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Single crystals of C60 were doped with rubidium to the phase RbC60 by a load and equilibrate
technique. No matter which nonequilibrium state of doping was reached, the equilibration procedure
always resulted in the Rb monofulleride phase. Raman scattering for the fcc and for the orthorhombic
phase is reported and compared with spectra of KC60. For rapidly cooled crystals the latter are found
to be identical with the spectra of the rubidium compound. A line at 344 cm was found to be
most characteristic for the orthorhombic phase in both cases and, together with some other new and
very strong spectral features, considered as an indication of covalent bonds in a polymeric chain.
The phase transition for the Rb phase was observed to start at 397 K on cooling with a hysteresis
of about 17 K between the cooling and the heating cycle. The continuous shift of the pinch mode
line during the process of the phase transition is considered as evidence for a growing linear chain
during the process of the phase transition.

I. INTR.GDUCTION

Immediately after the discovery of metallic phases in
charge transfer systems between Cso and alkali metals
by Haddon et al. a dramatic increase in the research
activity on these systems started leading finally to a
new class of materials with many interesting properties.
Among others superconductivity was observed at rather
high temperatures ' for the systems A3C60 with A one
of the more bulky alkali metals. Following these discov-
eries a lot of attention was paid to more general systems
with the composition A C6p where A is K, Rb, or Cs. x
describes the stoichiometry of the composition and was
found originally to obtain only the integer values 3, 4, or
6. These compounds may be assigned as classical alkali
metal fullerides. In all of them the alkali metal donates
its valence electron to the highest unoccupied tq„ level
of the carbon molecule, rendering the latter in a charge
state —2;. Accordingly, in a simple one-electron picture
all phases with x (6 should be metallic. In practice
metallicity is only well established for the compounds
with A= Rb or K and x=3.

More recently systems with x = 1 became attractive
because of their unusual structural, magnetic, and elec-
trical properties. These compounds were Grst observed
from a Raman analysis of the potassium compound. The
existence of a high-temperature phase of KC60 was con-
cluded &om a characteristic downshift of the pinch mode
&equency to 1460 cm as compared to its value in a
neutral fullerene molecule of 1467 cm ~ (at high temper-
atures). This phase turned out to be stable only above
about 400 K and exhibited a segregation into uncharged
and triply charged C6o below this temperature. This be-
havior was observed for thin C6o films as well as for single
crystals and confirmed by core level spectroscopy of the
potassium 18 electrons. From x-ray structural investiga-
tions the compound was found to have an fcc lattice with

a rocksalt structure where the potassium ions are located
on the octahedral interstitial lattice sites.

Interestingly, the temperature dependence of the struc-
tural behavior was found to be different for the RbC60
system for which a room temperature stable phase was
reported from IR spectroscopy on thin films, immediately
after the discovery of the rocksalt phase for KC6p. ' A
NMR analysis for Rb and CsC6o revealed likewise a new
phase at low temperatures with a broad resonance line
for C Rb, and Cs The C line was observed
to be narrow in the high-temperature phase, indicating
a quasi&ee rotation of the C60 ions. The angular corre-
lation time was, however, found to be several orders of
magnitude longer as compared to the neutral molecule
at high temperatures. In a more detailed experiment
a phase transition &om fcc to an orthorhombic struc-
ture was found by Pekker et al. at 410 K. This struc-
ture was suggested to consist of polymeric C60 chains
where the individual cages were connected by a 2 + 2
cyclo addition along the face diagonal of the fcc unit cell.
This polymerization process is stereochemically similar
to the photopolymerization of C60 suggested by Rao et
al. Since the work of Pekker et al,. a lot of empha-
sis has been dedicated to the analysis of the nature of
the orthorhombic state. Good evidence for its polymeric
character was obtained &om a detailed x-ray investiga-
tion which gave an unusual short C60-C60 distance of
0.912 nm along the [110] direction of the original fcc
lattice. Even more, the bond lengths between the con-
nected C6o molecules and also those of the neighboring
carbon atoms revealed values consistent with a polymeric
structure. From an analysis of the temperature depen-
dence of the electron-spin-resonance (ESR) line intensity
the orthorhombic phase was suggested to be metallic
at least between the fcc to orthorhombic phase transi-
tion and another transition to a spin density wave state
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which was observed around 50 K. CsC60 was found
to behave similar to the Rb compounds in this point
but KC6p was recently claimed to stay metallic down to
very low temperatures. Prom the NMR results the high-
temperature phase was demonstrated to be paramagnetic
whereas for the low-temperature phase the response &om
the metal spins indicate metallic behavior whereas the
spins &om the C atoms indicate a nonmetal. This dis-
crepancy between the behavior of the metallic spins and
the carbon spins was claimed to be not necessarily an ev-
idence against the metallicity of the polymer chains since
a similar result is known for oxidic superconductors.

The difference between the potassium system and the
rubidium system with respect to the phase-separation
was explained by the diferent size of the alkali atoms.
The diffusion kinetics for the more bulky Rb atom is
considered to be much slower so that a transition to the
phase-separated state where alkali atoms have to change
from the octahedral lattice site to the tetrahedral site
is strongly suppressed. In some experiments it was ob-
served that even for the potassium compound a phase
separation was not observed but the transition occurred
to the orthorhombic state as in the Rb system. ' Most
recently this was again studied in more detail and a
new phase containing C6O dimers in a monoclinic crys-
tal structure was found for KC6o after quenching &om
the fcc state. Warming up of the compound from the
quenched state was shown to lead to the orthorhombic
phase.

Vibrational spectroscopy was expected to be a good
check on the formation of the various phases in the AC60
systems. The transition to the orthorhombic phase was
indeed observed by studying the IR reQectivity of RbC60
single crystals in a cooling experiment. A dramatic split-
ting of the threefold degenerate Eq„modes and a strong
increase of the background reflectivity within a very nar-
row temperature range around 405 K characterized the
transition. ' A Raman investigation of the polymeric
state was recently reported for very thin C6~ films on a
copper (111j substrate, intercalated to RbCs0. 2~ Several
strong new lines were observed, indicating a dramatic
symmetry breaking of the C6o molecule as could be ex-
pected &om a polymerization process.

We report in this paper a detailed Raman study of the
high-temperature fcc phase and of the low-temperature '

orthorhombic phase for single crystal RbC6p including
the dynamics of the phase transition. As the most promi-
nent result several new lines were identified as charac-
teristic for the polymeric state and were compared to
recent calculations. From the behavior of these lines
during the temperature cycle the phase transition was
found. to occur in a narrow temperature range of 15 K
with a hysteresis between cooling and heating of 17 K. In
addition most of the lines for the fivefold-degenerated H~
modes appear considerably splitted. Spectra obtained for
rapidly cooled. single crystals of KC60 were observed to
be identical to those &om the rubidium compound.

II. EXPERIMENT
The single crystals used were grown &om highly pu-

rified C60 powd. er by the sublimation technique as de-

scribed in Ref. 23. They had a smooth and shiny (100j
face with typical dimensions of 1.5x2.5 mm. The crys-
tals were mounted with silver paste on the sample holder
of a cryostat to obtain a good thermal contact. Also
two electrical contacts were fixed on the surface to get
an additional control of the doping process. During this
procedure the crystals were on air for about 2 h. Before
the doping process was started the crystal was heated to
450 K for 12 h to outgas impurities like oxygen.

The cryostat was a slightly modified Haddon-type cell
in which the doping process could be observed in situ
in front of the Raman spectrometer. It allowed cooling
and heating between room temperature and 480 K and
also measurements at nearly liquid nitrogen temperature.
The rubidium was approximately 35 cm away &om the
sample in a quartz tube and was heated &om the outside.
During the doping experiment the dynamical vacuum in
the chamber was better than 10 Pa.

The doping process was performed at elevated tem-
perature () 400 K) and was controlled by in situ Raman
measurements of the Ag(2) pinch mode and the change
of the resistance. The position of the pinch mode in the
Raman spectrum is known to be very sensitive to the
charge transfer &om the rubidium atom to the fullerine.
Because of the nearly linear shift of about 7 cm per
charge transfer, the mode is predestinate for the charac-
terization of the doped state of the system.

Doping and controlling at high temperatures has the
advantage that above 400 K no phototransformation
occurs. Accordingly the measured Raman spectra of
the undoped and partially doped material were stable
against irradiation with light. Thus, all changes in the
Raman spectra originated &om the doping process.

The doping of the sample was performed as a combina-
tion of a doping process in a temperature range between
400 K and 415 K and an equilibration process at a crystal
temperature between 450 K and 475 K as described pre-
viously for IR experiments. However, the Raman probe
allows a much better control of this doping and equilibra-
tion cycles. Figure 1 illustrates this behavior. Spectrum
(1) shows the A~(2) pinch mode of undoped Ceo at 450
K, spectrum (2) the Raman response after 14 h dop-
ing with rubidium at a crystal temperature of 410 K. A
small amount of RbsCso (dashed arrow) can be observed
together with some RbCso (solid arrow) and a lot of un-
doped Cso. Heating the sample to 450 K [spectrum (3)]
shows that the Rb3C6p phase dissolves and more RbC60
is formed by difFusion of rubidium into the bulk. After a
few cycles of this doping and equilibration process and. at
least about 40 h of doping a nearly homogeneous RbC60
fcc phase could be obtained up to the penetration depth
of the green laser. This is d.emonstrated in Fig. 2 by com-
paring the response from an undoped material (dashed
line) with the doped crystal at the same temperature.
Note the remarkable weak Raman response of the Ag(2)
pinch mode in the RbC60 phase compared to undoped
C6o. This repeated doping and. equilibration process was
found to work in general. At any state of the doping
process the nonequilibrium phase (x = 3, 6) could be dis-
solved into the x = 1 compound on top of the undoped
bulk of the crystal.
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by a nitrogen-cooled charge couple device detector. The
Raman data were analyzed and Gtted with Voigtian or
Gaussian line shapes using a commercial computing pro-
gram. All solid drawn lines shown in the 6gures of the
experimental results are as obtained in this way. All
linewidths are given as measured. The experimentally
observed width of the laser line was 3 cm in the case
of the argon laser.
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III. RESULTS

Experimental results of Raman spectra &om RbC60
will be presented for various temperatures and as excited
with various laser energies in comparison to spectra &om
undoped C6O crystals.

450 K
x 0.1

I I

1400 1450 1500
—1

Raman shift [cm ]
FIG. 1. Raman spectra between 1400 cm and 1500

cm during the doping and equilibration process. (1) un-
doped Cso, (2),(3) first doping-equilibration cycle; (4),(5)
second doping-equilibration cycle; (6),(7) third doping-
equilibration cycle.

For the excitation of the spectra an argon ion laser at
514.5 nm, a dye laser with Rhodamin 6G at 583 nm and
607 nm excitation, a HeNe laser at 633 nm and a pumped
Ti-sapphire laser at 754 nm excitation were used. Various
interference Alters and a prism monochromator served to
clean the excitation spectra &om plasma lines. The laser
light was focused to the sample with a diffraction lim-
ited spot size of about 30 pm. The laser intensities were
limited to approximately 50 W/cm2 (350 pW power).
The scattered light was analyzed with a Dilor XY triple
spectrometer in a backscattering geometry and detected

A. Raman spectra for the high-temperature
and low-temperature phases

A A

The spectra shown in Fig. 3 cover the whole frequency
range of the fundamental molecular modes for various
systems for comparison. Spectrum (a) is the well-known
result for the undoped crystal with the dominating pinch
mode line at 1467 cm at 450 K. The other Raman-
active H modes are indicated by the arrows and com-g
piled in Table I. All &equencies in the table were ob-
tained from a detailed line fitting procedure. Comparing
the spectrum of Fig. 3(a) to the response of RbCso at
450 K [Fig. 3(b)] the expected shift of the pinch mode
by 7 cm i (as counted from its position at 450 K in
the undoped phase) to 1460 cm i and a dramatic in-
crease of the intensities for the modes IIg (1) at 270 cm
and Ag(1) at 497 cm as compared to the intensity
of the Ag(2) mode is observed. A tentative assignment
for the other Hg derived modes is again indicated by
the arrows and correspondingly compiled in Table I, line
RbCso(HT). In contrast to the AsCso compounds even

514 nm
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I)
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x 0.2

1400 1450 1500
Roman shift [cm ]

FIG. 2. Raman line for the pinch mode of a single crys-
tal single phase RbCso at 450 K (solid line) as compared to
the line for the undoped material (dashed line) at the same
temperature.
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FIG. 3. Raman spectra of single crystal C6o compo»nds

as excited with 514.5 nm, 300 pW. (a) neutral Cso, (b) RbCso
at 450 K, (c) RbCss at room temperature, (d) KCso at room
temperature. The arrows and brackets indicate the positions
of the H~ modes, the letter A those of the two A~ modes.
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TABLE I. Positions of the Raman lines in undoped C6o and in fcc RbC6o at 450 K and in
polymeric RbC&0 at room temperature. Calculated values are from Adams et aL (Ref. 22). The
assignment of the calculated frequencies to the fundamental modes is obtained by comparison with
the experiment.

C6o
(HT)

RbC6o
(HT)

RbC6o
(LT)

Calc.

A, (l) A, (2) H (1)
495 1467 271

266
497 1460 270

263
491 1460 248

1450 259
270
275
344

461 1569 230
233
257
260

421 1095 1406 1554

402
412
430
452

684
695
711

731
738
756
763

1094
1109

1190
1251

1389
1417

1530
1559

400
416
435

677
682
688
695
698

744
747
751

1030
1074
1088

1502
1525
1540
1549

1616
1625
1632

Hg (2) Hg (3) Hg (4) Hg (5) Hs (6) Hs (7) Hg (8)
430 709 770 1099 1246 1421 1572

The new line was tentatively listed in this column in order to compare it with the calculated values.
It may not necessarily originate from the Hs(1) mode but could be as well a new polymer mode.

the modes derived from IIs(7) and Hs(8) are observed,
though strongly broadened and with a shift of 15 and 17
cm, respectively. The large linewidth of 31 cm for
the Hg(2) mode at 421 cm is remarkable.

Cooling the crystal to room temperature with a mod-
erate rate of about 5 K/min yields a basically different
spectrum as shown in Fig. 3(c). The most dramatic dif-
ference is the appearance of a very strong new line at
344 cm . In addition the lines derived &om the Hg
modes became well observable but strongly splitted as
will be shown in detail below. Even the pinch mode
shows two components. The arrows and brackets indicate
a tentative assignment for the Hg-derived and Az-derived
modes. The spectrum shown here is very similar to the
one reported by Lopinski et al. in Ref. 21. No signifi-
cant new lines were observed below the Hs(1) mode, at
least not within the next lower 160 cm . The last spec-
trum in Fig. 3 was obtained for KC6p cooled to room
temperature with the same moderate cooling rate as for
the Rb compound. The spectrum is more or less identi-
cal to the one obtained for the RbC6p and very difI'erent
from the spectrum of a crystal which was equilibrated at
high temperatures, just below the temperature for phase
separation. ' In the present case definitely no enhanced
contribution to the spectrum &om undoped C6p can be
observed which would indicate a phase separation.

Details of the splitting for the most important regions
of the spectrum are shown in Fig. 4 in a blowup form.
The evaluated Raman line data are compiled in Table
I, line RbCso(LT). The details of the splitting are char-
acteristically difFerent for the various modes. Whereas
the new line at 344 cm ~ does not split at all the Hg(1)
and Hg(2) modes show a splitting into four components.
Also, the two highest-&equency Hg modes split into at
least two components.

The spectra show a dramatic sensitivity on the energy
of the laser used for excitation. This is demonstrated for

three regions of the vibrational spectrum in Fig. 5. The
intensities as shown are not drawn to scale. As a mat-
ter of fact the Raman response decreases dramatically
with decreasing laser energy used for the excitation and
the doped part of the crystal becomes more and more
transparent the longer the laser wavelength is. Finally,
at 754 nm the spectrum &om the RbC6p part of the crys-
tal became unobservable. What remains to be seen is the
rest of the underlying undoped part of the crystal which
is still within the range of the penetration depth of the
laser. The Raman lines of this part are marked by the
arrow. The strong background in, e.g. , part (c) of the
figure originates &om a luminescence which apparently

RbC6o

450 K

RT

8 /
250 500 750 1500—1

Raman shift [cm ]

FIG. 4. Comparison of fundamental Raman modes for the
high-temperature (top) and for the low-temperature (bottom)
phase. The arrows and brackets indicate the positions of the
Hg modes.
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FIG. 5. Raman lines of RbC60 for three characteristic regions of the spectrum as excited with various laser lines indicate
in the figure. Intensities for the various lasers are not drawn to scale. (a) 8pectrai range of H (1) and the new mode at 344

(b) spect»»ange of H, (2) and As(1.), (c) spectral range of the As(2) mode. The arrow indicates the contribution of
the undoped material in the spectra.

has similar characteristics as in the undoped material or
is in effect a luminescence &om the underlying undoped
part of the crystal.

B. Temperature dependence of Raman response

Figure 6 shows the Raman response for various selected
regions of the spectrum during cooling through the phase

transition and down to room temperature in detail. For
each temperature the crystal was in a quasiequilibrium
state. This is concluded &om the stability of the Raman
response for several hours at each temperature. Dramatic
changes in the spectra are only observed in a very narrow
temperature range Irom 397 K to 380 K. In part (a) of
the figure the appearance of the new strong and unsplit

I I

14 nm (a)

10 K

00 K

514 nm

410 K

400 K

397 K

410

400

c)

380

390
K

380
C:

K

397
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340 K
340 K
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340

RT RT

I I I I ~ L I a ~ . I I I

250 300 350
—1

Raman shift [cm j

~ ~ I ~ ~ ~ I I ~ ~

400 450 500
—1

Raman shift [crn j
1400 'l450 1500

Rarnan shift [cm ]
FIG. 6. Temperature dependence of the Raman response for various spectral regions. (a) Hg(l) mode, (b) Ag(1) mode,

and (c) As(2) mode. Intensities within one spectral range are drawn to scale.
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line at 344 cm at the phase transition is evident. It
is important to note that this line was never observed
for the photopolymerized material. Also the shift and
the splitting of the Hg(1) mode at the phase transition
is evident. From part (b) the shift of the Ag(1) mode is
evident. The splitting seen for 394 K and 390 K origi-
nates from the simultaneous response of the two phases.
In contrast, the splitting of the pinch mode shown in
part (c) is intrinsic at any temperature below the phase
transition.

Looking more carefully to the spectra, e.g. , to those
of Fig. 6(c), one gets the impression there could be an
intermediate quasistable state between 394 K and 390
K before the two components of the lines nearly merge
together. This impression is not really confirmed &om
a detailed analysis of the line shapes for the individual
components as demonstrated in Fig. 7. Part (a) of the
figure shows the parameters for the various components
of the pinch mode. Solid circles refer to the mode in the

high-temperature (HT) phase and to the high-frequency
component of the low-temperature (LT) phase, open tri-
angles to the low-&equency component in the orthorhom-
bic phase, and open circles to a very small amount of
undoped C6O observed &om below the doped part of the
crystal. The characteristic changes of the parameters be-
tween 380 K and 395 K indicate the temperature range
where the phase transition occurs. The kink in the line
position given by the solid circles in Fig. 7(a), top graph,
confirms that the lines above 400 K and below 380 K are
not the same. This becomes even more evident from
the analysis of the intensities given below. The increase
of the line position for the low-&equency component of
the orthorhombic phase during the transition is notewor-
thy [top graph in Fig. 7(a), open triangles]. Similarly
remarkable are the dramatic increases of the linewidths
during the phase transition and their much larger value
in the LT phase as compared to the fcc phase. So this
line is obviously sensitive to the intermediate state of
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FIG. 7. Line shape parameters (position u, width p, in-
tensity Int. ) for selected Raman active modes versus temper-
ature. (a) pinch mode, (b) A~(l). The symbols are as (~ )
RbC6o HT phase and LT phase, (&) RbC6o LT phase, (o)
C6O. The lines drawn are guides for the eye.

00—
~ I ~ ~ ~ ~ I

350 400 450
Temperature tKj

FIG. 8. Hysteresis of the phase transition as demon-
strated for the pinch mode. (a) Spectra for increasing tem-
perature for the pinch mode, (b) intensity for the Ag(l) mode
during a cooling and heating cycle. Intensities are normalized
in the latter case to the begin and the end of the phase tran-
sition.



52 FACE-CENTERED-CUBIC TO ORTHORHOMBIC PHASE. . . 7121

the phase transition. The behavior of line position and
linewidths in the HT and LT equilibrium phases follow
the expected trends, i.e. , increasing and decreasing with
decreasing temperature, respectively. The behavior of
the intensities shown in the lowest part of the Fig. 7(a)
is straightforwardly interpreted as the appearance of a
new line at the phase transition (open triangles) and as
the superposition of the disappearance of one line and
the new appearance of a line at nearly the same position
(solid circles).

The behavior for the A~(l) [Fig. 7(b)] derived mode is
different. It appears at the phase transition without any
change of line position and with a marginal decrease in
linewidth. Consequently, this line is not sensitive to the
intermediate state of the phase transition. Similarly, the
most prom'. nent line of the orthorhombic phase appearing
at 344 cm is insensitive to the intermediate state.

C. Hysteresis at the phase transition

Finally, the hysteresis of the phase transition was stud-
ied in more detail by warming up the crystal after it was
slowly cooled to the LT phase. A series of spectra ob-
tained for the pinch mode during a heating cycle is shown
in Fig. 8(a). A similar result was obtained for the other
characteristic modes. The temperature dependence of
the intensities for the Ag(1) mode is shown as an exam-
ple for a full cooling and heating cycle in Fig. 8(b). The
effective width of the hysteresis is about 17 K. The orig-
inal spectrum of fcc RbC6o is completely restored at 411
K.

IV. DISCUSSION

The discussion of the experimental results as single-
crystal single-phase RbC6o is justified in a sense that, any
contribution from undoped C60 to the spectra is of the
order of 1% from its original value. This is so at least
for excitation with the green laser and can be estimated
&om the very small contribution of the pinch mode for
the undoped C60 as observed, e.g. , in the spectra of Fig.
6. Even though the green laser does not penetrate the
RbC60 part of the crystal the nature of the layered struc-
ture may lead to some residual stress in the doped part
of the material. If so, the continuous character of the
stress should rather cause a weak continuous broadening
or shifting of the lines than a splitting. Thus, it is rea-
sonable to anticipate that at least the observed splitting
is intrinsic to the change in symmetry.

rates across this point lead to the orthorhombic phase
rather than phase separation. This confirms the sug-
gestions that for potassium the diffusion kinetics at this
point is faster than the kinetics of the displacive phase
transition whereas the opposite holds for rubidium.

B. I ow-temperature phase

The appearance of very strong new lines like the one at
344 cm or the split pinch mode is a good indication for
new covalent bonds and not just a symmetry breaking.
It thus supports the establishment of a polymeric state
in the orthorhombic phase in which all modes are non-
degenerate. The factum that the splitting and the new
line at 344 cm are not observed in the photopolymer
indicates some differences in the morphology of these two
polymeric systems.

It is interesting to compare the observed vibrational
lines with spectra obtained recently &om an ab initio
calculation for the dimeric and for the polymeric sys-
tem of C6o molecules, even though in this work neutral
dimers and neutral chains were studied. The results for
the line positions and line splittings of the basic Raman
active modes for the polymer are compiled in Table I
(line calc. ) according to this evaluation. The calculated
splittings agree rather well with the experiment and even
more, the strong new mode at 344 cm is in very good
agreement with the calculation. On the other hand the
splitting of the pinch mode is obtained from the calcula-
tion only for the dimer. We may conclude, thus, that the
chain length in the polymeric state is not very long even
though at the present state of experiments and calcula-
tions a quantitative analysis is not yet possible.

The increasing transparency of the polymeric phase
with decreasing laser energy as demonstrated in Fig. 5
is very likely due to the lack of absorption in the deep
red spectral range as it is known for the classical al-
kali metal charge transfer systems AgC6O A4C60 and
A6C6o. This gap in the absorption originates from the
lack of allowed optical transitions from the bands such
as the highest occupied molecular orbit (HOMO) in the
original crystal (h„symmetry) and below for wavelengths
longer than 600 nm on the one side. The transitions from
the partially filled ti„band [the former lowest unoccu-
pied molecular orbit (LUMO)] are on the other side not
eFicient for laser wavelengths shorter than 850 nm. This
interpretation assumes that the electronic structure of
the polymer phase is not characteristically different from
the monomeric phase.

A. High-temperature phase C. Phase transition

The Raman spectrum of the HT phase is as expected
&om previous results on the potassium compound. This
refers not only to the shift of the pinch mode by 7 cm
but also to the relative increase of scattering intensity
for the modes Hg (1) and Ag (1) with respect to the pinch
mode. Phase separation for the potassium compound was
only obtained for an equilibration of the crystals just be-
low the point of instability. Even relative low cooling

The hysteresis for the transition from the fcc to the
orthorhombic phase indicates a first-order process. The
intensities of the new lines, particularly those at 259
cm, 344 cm, 491 cm, and 1450 cm, represent
the amount of material converted to the new phase. The
shift in line position observed for the pinch mode dur-
ing the phase transition indicates a growth of the chain
length. This may be concluded from the fact that the
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pinch mode is a vibration characterized by an oscillation
of the bond length alternation. For such modes the re-
lation between chain length and mode &equency is very
well known &om linear conjugated systems. 2 The dra-
matic increase of the linewidth by a factor of nearly 3 is
consistent with this interpretation since during the phase
transitions an increase in chain length as well as the cre-
ation of new chains can be expected which means a distri-
bution of chain lengths is established. Since this behavior
is only known for modes which exhibit a bond alterna-
tion, its absence for the other low-&equency modes is not
surprising. If a model is accepted where the orthorhom-
bic state is metallic, an additional contribution to the
linewidth may originate from an interaction of the pinch
mode with free carriers. At the present state of the ex-
periments an significant contribution of this process to
the linewidth can, how"-, ver, not really be concluded.

V. CONCLUSIONS

temperatures the phase AC60 has the lowest energy.
By cooling the AC6o crystals to room temperature even

with a rather moderate speed a transition to a polymeric
phase occurs for the two alkali-metal-doped systems stud-
ied. Phase separation for the potassium compound re-
quires in general a long-time equilibration of the crystal
at a critical temperature. This confirms the competing
processes of segregation and polymerization. The exact
conditions for the phase separation seem to vary with the
character of the crystal. As a matter of fact they are not
really well understood at present.

The process of the phase transition can be studied very
well in both directions by following the change of char-
acteristic Raman lines, the most prominent of which is
observed at 344 cm . The hysteresis indicates a Brst-
order transition. The observed splitting of the degenerate
modes is consistent with a complete loss of degeneracy in
the low-temperature phase and agrees well with values
calculated for a polymeric structure.

Raman scattering was shown to be a very good tech-
nique to study the doping process of single-crystal C6p
with alkali metals. Unless the crystal is fully doped al-
ways the phase AC60 is obtained if the system is equili-
brated, at least for A = K, Rb. This holds provided the
doping occurs above the temperature for phase transition
or phase segregation. It means that at least for the high
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