of Pennsylvania
for unrelated experiments. The second set was performed
at NIST on the same sample 6 months later. Molar ra-
tios obtained from prompt y ray neutron activation
analysis experiments'>!® and from an independent chemi-
cal analysis, combined with the results of diffraction ex-
periments and a measurement of the superconducting
transition temperature, led us to conclude that the
stoichiometry of the sample was Rb, (K ,C¢,. The H/C
ratio increased from 0.5% to 1.5% between the two sets
of measurements. This increase presumably occurred be-
cause of exposure to moisture. It did not affect the
inelastic-scattering spectra within experimental uncer-
tainty.

Our measurements were performed at the Neutron
Beam Split-core Reactor (NBSR) at NIST. Librational
modes were studied using a triple-axis spectrometer,'®
with a fixed incident neutron energy of 28 meV. The in-
cident neutron beam was monochromated using the
Cu(220) reflection, scattered neutrons were analyzed us-
ing the pyrolytic graphite (004) reflection, and collima-
tions were 60'-40'-40'-40’. The powder sample, loaded
under helium in indium-wire-sealed aluminum cylindrical
cans, was placed inside a closed-cycle He refrigerator. To
improve upon our earlier experimental procedure,’ we
performed a detailed measurement of the shape of the
elastic resolution function over a wide energy range and
for a longer counting time than in previous measure-
ments, using a 1 cm diameter vanadium rod. The mea-
sured line shape is shown in Fig. 2. It includes two com-
ponents: a strong Gaussian peak with full width at half
maximum (FWHM) height of 1.03 meV, and a much
broader peak whose integrated intensity is about 0.75%
that of the principal peak. Since inelastic scattering is
typically 2—3 orders of magnitude less intense than elas-
tic scattering, and since the fitted line shape shown in
Fig. 2 is associated with elastic scattering only, it is im-
portant to subtract the complete line shape from the raw
data in order to obtain the inelastic scattering cross sec-
tion. Within experimental uncertainty, the resolution
function (Fig. 2) showed no dependence on the wave vec-
tor transfer Q.

The raw spectra were analyzed in several steps. Back-
ground runs were first subtracted and the spectra were
corrected for changes in the scattered energy contribu-
tion to the instrumental transmission function. The fitted
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FIG. 2. A determination of the elastic resolution line shape
by measurement using a vanadium rod. The weak peak at ~6
meV is probably inelastic vibrational scattering. The solid line
represents a fit to the elastic component, which was a sum of
two Gaussians centered at zero energy with relative integrated
intensities of 1 and 0.0075, and FWHM'’s of 1.03 and 5.39 meV,
respectively.

line shape shown in Fig. 2 was then scaled to fit the mea-
sured elastic line in the energy transfer range from —1 to
1 meV, and subtracted from the data. The result, which
is proportional to the inelastic scattering function
S(Q,w), was converted to the imaginary part of the
dynamical susceptibility, x"'(Q,®), using the fluctuation
dissipation theorem:!°

S(Q,0)=(1/m)[1+n()]x¥"(Q,w) ,

where #w is the neutron energy loss and n(w)

:(eﬁw/kBT_ 1 )¥1

For the measurements of intramolecular phonons we
used a filter analyzer spectrometer. The incident neutron
energy was scanned using a copper (220) crystal mono-
chromator, and scattered neutrons with energies <1.8
meV were counted using a low-pass polycrystalline beryl-
lium filter placed in front of the detector.””!® This
method provides information similar to that obtained for
K;C¢ (Ref. 4) and for Rb;Cy, (Ref. 5) using the TFXA
time-of-flight spectrometer at the pulsed neutron source
ISIS of the Rutherford-Appleton Laboratory (United
Kingdom). With both methods one measures neutrons
which have been scattered from high initial energies to
low final energies, resulting in spectra that sample similar
regions of (Q,w) space. In our measurements the instru-
mental resolution varied from ~1.5 meV FWHM at 30
meV energy transfer to ~6 meV FWHM at 100 meV
transfer. No corrections were applied to the data other
than subtraction of container scattering and fast neutron
background. The resulting spectra are directly propor-
tional to the scattering-amplitude-weighted phonon den-
sity of states to the extent that multiphonon scattering
and other sample-dependent sources of background can
be neglected.'®.

III. INTERMOLECULAR MODES

The temperature dependence of the low-energy imagi-
nary part of the dynamical susceptibility at wave-vector
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transfer Q@ =5.75 A~ !is shown in Fig. 3. The spectra
contain two features: a broad anisotropic peak centered
at 4-5 meV, which we assign to librations, and a rising
background which we assign to two-phonon scattering
(Sec. IV).

The librational peak maximum in Rb, (K, ,Cq, occurs
at ~4.1 meV at 300 K, about 0.7 meV higher than in
K,Cq, at 300 K (Ref. 3) (presumably due to the larger size
of the Rb™ ion!?), about 1.4 meV lower than in RbsC at
300 K (Ref. 3), and considerably higher than in pure Cg,
(Ref. 2). It hardens to ~4.6 meV at 12 K. The integrat-
ed intensity of the librational scattering increases with
decreasing temperature, consistent with the behavior ex-
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FIG. 3. Temperature dependence of the imaginary part of
the dynamical susceptibility, y"'(Q,), for Rb, (K +Ce,, mea-
souzeld by neutron scattering with momentum transfer Q =5.75

pected due to a Debye-Waller factor. Low-temperature
spectra are very sensitive to errors in determining the
elastic line shape, because they are less enhanced by the
factor [1+n(w,T)]. The apparent upturn towards zero
energy transfer, in the 12 and 35 K spectra below 2 meV,
results from our inadequate determination of the elastic
line shape.

At low temperatures, the librational line in
Rb, (K 4C¢o and in other M Cy, compounds is much
broader than in pure Cq,. This is most probably due to
the more anisotropic orientational potential or to in-
creased dispersion. As in K;Cg,, there is no observable
narrowing of the librational peak on cooling through the
superconducting transition temperature 7, (Fig. 3). Nar-
rowing of a mode strongly coupled to conduction elec-
trons is expected if the frequency of the mode is smaller
than the superconducting gap 2A [which is ~13 meV for
Rb, (K¢ 4Csy (Ref. 17)]. Thus the contribution to the
peak linewidth from electron-librational coupling is
small, and therefore electron-librational coupling does
not play a significant role in the formation of Cooper
pairs.

The spectra shown in Fig. 3 have additional intensity
on the low-energy side of the librational peak. This in-
tensity is enhanced by the factor [1+n(w,T)] when con-
verted to S(Q,w), which results in the appearance of con-
siderable intensity centered at ® =0 in the corrected ex-
perimental spectra. We believe that this and the non-
Gaussian tails of the resolution function are the origins of
additional intensity under the elastic line observed in
measurements on K;C¢, and RbsC, (see Fig. 1 in Ref. 3).

The low-energy imaginary part of the dynamical sus-
ceptibility as a function of Q at 300 K is shown in Fig. 4.
The solid lines represent estimates of a “background” due
to two-phonon scattering (see Sec. IV). The librational
peak intensity has a maximum around Q~3.4 A7l a
minimum at Q~4.2 A™!, and a sharp rise at higher Q.
Figure 5 shows a comparison of the Q dependence of the
integrated peak intensity with the calculated librational
intensity dependence for 6.7°, 8.6°, and very large root-
mean-square (rms) amplitude librations. From this com-
parison we estimate that the librational amplitude at 300
K is about 7°. The peak line shape does not depend
strongly on Q. The principal difference among the spec-
tra shown in Fig. 4 is the weak feature at ~2.2 meV in
the low-Q spectra. If this feature is real, it may be due to
either acoustic modes or to larger amplitude librations
which contribute at lower energies. Differences in the Q
dependences of the intensities of the low- and high-energy
components may be due to anisotropies in the potential.
Excitations about various axes would then have different
energies and amplitudes and one would expect their Q
dependences to differ.

The measured librational frequencies enable us to esti-
mate the magnitude of the orientational potential barrier
depending on the assumed size of the angle between
equivalent orientations.'> We approximate the orienta-
tional potential V(0) by

270

hop

V(e)=

Vo
—-— |1—=
> cos
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where ¥V, is the magnitude of the potential barrier and
Onop is the assumed hopping angle between orientations.
Approximating V(6) near potential minima by its quad-
ratic component (adopting the harmonic approximation)
we obtain

Q=5.45A""

[ T=300K

0 2 4 6 8 10
Energy transfer (meV)

FIG. 4. Q dependence of the imaginary part of the dynamical
susceptibility, Y”(Q,w), for Rb, (K, 4C¢p, measured by neutron
scattering at 300 K. Solid lines represent estimates of the two-
phonon contribution to the scattering.

2

2J

2 Obop
ﬁZ

21

2

Vy= lib

where J is the moment of inertia of a Cg molecule
(~107* kgm?) and Ej; is the experimentally measured
librational energy. Substituting the measured 300 K li-
brational peak energies (3.6 meV for K;Cg, and 4.1 meV
for Rb, (K;4C¢y), we obtain the following room-
temperature values of V,: for K;Cqyy, V,, =520 meV for
Onop=44.5° and V,=~2050 meV for 0,,,=90% for
Rb, (Ko 4Copy V=710 meV for 6,,,=44.5° and
V,~2900 meV for 6;,,=90°. The NMR result for the
magnitude of ¥V, in K;Cq is 460£60 meV,? which is
comparable with our estimate assuming 0;,,=44.5"
Furthermore unpublished NMR data?! are consistent
with the value of ¥, =710 meV. Thus our data strongly
suggest that reorientations mostly occur via ~44.5°
jumps about 111 axes as shown in Fig. 1. This is a very
reasonable conclusion since the smaller jump angle im-
plies that any given molecule can visit all 60 equivalent
orientations, whereas 90° jumps about 100 axes sample
only 12 equivalent orientations. A somewhat similar situ-
ation was found in the case of pure Cg, (Ref. 15).

The orientational structure discussed above, derived
primarily from diffraction data, is not fully consistent
with recent NMR results.!*?° The authors of Ref. 20 re-
port that their °C spectra favor a model that assumes ro-
tational jumps through angles somewhat smaller than
44°. Furthermore *’Rb NMR experiments on Rb;Cq,
show that there may be two types of tetrahedral sites oc-
cupied by the Rb atoms in this compound.'® These re-
sults imply that not all of the equilibrium orientations of

80 ————T———T—T—T———————
60

40

20
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FIG. 5. Data points represent the integrated intensity of the
room-temperature librational scattering. We assumed that at
each Q this quantity was the difference between the integrated
intensity of the spectrum (such as one of those shown in Fig. 3),
between 1 and 7 meV, and the estimated two-phonon contribu-
tion. Lines are the results of theoretical calculations with a con-
stant background added. The dashed, dotted, and solid curves
represent calculations for 6.7°,8.6°, and infinite rms amplitude
librations respectively. The integrated intensities were obtained
by adding up the corrected counts for the individual data points
resulting in error bars smaller than the size of the symbols.
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the fullerenes are included in the two-orientation model.
Further investigations are necessary to better understand
their results.

IV. TWO-PHONON BACKGROUND

Several of the inelastic spectra in Figs. 3 and 4 show
evidence of a linearly increasing background in addition
to the librational peak. The background intensity is pro-
portional to Q* (see Fig. 6), and it increases with increas-
ing 7. These observations suggest that the imaginary
part of the response function includes a contribution
from two-phonon scattering given by??

QZ

1 e —awl
87°m

Xalo, =" 2

X f_"’ do, flo)f(—o—0,) ,

where f(w)=g(w)n(w)/v, g(w) is the one-phonon densi-
ty of states, and e ~ 2" is a Debye-Waller factor.

X5(w,T) is proportional to w in the energy range of
Figs. 3 and 4 if it is dominated by contributions from
linearly dispersing phonon branches. Difference scatter-
ing between optical branches can also produce peaks in
the low-energy spectra. Since the energies of most opti-
cal phonons are such that fiw > kT for all temperatures
at which the measurements were performed, n(w) is
small for these processes, and we believe the contribution
to low-energy two-phonon scattering from the optical
phonons is negligible.

Solid lines in Fig. 4 represent our estimates of the two-
phonon background underneath the librational peaks at
different Q. The two-phonon scattering is observed in the
spectra of all Cy, compounds measured previously, as a
flat background in the raw data and a linear background
in Y"(o,T) (Ref. 3).

(o))
o
4
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(&}
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o
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FIG. 6. Data points represent the integrated intensity of the
spectra in Fig. 4 between 7 and 10 meV. The solid line is pro-
portional to Q% As in Fig. 5, the error bars are smaller than the
data points.
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V. INTRAMOLECULAR MODES

Intramolecular vibrational modes of Cg, molecules can
also be measured by neutron scattering.”> Experiments
on M, C¢, compounds have already been reported, indi-
cating that many if not all modes are broadened relative
to pure Cq,.*> The systematics of the broadening, with
regard to the type and frequency of the modes, is not at
all clear. Figure 7 shows a comparison of spectra mea-
sured for Cq and for Rb, ¢(K(4C4 using the filter
analyzer method. The smaller peak signal-to-noise ratio
for the Rb, ¢K; 4Cs spectrum is mainly because of the
smaller sample size but also because most of the peaks
are significantly broadened. In the energy range of the
measurement, from 30 to 100 meV, what is most
noteworthy is that peaks at 53 and 66 meV in the Cg
spectrum, Fig. 7(a), are not apparent in the spectrum for
Rb, K 4Cgo, Fig. 7(b), presumably because the relevant
modes have become very strongly broadened. The 53
meV peak derives from a Raman-active H, mode, while
the 66 meV peak represents a combination of an
infrared-active T';, mode and an optically silent H,
mode. The other peaks have also become noticeably
broadened relative to Cgy, but the broadening cannot be
ascribed to a simple dependence on energy or symmetry
assignments. The neutron measurements are sensitive to
all modes, with associated intensities in the scattered-
neutron spectrum primarily determined by mode degen-
eracies. The spectrum in Fig. 7(b) is similar to those pre-
viously reported for K;Cgq, (Ref. 4) and for Rb;Cq¢, (Ref.
5). While it is tempting to ascribe the changes from Cq,
to M;Cyg, to the interaction of conduction electrons with
the vibrational modes, one should note that the in-
tramolecular vibrational spectrum of Rb,Cy, (Ref. 24)
also shows major differences from both Cg, and M;Cq,

Intensity

20

FIG. 7. (a) Intramolecular vibrational spectrum observed for
Cqo, and (b) a similar spectrum for Rb, (K, 4Cs. The vertical
lines at 53 and 66 meV indicate peaks in (a) which have ap-
parently disappeared in (b).
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compounds. Since Rb¢C¢, is an insulator, the latter
differences can only be ascribed to factors other than the
electron-phonon interaction.

VI. CONCLUSIONS

We have measured inelastic neutron-scattering spectra
for a powder sample of Rb, (K, ,C¢- The librational
scattering shows a broad peak centered at ~4.1 meV at
room temperature, shifting to slightly higher energy at
low temperatures. We conclude that coupling to the con-
duction electrons does not contribute significantly to the
librational self-energy, because no change in linewidth is
observed at the superconducting transition temperature.
Bose factor enhancement of the low-energy tail of the
spectrum results in the appearance of a broad peak cen-
tered at zero energy in the raw spectra. The magnitude
of the potential barrier between degenerate orientations

of the C4, molecules was estimated from the librational
peak energies to be ~520 meV for K;Cy, and ~710 meV
for Rb, (K 4C¢o at 300 K. The background under the li-
brational peak is ascribed to two-phonon scattering. As
with previously reported experiments we observe sub-
stantial broadening of intramolecular phonons in
Rb, (K 4Cqo as compared with pure Cg,.
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