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Excitation energy and temperature-dependent Raman study of RbsC+o films
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We report Raman spectroscopy studies for Rb3C60 61ms, which have been grown and measured,
in situ, in an ultrahigh-vacuum chamber. We find interesting dependences of some of the vibrational
modes on the excitation energy, and compare this with the corresponding optical transitions as
measured by spectroscopic ellipsometry. Modes that show a strong interference with continuum
excitations are enhanced for excitations corresponding to transitions involving the partially 611ed

metallic band. Raman detection of external intermolecular modes are reported for both pure C60
and for Rb3C60. Some temperature dependence of these modes is observed, but no clear anomaly
at the superconducting critical temperature could be determined.

I. INTRODUCTION

The vibrational properties of the alkali-C60 compounds
such as Rb3C60, and their difFerences &om those of pure
C6p, are interesting for several reasons. The most obvi-
ous is the role of these vibrations for superconductivity.
Since these compounds have strong ionic bonding, they
also permit study of the inBuence of charge transfer on
the molecular structure and dynamics. Since this bond-
ing is substantially stronger than that between molecules
in solid C60 with the same crystal symmetry, these mate-
rials also provide a means of enhancing the crystal field
effects of the crystal with respect to the icosahedral sym-
metry of the molecule. In addition, the partial occupa-
tion of the lowest unoccupied molecular orbital in these
compounds results in difFerent optical properties than for
solid C60, particularly by adding transitions &om this or-
bital level and changing transitions to this level; this can
result in different excitation energy dependence for Ra-
man spectra.

Initial Raman studies of these compounds revealed a
clear signature of charge transfer to the C6o molecules
in the form of a strong shift of one of the molecular vi-
brational modes. This line could thus be used to sup-
port the finding that particular stoichiometric phases are
formed. Changes in the intensities and widths of other
lines also result Rom the reaction with Rb or K, and
some modes develop asymmetric shapes that have been
described with Fano line shapes. A difFerence in rela-
tive intensities has been reported for in&ared excitation.
Only weak temperature dependence has been reported
for the intramolecular modes, without apparent anoma-
lies at T . Only recently have modes external to the
molecules been reported &om Raman measurements.
It remains to look for temperature dependence in these
modes. The excitation-energy dependence of the spectra
also requires further attention, particularly with refer-
ence to the changes in optical transitions associated with
forming the metallic compounds.

We present here studies of the dependence on tem-
perature, relative polarization, and excitation wavelength
for light scattering on films that we have deposited and.
measured in ultrahigh vacuum. The wavelength depen-
dence of the Raman cross section is compared to the
dielectric function obtained Rom ellipsometric measure-
ments. In particular, we see that several of the modes,
including those that show a strong Pano-type interference
line shape, are enhanced for excitation with red light,
which probably corresponds to resonance with transi-
tions involving the partially filled metallic tq„band. We
see clearly, particularly at this wavelength, low-energy
modes corresponding to translation of the Rb atoms and
to molecular librations. The latter in particular shows
strong temperature dependence, although we are unable
to discern anomalous behavior associated with the super-
conducting transition. Intermolecular modes were also
measured for the pure C60 films. We analyze the line
shape and symmetry of several of the modes and find
at least one case where the splitting due to the crystal
symmetry results in a strong change in the polarization
selection rules.

II. EXPERIMENT

Because the alkali cations are quickly oxidized in air.,
special environment control is required for Rb3C60. In
other Raman studies, the material has been reacted in
and measured through a sealed container, or deposited.
films have been made and transferred to a measurement
vessel through vacuum or a glovebox environment. For
our studies, we have grown the films, in situ, on the cold
finger of the ultrahigh-vacuum cryostat used for our op-
tical measurements. (For recent work on the produc-
tion and purification of the material we have used for
film growth, see Ref. 27.) In addition to minimizing
the possibility of contamination in this way, this method
allowed optical measurements during the Rb doping pro-
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cess. Eliminating the need for transferring the sample
also simpli6es making electrical contacts to the sample
and we have monitored resistance during our experiments
and observed the superconducting transition.

The 6lms were grown and measured in a turbo-
pumped chamber which was baked out to reach about
5 x 10 Torr. Chromatographically separated C60 was
sublixnated &om a Ta boat after about 10 h of outgassing
slightly under the temperature used during deposition.
Rubidium was evaporated Rom an SAKS Getters alkali
metal source, also after thorough outgassing. Films were
grown both on Si and sapphire substrates. Four parallel
gold strips were previously deposited on the sapphire sub-
strate to enable a four-contact resistance measurement.

Films of C60 were first deposited on the room temper-
ature substrate to a thickness of about 100 nm in 30 rain.
The 61m was then doped, also at room texnperature, by
exposure to the Rb source heated with 5.5 A. This pro-
cess also required about 30 min to reach a Rb3C60 sto-
ichiometry. As discussed in xnore detail below, this ini-
tially also resulted in the presence of C60 and RbeC60
phases, as determined by the Raxnan measurements, pre-
sumably due to vertical inhomogeneity &om limited Rb
diffusion rate. These extra peaks reduced quickly in in-
tensity within the first 1—2 h at room texnperature. At
our Rb exposure rate, the resistance measurement gave
a quite accurate indication of the desired stoichiometry
based on reaching a minimum. Additional Rb exposure,
after allowing xnore time for Rb diffusion, did not result
in appreciable further resistance decrease.

The room temperature resistivity so obtained (7—
10 mA cm) agree with published values within the rough
accuracy of our film thickness estimates. ' For the as-
grown films, the resistivity was approximately constant
as a function of temperature down to about 50 K and
then increased by about 30% with further cooling to 20 K,
apparently indicating nonxnetallic behavior due to grain
boundaries.

In order to heat the 61m for annealing, with mini-
nu~m outgassing of other parts current was passed di-
rectly through the 61m between the two outer contacts.
The process could be monitored by simultaneous mea-
surement of the applied voltage to determine resistance.
The resistance initially increased with increasing tem-
perature and then eventually decreased slowly at stable
temperature. The actual annealing temperature could
not be determined since the thermocouple was not in di-
rect contact with the 61m, but the thermocouple reading
was above 100 'C.

After annealing, the room temperature resistance was
only slightly reduced. However, it decreased nearly lin-
early with decreasing temperature to about 60% of the
room temperature value at about 50 K, then increased
slightly with cooling to T . The resistance then dropped
to about half this value by cooling a further 8 K to our
lowest temperature, 20 K. This residual resistance is pre-
sumably still due to grain boundaries or other defects
and might be further improved with more complete an-
nealing.

Resistance was xneasured with an ac-resistance bridge.
Cooling was achieved with liquid He How. The Raman

xneasurements were made with a Dilor XY triple spec-
trometer and a charge-coupled device detector using Ar
and Kr gas lasers at 458, 514, 568, and 647 ~m. The laser
was focused on the sample through the vacuum chamber
pyrex window with a 10 cm focal length achromat lens,
producing a spot size of 50—100 pm. The same f/3 1.
lens was used for scattered-light collection. During the
temperature-dependent measurexnents, low laser intensi-
ties of 0.25—0.5 mW were used to xninixnize heating. At
the lowest temperature, we have compared adjustments
for Bose-Einstein statistics for different power levels to
determine that the 0.25 mW 647 nm excitation probably
results in about 3'K heating. For the measurements on
the sapphire substrate, it was necessary to avoid the sig-
nal &om the substrate and its holder, since the films were
not thick enough to be opaque. Therefore the measure-
ments were made on spots over the gold strips. We also
use results of ellipsometric measurements perforxned on
similarly prepared films in the same cryostat. We have
described this measurement earlier.

III. Ceo FILMS AND Rb DOPING

Before doping with Rb, we did some characterization
of the pure C60 61ms using 514 nm excitation. The in-
tramolecular modes have already received considerable
study with Raxnan spectroscopy and our results are in
good agreement; 2 in particular, we see the same
structure as seen in the detail spectra of Ref. 14 and
consistent with the fit parameters of Ref. 13. Using the
triple monochromator in subtraction geometry, we have
also been able to obtain clear spectra of librational modes
for the low-temperature ordered phase, for which we are
aware of only one report of comparable quality, obtained
with infrared excitation.

In Fig. 1 we show a spectrum obtained at 40 K which
has been corrected for the Bose-Einstein statistical fac-
tor. We see two distinct modes at 23.4 cm and
33.3 cm as well as a possible broader structure near
43 cm . The feature at 23.4 cm has a peak height of
about 10% that of the peak at 265 cm r. The mode near
33.3 cm may be more strongly suppressed in crossed
polarization than the 23.4 cm mode. The two lines
look very similar to the most prominent lines reported in
Ref. 15, but correspond in energy to some of the weaker
structures there. The reason we do not see the stronger
peaks at lower energy is not yet clear. Since there could
be five librational modes in Raman measurements, it
xnay be that we are seeing different modes due to differ-
ent excitation energies. Their measurements were xnade
with 790 nm light and showed less clearly resolved lines
at higher energy. Alternately, there may be a difFerence
due to tb~ order between our presumed microcrystalline
6lms and the single crystal sample of that report. We
have observed a significantly higher optical density for
a single crystal sample compared to the room tempera-
ture deposited 6lms with ellipsometry measurements,
in agreexnent with other measurements.

We brie8y address photoinduced changes to the 6lms.
The largely accepted model is that excitation by light
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FIG. 1. Raman spectra of librational modes for pure CBQ

6lms at 40 K taken with detected light polarized parallel and
perpendicular to the 514 nm excitation. The spectra have
been corrected for Bose-Einstein statistics.
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FIG. 2. Comparison of the charge-state-sensitive pinch
mode for different Rb concentrations. Spectra were taken
within 30 min after Rb evaporation, for excitation with
514 nm light. Relative scales are arbitrary.

above the absorption gap ia these materials can cause
chemical bonding between the molecules, apparently by
way of aa intermediate triplet excitation state. ' 9 This
process results in a marked change in some of the Rarnan
lines, particularly the strong line at 1469 cm . Since
this process is inhibited by the presence of oxygen, the
explaaatioa of these chaages has beea complicated with
the issue of sample purity. Since our sample preparatioa
in vacuum should be &ee of atmospheric contamination
beyond the level of a giovebox, it is worthwhile to men-
tioa that we observe behavior consistent with the above
mentioned model.

At room temperature, the 61ms chaaged quickly un-
der laser exposure so the spectra had to be taken quickly
and with low power. These changes, like the shifting
of the 1469 cxn ~ peak to 1458 cm ~, have been well
documented. Also as previously observed, the films be-
come stable against this chaage at temperatures below
the ordering transition at 255 K. %'e also observed that
exposure to trace amounts of Rb, like air, seems to in-
hibit the photoreaction. This suggests that the role of
inhibitor can be played by several types of contaminants.
The effect of smaH amounts of Rb may result &om car-
riers introduced into the tq„band that, perhaps, con-
tribute to the decay of the triplet state. This could also
explain the stability of thin 6lms in contact with metal-
lic substrates which have been measured with a surface
enhanced intensity. '

The d.evelopxaent of the 1469 cm ~ peak with dop-
ing is shown for approximate compositions of Rbq S.C6p
and Rb3 CSQ in Fig. 2. Raxnan spectroscopy has been
one of the tools used to show the separation iato
phases of distinct stoichiometry rather than a contiau-
ous range of composition, according to the shifting of the
1469 cm mode to distinct positions corresponding to
the phases. Our spectrum corresponding to Rbq 5'.C6p,
however, shows a broad structure between the peak at

1469 cm ~ for Cep and the corresponding position for
Rb3CSQ at 1449 cm . Prom fits to our data, it appears
that this structure cannot be explained as only due to
a peak at 1458 cm due to the photoreacted material.
Possibly this indicates an incomplete phase separation
due to relatively slow Rb diffusion at room temperature,
since the spectra was taken within 30 min after the Rb
exposure. As noted above, the Rb6C6p, whose presence
is indicated by the peak at 1433 cm in the lower spec-
trum, disappears with time, apparently due to further
Rb diffusion. The sample may thus not yet be in equi-
librium. We note, however, that most of the peaks for
intermediate stoichiometry are consistent with having a
mixture of Rb3C6p and Cep. We suggest another Possible
cause for the broadening of the As(2) peak.

This peak has been observed to shift, not only due to
dopiag with alkali metals, but more generally to changes
in charge state. More particularly, it has been shown that
contact of very thin films with metallic substrates causes
this line to shift, apparently due to charge transfer &om
the metal to the high electron afFinity molerules. '2 Such
a transfer could also take place between metallic Rb3C6p
grains and pure Cep grains in a mixed film. For a very fine
grain structure, which might be expected here, the sur-
face of these grains will be a large part of the solid. Since
this charge transfer will decrease away &om the grain sur-
face, a sigaificant inhomogeneous broadening could be
expected. , as in our spectra. This effect might also be ex-
pected in other charge sensitive measurements, such as
in photoemission spectra for intermediate doping.

IV. RbgCgo.. EXCITATION ENERGY
DEPENDENCE

The spectra of the intraxnolecular vibrational modes
for four excitation energies are shown in Fig. 3. These
are similar to earlier results, most of which were made
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FIG. 3. (a) Comparison of the Raman spectra of RbsCss for several excitation energies. All measurements are from room
temperature for detected light polarized parallel to the excitation. Correction has been made for Bose-Einstein statistics.
Relative scales have been adjusted for visibility. Intensities are compared in the text and Table I. (b) same as (a) but with
expanded scale.

at 514 nm or 488 nm. We concentrate here on details
revealed through comparison of the results using different
laser lines. The spectrum from the 647 urn laser shows
the most interesting difFerences.

In Table I we summarize the results of fitting the most
prominent peaks with fundamental line shapes. Most of

the fits use a convolution of Gaussian and Lorentzian
forms which allows for both lifetime and instrumental
broadening. Fano line shapes, A(q+ e) /(1+ e ) with
e = (E —Eo)/I', which model interference between the
lines and a continuum, have also been used in some cases.
Intensities are compared using the areas under the peaks

TABLE I. Excitation-energy dependence of Raman intensity normalized to the intensity of the
corresponding 712 cm line. Intensities correspond for Lorentzian fits (L) to peak area, and for
Fano fits (F) to Aq as described in the text. Polarization ratios Iz/II are given in square brackets.

647 nm

Normalized Raman intensity (I/Iqi2)
[polarization ratio]

568 nm 514 nm 458 nm

AI (1)
495.5 cm (L) io [.os] 3.1 3 [0.05]

481 cm
477 cm ' (L)

(L)
0.3 [0.0]
o.5 [o.5)

0.6
0.3

0.15 [0.0]
0.15 [0.5)

0.1
0.1

As(2)
1449 cm (L) is [.os) 40 40 [0.01] 50

H, (i)
267cm '
261cm ' (L)

(F)
8 [0.65]

o.4 [o.65)
q = —1.5

2.1
0.25

q = —4.4

2 [0.51

0.1 [0.6]
q= —5

2
0.06

q = 100

Hs(2)
415 cm ' (F) 0.35 [0.65]

q = —1.7
0.16

q = —4.1
0.05 [0.5]
q= —5

0.04
q = —18

Hs (3)
712 cxn (L) 1 [0.07]

Hs (4)
750 cm
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for Lorentzian line shapes and using a peak height mea-
sure Aq for the Fano line shapes. After normalizing
to laser power and detector sensitivity, the sharp line at
712 cm is found to be most nearly constant with ex-
citation energy (within a factor of about 2), so the final
normalized intensities are given as a ratio with respect
to the corresponding 712 cm line.

In general, we observe that the lower energy modes are
enhanced for excitation with red light, particularly those
near 270, 415, 496, and 750 cm, as well as the lower
energy intermolecular modes which we will discuss in the
next section. This is similar to the in&ared-excitation
results of Ref. 7. In addition, a broad structure is seen
around 635 cm for red excitation, which may be either
a continuum excitation or a luminescence efFect. The
higher energy modes, of which only the As(2) mode at
1449 cm is very distinct, are enhanced for higher ex-
citing photon energy. The spectra for the blue 458 nm
laser is, however, distorted by the strong wavelength de-
pendence of the detector sensitivity at this wavelength.
This efFect should be responsible for much of the intensity
increase in the background above 1000 cm

In order to explain the dependence on excitation wave-

length, we consider the optical properties of Rb3C6p and
pure single-crystal C60 as obtained by ellipsometry, as
shown in Fig. 4. The latter results are very similar to
earlier results from 6lms containing a small fraction of
Cro as well. The main difFerence is a weak feature near
3.1 eV resulting &om the C7o. There is also an increased
optical density of about 25% for the crystal relative to
the 61ms grown at room temperature. The composition

c 3
~
0
Vc
4
Q 2
L

V
O
O
Q

of the Rb3C6o film used for this measurement was not
as well characterized and may be somewhat inhornoge-
neous with some Rb6C60 present, but the general spectral
changes are consistent with other studies. The abso-
lute magnitude of this spectrum may also be somewhat,
inBuenced by the windows of the vacuum chamber.

As discussed in Ref. 11, the double structure at 2.4-
2.6 eV corresponds to the first allowed interband transi-
tion with h„~ti~ molecular character, transitions from
the highest occupied to the second lowest unoccupied or-
bital. The edge near 1.9 eV corresponds to forbidden
h„~ti„transitions, i.e. , to the lowest unoccupied or-
bital band. With half-occupation of the tq„band from
the Rb electrons, transitions &om this band should be-
come possible to the next tq~ and h~ levels, and transi-
tions to this band should be weakened. Using the en-

ergy diagram of Ref. 11 the new transitions would be
expected near 1 eV and 2.6 eV while the 3.5 eV fea-
ture should decrease. This agrees reasonably with Fig. 4
and with electron-energy-loss spectroscopy22 and absorp-
tion measurements, 23 although the higher energy induced
peak appears to be closer to 2.9 eV.

In addition to these changes expected on the basis of
a rigid band filling model, Fig. 4 also shows an increase
in absorption near 2 eV. Unless some band spacings are
signi6cantly shifted from the pure C60, this should cor-
respond to increased oscillator strength for the h„~tq„
transition, and thus involves the metallic band of the
compound.

It is thus likely that the modes which are enhanced for
red excitation are in resonance with transitions to the
metallic band. We used the blue laser line to see if a
similar result would be seen for the transition tq„~h~
between 2.6 and 3.0 eV. Within the limitations of our
weak detector sensitivity in this region, however, there
does not appear to be a signi6cant difference compared to
excitation at 514 nm. Possibly the 467 nm is still not high
enough energy to access this transition. Enhancement of
the same modes has been seen with infrared excitation
which could correspond to the tq„m tq~ transition from
the metallic band. The enhancement of the 1448 cm
line with higher excitation energy may be due to speci6c
resonance with the h„Mtq~ transitions which appear to
dominate this energy range. This mode is also enhanced
for measurements on pure C60 at energies corresponding
to the absorption peaks in Fig. 4.

V. Rb3Cgo.. INTERNAL MODES

'2 I

4
Energy (eV)

FIG. 4. Optical transitions of Cep and Rb3C6p repre-
sented by the imaginary part of the dielectric function, ob-
tained from room temperature ellipsometric measurements
of single-crystal C6p and Rb3C6p films prepared similarly to
those of the Raman measurements. The absolute value of the
latter may be somewhat ixdiuenced by possible Glm inhomo-
geneity and the vacuum chamber windows.

The two broad structures near 270 cm and 415 cm
correspond to the H~(1) (squashing mode) and Hs(2)
modes of the molecule. They are both strongly enhanced
for red excitation. This enhancement has already been
seen for excitation in the infrared at 1.06 p,m. Both
modes also show significant broadening and have been
analyzed as Fano line shapes. We have been able to
observe additional detail in these structures.

The 270 cm mode is found to be too steep on the
high-energy side relative to the low-energy side for a sin-

gle Fano line and shows a double peak. We have ob-
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FIG. 5. Raman spectra of Rb3C60 with 647 nm excitation
at room temperature for parallel and crossed polarization.
Lines at 496, 481, and 350 cm are strongly polarized. A Bt
of the interference broadened features including a Lorentzian
at 267 cm is also shown. The spectra are shown at the same
scale and have been corrected for Bose-Einstein statistics.

FIG. 6. Raman spectra of Rb3Cgo with 647 nm excitation
at room temperature for parallel and crossed polarization.
Lines at 712 and near 550 cm are strongly polarized. The
spectra are shown at the same scale.

tained a very good fit using a Fano line shape and a
Lorenzian at slightly higher energy, as shown in Table I
and in Fig. 5. This mode was resolved into three lines
for the low-temperature phases of C60, so the splitting
is also not surprising in this case. It would be interest-
ing to understand the symmetry of the splitting which
causes only part of this mode to interfere with a contin-
uum. Both line shapes have a polarization ratio of about
0.65, as does the broader structure at 415 cm . For
both modes, the interference parameter q and the con-
tinuum intensity parameter A are greater for excitation
with red light, suggesting that the continuum excitations
are related to the metallic band. These fits were made al-
lowing a linear background as well. This background be-
came negative at low energies, which probably indicates
that the continuum intensity should actually decrease for
low Raman shift. This would correspond in part to an
energy-dependent parameter A.

The 415 cm feature shows even stronger coupling
to this continuum, and is significantly shifted &om the
molecular Hs(2) modes near 430 cm i. Additional struc-
ture is seen near 350 and perhaps 290 cm . These struc-
tures may be related to weak peaks observed in the low-
temperature C6O spectra, and presumably due to other
vibrational modes which are only detected due to sym-
metry reduction in the solid. Note that the feature at
350 cm is more strongly polarized.

As previously reported, the Ag (1) line is even narrower
in this metallic compound than for the pure molecu-
lar solid, and remains completely polarized. Of the two
smaller peaks at 481 and 478 cm, the first is completely
polarized and the latter has a polarization ratio of about
50'Fo.

In the red excitation spectrum a broad background
peak near 635 cm is observed. In general, all lines be-
low this peak seem to be enhanced at this wavelength.
The weak features near 520 and 550 cm i (Fig. 6) also
seem to have some Fano line-shape character. Possibly
this background structure represents the continuum ex-
citations with which all these lines interfere. At higher
energy excitation there is also background intensity, but
with less clear structure. As observed at 514 nm, the
background above 1000 cm i which increases for higher
Raman shift seems to have increased with time or in one
case after a pump shutdown resulted in a pressure in-
crease. Thus there may be a contribution due to lumi-
nescence of some contamination species. As mentioned
before, the large intensity increase for high Raman shift
for the 467 nm spectrum is also due to the rapid increase
in spectrometer response at longer wavelengths.

While the sharp line at 712 cm has similar inten-
sity for all wavelengths, the more complex structure near
750 cm is again enhanced for red light, while it only
shows a weak shoulder for shorter wavelengths. The
first, which should correspond to the Hs(3), mode ap-
parently shows strong crystal field splitting, which can
be expected to separate it into E~ and E~ components.
The former would have complete parallel polarization re-
sponse. As was seen in the Rb6C60 composition, we ob-
serve complete polarization for the 712 cm peak, as
well as for the feature near 550 cm i. The Hs(4) feature
at 750 cxn seems to contain several peaks, but they all
show similar polarization character.

The higher energy H~ modes are not very distinct in
this metallic compound. The two broad structures near
1100 and 1250 cm, which are most distinct with the
green or blue light, are probably due to the Hg(5) and

Hs(6) modes. These modes also seem to show strong
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splitting for C60, especially at low temperatures. The
Hs(7) and Hs(8) which are near 1425 and 1570 cm
in the molecular solid may be broadened into the wings
around the strong 1449 cm peak here. This latter peak
also remains fully polarized in the compound, and at least
in our samples is rather broader than in C6p.

VI. RbsCeo. EXTERNAL MODES

We have also observed modes at lower Raman shift cor-
responding to a translational mode of the Rb atoms lo-
cated in the tetrahedral sites near 80 cm and the libra-
tional mode near 40 cm, as shown in Fig. 7, where the
spectra have been corrected for the Bose-Einstein occu-
pation factor. The former has recently been reported for
Raman measurements with 790 nm light9 and both have
been observed using inelastic neutron scattering. 2 ' The
Rb translational mode is also seen to be enhanced for the
red light, while the other seems to be similarly strong for
red, yellow, and green light. We can also see that the
large width of the translation line which was remarked
upon in Ref. 9 is probably due to interference with the
continuum, causing a Fano line-shape. The librational
mode may also have such a line shape, but this conclu-
sion is more tentative since the feature is close to the
limit of our approach to the laser line for these samples
and would be sensitive to residual scattered laser light.
This librational line also appears to be strongly polarized,
while the translational mode is present for both parallel
and crossed polarization.

i20 100 80 60 40

Raman shift. (cm ')

FIG. 7. Raman spectra of the intermolecular modes of
Rb3 C60 and their temperature dependence. Measurements
were made with 647 nm excitation. All spectra have been ad-
justed for Bose-Einstein statistics. The low-temperature spec-
tra, for which the sample was superconducting, are shown for
parallel and crossed polarization. Relative scales have been
adjusted for similarity.

VII Rbs Cgo ' TEMPERATURE DEPENDENCE

As mentioned above, we have been able to cool to
about 8 K below T„orabout 20 K and using 0.25 mW
at 647 nm appears to raise this temperature by about
3 K. We have thus investigated the temperature depen-
dence of the observed modes, both for continuous changes
and possible changes associated with the superconduct-
ing transition.

The internal molecular modes show only slight change
with temperature, as has been reported elsewhere. For
most of the modes, our statistical uncertainty and the
large width of the lines prevents determination of any
changes. Both A~ modes show a slight hardening with
decreasing temperature which is marginally observable
with our resolution. The higher energy mode shifts by
about 1 cm between 300 and 23 K. The lower mode
hardens by about ]. cm between 300 and 35 K and then
appears to shift another 0.5 cm upward upon cooling
below T, to 23 K. This latter shift seems disproportion-
ately large and may be related to the transition, but the
effect is really on the limit of what we can resolve. Higher
resolution studies could be interesting.

Such small changes are not discernable for the wider

Hg(1) and Hg(2) structures due to their complicated
shapes and a strong dependence of our 6ts on the as-
sumed continuum background. We observe some change
in shape of the Hs(2) structure with temperature as was
indicated in Ref. 7. At lower temperatures it seems to get
rounder with the energy region near 350 cm gaining in
relative intensity. Possibly this is even due to the sepa-
rate structure near this energy. However, it seems that
this effect is rather continuous with temperature change
and not related to the superconducting transition.

Not surprisingly, the external modes show stronger
temperature dependence. Most clearly, the librational
mode shifts &om about 38.5 cm at 300 K to about
44 cm ~ near 30 K. (Note that these values correspond
to Eo Rom Fano line-shape fits; the peak centers are at
somewhat lower energy. ) On cooling to 23 K this fea-

ture may soften by 1—2 cm but changes of this magni-
tude are difBcult for us to separate from other line-shape
changes or the details of the background. The asymmet-
ric translational line can be 6t well with a Fano line-shape
and an energy position of about 85 cm at 300 K. This
energy seems to harden to about 87.5 cm near 30 K.
Cooling to 23 K seems to give a more symmetric peak
and fits suggest a softening of 2—3 cm . The change in
shape makes this effect even less certain, however, and
the fit is again quite dependent on background slope.
Changes near T, could be particularly interesting in this
mode because of its likely proximity to the gap energy.
Observation of possible gap-related effects on the spec-
tra might be aided by reaching lower temperatures than
possible in these measurements, since the gap could still
be expected to increase somewhat. In addition, the finite
resistance of our sample below T„which is probably due
to resistive junctions between grains, may indicate that
a higher quality sample such as a single crystal could
exhibit better defined details.
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VIII. CONCLUSION

In this study, we have seen that good advantage can
be made of using multiple excitation energies in Raman
studies of these materials. As in the pure molecular
solids, these compounds also exhibit a richness in mode
splittings, polarization response, and resonance behavior,
much of which remains to be characterized. Our observa-
tion of the low-energy external modes indicates limits in

the size of efFects due to the superconducting transition,
but suggests interest in higher precision measurements.
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