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A high resolution Raman scattering study of the intramolecular phonons of crystaljijnis @resented.
Many of the Raman-active vibrations are richly structured, revealing a crystal field splitting both above and
below the orientational ordering transition at 260 K. Much of the vibrational fine structure is also shown to be
strongly influenced by the small amount of orientational, or merohedral, disorder which persists in the low-
temperature phase. The impact of isotopic disorder is examined by the comparison of Raman spectra of single
crystals made from naturally abundant carbon, 99.98% and 99.794°C, as well as a range of intermediate
13C concentrations. Th&*Cg, and 3C4, spectra are identical, apart from a uniform softening of @y,
vibrational energies by the fact(){—i)l’z. As the'3C concentration is increased from approximately zero, the
bulk of the vibrational modes display only a softening in energy and a broadening in width. In sharp contrast
to this expected behavior is th#,(2)-derived band which shows both a softening in energy and additional
splittings with increasingC content[S0163-18296)05218-§

INTRODUCTION some of the intramolecular vibrations which otherwise show
no splitting due to the static crystal field.
The study of vibrational modes in crystallingfhas at- Another form of disorder arises from isotopic substitu-

tracted considerable theoretitdl and experimentar®®in-  tions of 1*C for 2C within the molecules. The 1.1% natural
terest for the past several years. Crystalling i§ a proto-  abundance of°C implies that nearly half of the molecules in
typical molecular solid; the intramolecular bonding is muchsolid Gy, contain at least on¥C atom. In a “conventional”
stronger than the intermolecular bonding, allowing thecrystal such as diamond, the phonons sample a large number
phonons of the crystal to be divided into several distinctof unit cells, leading to a linear averaging of the isotopic
types. The phonon spectrum contains high energy modes imasses. In this case, the isotopic disorder simply leads to a
the range of~260-1600 cri’, phonons which originate shift of the phonon frequencies by~ 2, wherem is the

from vibrations within the molecular units of the crystal. The average atomic mass, along with a broadening of the phonon
spectrum of these intramolecular phonons coarsely mirrorinewidths due to the mass fluctuatioisA more compli-

the vibrational spectrum of an isolated molecule, althougifated dependence upon isotopic content could be expected
many optically silent vibrations of the isolated molecule areffom the intramolecular phonons of solidfiven the mo-

active in the crystal*5and some splittings of the degener- |€cular origin of the modes. A Raman-scattering stliay
ate molecular vibrations have been reported for thenatural and'?C enriched G, has in fact shown that dramatic

solig 11:13.17 Having no counterpart in an isolated molecule|sotop|c-d|s;order induced changes occur within the

are the low-energy~20—60 cm'}) lattice modes of the solid Aq(2)-derived pho_non band; in addig%g to energy shifts, very
which consist of translational motions of the rigid molecularPronounced splittings were seen front, to natural Go.

its (int lecul hononsand librational itati f In this work we present a high resolution Raman-
units {intermolecuiar pnononsand fibrational excitations ot scattering study of the intramolecular phonon spectrum of
the moleculeglibrons). The intermolecular phonons and li-

- crystalline G,. Fine structure is evident in most of the
brons are visible at temperatures below 260 K, the OrderRaman-active molecular modes, as well as in two intramo-

disorder phase transition temperature of the solid. At ro0Mecyjar modes which are seen in the solid state but are opti-
temperature, the & molecules undergo isotropic rotatfdn  cally silent in an isolated molecule. The small splittings of
while positioned at face centered cutffcc) lattice siteS’®  the phonons are resolvable due to the narrow vibrational
but upon cooling below 260 K, the molecules assume prefinewidths seen in good quality single crystals. The bulk of
ferred orientations, forming a simple cubisc) structure the observed splittings are determined not to arise from iso-
with four molecules per unit ceff. topic substitutions by comparing spectra of crystalling C
While long range orientational order exists in the crystalmade from naturally abundant, 99.95%€, and 99.7%°C
below 260 K, a significant fraction of the molecules remaincarbon. Several modes do show slightly reduced linewidths
misoriented. This orientational, or merohedratiisorder is  in the °Cq, enriched samples, while other modes show vir-
reduced as the temperature is lowered~t80 K, below tually no change from the naturally abundant material to the
which a second, “glassy” transition freezes in a small “pure” °Cq, material[a straightforward 33)Y? energy soft-
amount of static disordéf. Surprisingly, this orientational ening is, however, seen betweHt,, and °Cq, for the en-
disorder has recently been shown to lead to a splitting ofire phonon spectruin Splittings due to isotopic disorder
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were only observed in thé,(2) band and the silent mode
attributed toF ,4(1). As we have previously reportedy,(2)
displays an unexpected dependence upon the isotopic com-
position of the crystal, showing a splitting which is not sim-
ply related to the differences seen for isolated molecules in
solution!”?* Motivated by this unexplained behavior of

A4(2) with isotopic disorder, we have produced and studied

Ceo Crystals with 13C concentrations of 0.5%, 7.3%, and

56.1%. The 0.5%°C sample is only a small departure from J
natural abundance, but substantial changes withinA{&) J
band are observed. In the 7.39¢ material, theA,(2) band
broadens considerably, but additional splittings are resolv-
able, while in the 56.19°C crystal, fine structure can no
longer be resolved in the broadenag(2) band.

Since the majority of the observed Raman fine structure FIG. 1. Unpolarized Raman spectrum of g 6ingle crystal at 2
does not stem from isotopic disorder, it can be assigned t& (895 nm excitation and 0.10 crhresolution. The higher energy
the crystal field. However, a significant component of theportion of the spectrunt>600 cni* shift) has been scaled up in
crystal field splittings observed in the low temperature phaséntensity by a factor of 3 for clarity.
is seen to arise from merohedral disorder. The small fractio
of misoriented molecules within the ordered crystal influ-
ences the energies and intensities of most of the Rama
active vibrational fine structure.
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Ruorescence background which is typically seen underlying
Raman spectra of & stems from using near-infrared excita-
"Yon rather than visible wavelengths, to which the material is
opaque. The relative intensities of the modes also differ from
that of previously reported Raman spectra collected using
EXPERIMENT visible excitation. This arises from a resonant enhancement
o of several modes with short wavelength pumpthdghe o*

The samples used in this study were prepared from comyependence of the Raman cross-section suppressing the
mercially available g powder(Texas Fullerenes, Hoechst  higher energy modes more in the near-infrared than in the
as well aSSGo powder produced in-house using a carbon arGjsjple, and the coarser resolutions previously d&&tpro-
dischargé?® Isotopically enriched g powder was made us- qycing reduced peak intensities for the narrower modes rela-
ing graphite rods grown pyrolytically from isotopically en- tjve to the intrinsically broader modes. As can be seen in Fig.
riched methane gaCambridge Isotope LabsCe powder 1 more than simply terH, and twoA, molecular modes are
composed of naturally abundant carbon was also made usiRgsiple in Raman scattering from the crystal, while splittings
this technique; no difference in the Raman spectra of crystalgs several modes has occurred, most notably in the lowest
made from it and the commercially available powder Wasenerngg(l)-derived mode.
observed. Largdseveral>10 mn?), highly faceted single  The intramolecular phonon spectrum, along with its tem-
crystals were grown by sublimation of thedpowder in @ perature evolution, is shown in an expanded energy scale in
temperature gradient under vacuum, after outgassing thejg. 2 (the weak combination bands previously studied by
powder at 250 °C under vacuum. The resultant crystals wergiherd415 are not under consideration in this wrkds is
further purified by multiple vacuum regrowths. clearly evident in Fig. 2, nearly all of the Raman modes

The Raman spectra were collected using either a Bomemjsplay complex fine-structure at low temperature. While the
DA8.01 interferometer or a single stage grating spectrometegp|ittings in many cases are small, the narrow linewidths of
and cqoled CCD detector. The ‘maximum mtt_erferometer[he modes make the structure resolvabig(1), the lowest-
resolution used was 0.025 ¢y while the dispersive spec- energy intramolecular phonon, is clearly a doublet in the
trometer had an instrumental resolution of 0.3°¢rat 895  high femperature fcc phase, while in the low-temperature
nm. The excitation source was a T|_:_sapph|re laser which Wag< 260 K) orientationally ordered phase it appears as a quar-
line narrowed and frequency stabilized by means of an intet. SinceH (1) is well separated in energy from the nearest
tracavity etalon. Rejection of elastically scattered laser lightjient mode"415and since difference scattering can be ne-
was achieved by means of an atomic vapeesium or ru-  glected at the lowest temperatures, all of these components
bidium) filter.?® All of the Raman fine structure presented can be attributed with certainty tbly(1). As was earlier
was independent of the excitation intensi0—100 mW  noted!” the observed low-temperature splitting is in fact in
and wavelengtt(794.98 and 894.60 njrused. The use of good agreement with a recent band structure calcultion.
such longer wavelength excitation leads to large Raman Sig- Next in Fig. 2 is shown thédy(2) derived band. As was
nals due to the transparency of the samples, and .also elimine case wittH,(1), Hy(2) is well isolated in energy from
nates problems related to sample heating angejghboring silent modes and possible overtones, and so all

photodegradation. of the structure arises from splittings of thg(2) mode. In
the high-temperaturéHT) phase, a doublet is resolvable.
RESULTS AND DISCUSSION Upon cooling into the low-temperatuceT) phase, the line-

widths narrow considerably and the band becomes richly
The low-temperature Raman spectrum of crystalling C structured. The highest energy componentHyf(2) pos-
made from naturally abundant carb@renceforth referred to sesses one of the narrowest linewidths seen in the entire
as “natural G, ) is shown in Fig. 1. The absence of a broad spectrum, measuring 0.10 ¢hat 2 K.
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FIG. 2. The temperature evolution of they(1), Hy(2), G4(1), Ag(1), Fag(1), Hy(3), Hy(4), Hy(5), Hy(6), Hg(7), Ag(2), andH(8)
Raman component§rom left to righ of crystalline Gg. The spectra within each subsection of the energy axis are plotted on the same scale,
but shifted for clarity.

Following the Hy(2) band in Fig. 2 is seen a mode combination mode scattering is expected to be much weaker
ascribed* to G (1) Whlle this vibration is silent in the iso- than scattering from the aIIowed fundamental modes. The
lated molecule it and all the gerade vibrations are symmetrjower energy foot at~771 cm * coincides in energy with
allowed in the crystal stafln the HT phase, only a single Hg(1)+Ay(1), and solikely stems from this combination
broad band is observed, while in the LT phase the integratethode scattering.
intensity increases, the linewidths narrow, and at least five Structure is visible both above and below the ordering
components become resolvable. This behavior is mlrrored itransition for theH ¢(6) and Hy(7) bands centered at 1250
the F,4(1) model* seen in Fig. 2 centered at570 cm and 1425 cm respectlvely At low temperature,(7)

This silent mode also appears in the HT crystal as a S|ngleonS|sts of a fundamental peak with three distinct, higher
broad band while many components are visible in the LTenergy components, whild,(6) displays a complex combi-
phase. None of the fine structure present in eitheitGpel)  nation of several sharp components and broad, unresolved
or F,4(1) bands corresponds to other nearby silent modes dnackground scattering. leblg(7) the secondA; mode at
overtone scattering, and so can be solely attributed to these1468 cm ! also displays a series of resolved components
two molecular modes. at low temperature, but only an asymmetry in the line shape

In contrast to all of the phonon bands discussed so far, theemains in the freely rotating HT phase.

Ay(1)-derived phonon at-497 cm tis a single, unsplit peak Finally, the highest energy first-order modi,(8), is also

in both the HT and LT phases. As can be seen in Fig. 2the intrinsically broadest band. Even at the lowest tempera-
Ay(1) narrows and shifts to slightly higher energy as thetures, no fine structure is visible, although the low-energy
temperature is lowered through the ordering transition, buasymmetry of the band does suggest an unresolved splitting.
no fine structure develops in the LT phase As the temperature is raised the mode softens, and as was the

The Hgy(3) mode centered at710 cm %, and theH ¢(® case for all the Raman modes, the integrated intensity de-
mode at~1100 cm ! both appear as a smgle broad band increases.
the freely rotating HT phase, but upon cooling into the ori- The polarization dependence of the phonon bands which
entationally ordered LT phase, the linewidths narrow suffi-display resolvable splittings is shown in Fig. 3. As noted
ciently to resolve small splittings of the main peaks. Theearlier, solid G, was transparent to the near-infrared wave-
assignment of all the observed structure centered at 710 aength excitation employed in this work. This presented an
1100 cm ! to Hq(3) andH(5), respectively, is compllcated unforseen difficulty to the polarization measurements due to
by the presence of several sum modes withif cm ! of  the morphology of the crystals. The samples were highly
these two fundamentats*'® The weak feature just below faceted with smooth, shiny faces, except for the portion of
Hy(3) at 706 cm® coincides in energy witl4(1)+Hg(2),  the crystal which was surface roughened due to contact with
while its small integrated intensity relative to the main peakthe quartz growth tube. The morphology of the crystals was
of Hy(3) corroborates its identification as an overtone modesuch that no crystal face could be excited with the laser beam

The Hq(4) derived phonon band, centered-at74 cm without having the beam exit the crystal through the rough-
in Fig. 2, shows no structure beyond an asymmetric lineened side. The laser excitation was diffusely scattered by the
shape in the HT phase, but at low temperatures, four nearlsoughened face, so that the emerging laser light retained very
equal intensity components are clearly preseéhy(4) also little of its initial polarization. The high index of refraction of
has several nearby combination mode possibilititse  solid G, caused the diffusely scattered laser ligahd the
higher in energy one goes, the more likely this becomes Raman signal to undergo multiple reflections within the
However, the four components seen in Fig. 2 all have arystal before being collected by the spectrometer, thereby
strong Raman signal and so can be attributed §64), since  scrambling the polarization state of the Raman modes. By
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TABLE |. Correlation table of the gerade modes qf,@r the
low temperature phase of solids$ Only the tenHy and twoA,
modes are Raman active in the isolated molecule, while all gerade
modes are allowed by symmetry in the solid phés€ and HT)

2 (Ref. 3.
2 Molecule LT phase(so
Ih T
265 275 427 435 480 485 2A9 2A9+ 2F9
Raman Shift (cm™") SFlg 3Ag+ 3Eg+ gFg

4F g 4Ag+AEy+ 12F,
6G, 12A4+6E4+24F
8H4 8Ag+ 164+ 40F

{100 face of the crystal in a backscattering geometry. In Fig.
3, 0° and 45° refer to the setting angle of the laser polariza-
tion relative to(001), while || and L refer to the relative
orientation of the incident and scattered light polarization.
. ;L ‘ . ‘ The factor-group analysis for the LT phase has been previ-
565 570 700 /0 7z T4 T8 ously determined,and is reproducedfor the gerade modgs
in Table I. The components which are expected to appear in
the various scattering geometries employed in this work are
listed in Table Il. The splittings oH 4(3) andH4(4) are not
fully resolved in Fig. 3 due to the lower resolution of the
grating spectrometer as compared to the interferometer.
The enumeration and symmetry identification of the fine-
structure components of many of the modes shown in Fig. 3
can in principle be accounted for solely by crystal field split-
tings of the degenerate molecular vibrations. A recent theo-
. s ’ — retical lattice dynamics stufyas in fact predicted that most
1422 42 1464 1472 of the Raman active phonons show strong dispersions, par-
Raman Shift (cm™) ticularly those below~600 cm 1. The T8 space group of the
low temperature phase cannot, however, account for the po-

FIG. 3. Polarization dependence of the Raman-active phonon@fization dependence of tha,(2)-derived phonon band.
of crystalline Go which display resolvable fine structure. The mea- The four resolvable components &§(2) shown in Fig. 3 all
surements were made from{#00} face of the crystal in a back- €Xhibit anAg-like polarization dependence, in sharp contrast
scattering geometryT=2 K. 0° and 45° refer to the angle of the t0 the expectations based on group-theory as summarized in
laser polarization relative to tHe01] direction whilell and L refer ~ Tables I and Il. The bulk of the splittings &{,(2) have been
to the relative orientation of the incident and scattered light polarpreviously showl to stem from the mass defedfSC sub-
izations. stitutiong present in natural £, a perturbation which is ne-

glected in the group-theory treatment presented here.

mechanically and chemically polishing the face through TO eliminate the influence of this isotopic disorderg,C
which the laser beam exited, the amount of diffusely scatSingle crystals with an enriched isotopic purity have been
tered light was greatly reduced. Nonetheless, if all of thefabricated and studied. Using 99.95%€ starting material,
Raman signal generated within the sample was collected, tHgystals which are 97.39%Cq, have been madeé:Cq crys-
degree of polarization of the Raman modes remained quitils have also been made; a startifig purity of 99.7%
poor. By employing a two-dimensional focal plane array de- _ _ _

tector with the dispersive spectrometer, Raman scattering TABLE Il. Raman-active modes of solidggunder various scat-
was seen to arise not only from the area of the laser spot, b{giN9 geometries. The setting anglerefers to the angle of the
from the entire height of the sample. If only the Raman Sig_lnc!dent light polarization relayve tq th{al.OO] crystall dl.rectlon
nal originating directly from the laser spot was accepted, gvhlle I ano_IL refer to the relative orientation of the incident and
marked improvement in the polarization of the scattered "ghfcattered light polarization.

was seen. Under these conditions, #g(1) mode had a
depolarization ratiop (p=I,/1;) of 0.25. While this is an

Relative Intensity

Relative Intensity

Backscattering

order of magnitude larger than the value typically seen using Setting anglej Analyzer from {109 face
visible excitation (which because of its short penetration 0° I Agt+Eq
length in Gy does not suffer from these polarization scram- 1 Fq

bling effects, it is sufficient to allow a symmetry identifica- 45° I Agt+Eg+Fy
tion of the fine-structure components of the phonon modes. 1 Eq

The measurements depicted in Fig. 3 were made from a
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FIG. 4. Hy(2), G4(1), Hg(3), Hy(4), Hy(5), and Hy(6) fine
structure of crystalline g made from naturally abundant carbon,
99.95%%C, and 99.794°C; T=2 K. The 13Cg, spectra have been
scaled up in energy by the fact()}‘%)”2 to facilitate comparison.

produced crystals which were 85% pur€,,. For simplic-
ity, the 97.3%'%Cq, crystals and 859%°C, crystals will be
herein referred to as “crystalliné’Cgy” and “crystalline
13C40,” respectively. In Fig. 4, subsets of the low tempera-
ture Raman spectra of naturalC1%Ceo, and*Cq, crystals
are shown. The naturalggand °Cy, spectra are shown on
the same energy scale, while thC,, spectra have been
scaled up in energy by the facttf)*’? to facilitate compari-

son. All of the modes shown in Fig. 4 display narrower line-
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FIG. 5. Hg(1), Ag(1), Hy(7), andHg(8) fine structure of crys-
talline Gy, made from naturally abundant carbon, 99.95%, and
99.7%%C; T=2 K. The 13Cq, spectra have been scaled up in en-
ergy by the facto )2 for ease of comparison.

Isotopic disorder does lead to activation of additional fine
structure rather than simply shifting components in two in-
tramolecular modesF,4(1) and Ay4(2), shown in Fig. 6.
While F,4(1) is a complex band in naturalggand the iso-
topically purified°Cg, and *3C samples, the component at
569.39 cm is clearly present in only naturalgg The iso-
tope dependence &;(2) is the most pronounced of all the
Raman modes. In naturakg; Ay4(2) has at least five compo-
nents at 1466.9, 1467.6, 1468.2, 1469.4, and 1470.8'cm
while in °C4,, only peaks at 1468.6 and 1470.8 chrare
visible. Thus theAy(2) band appears more molecular in na-
ture than the other £ phonons, in that the isotopic disorder
is not averaged over. However, the splittings displayed in
Fig. 6 cannot be understood within a purely molecular de-
scription of the vibrational mode. It was shown in Raman-
scattering studies of isolated;@mnoleculesfrozen solutions
of Cgoin CS,) that the isotopes of naturally abundant carbon
led to fine structure within thé\y(2) molecular vibration.
This fine structure stemmed from a simple superposition of
peaks corresponding td°Cg, 13C'%Cy, and °C,°Cg

widths in the isotopically purified materials as compared to
natural Gy, but none of the fine structure is absent. The
random substitutions dfC for *°C present in natural & are
thus not responsible for the splittings seen in these modes.
The line broadening due to random isotopic substitutions in
natural G, is evident in all of the modes shown in Fig. 4, but
is most notable foH 4(6), where additional components can

be resolved in thé“Cy, and *Cy, spectra, and the broad

background scattering is reduced. W
Linewidth broadening arising from isotopic disorder does

not occur in all of the intramolecular phonons. Shown in Fig. A i U S

5 are several modes which display little or no broadening in 564 568 572 1466 1470

natural Gg relative to the isotopically purified samples. The Raman Shift (cm™)

13¢,, spectra shown in Fig. 5 have been scaled up in energy

13,172 - ;
by the factor(;)”“ as was done in Fig. 4. Inmediately ob- g ¢ Fag(1) andAy(2) fine structure of crystalline g made

vious from Fig. 5 is the fact that the phonon fine structure isrom naturally abundant carbon, 99.95%, and 99.7%4°C; T=2
unc%mged from naturalggto the isotopically purified’Csy K. The 13C,, spectra have been scaled up in energy by the factor
and ~Cq. Like the modes shown in Fig. 4 then, all of the (33210 facilitate comparison. ThE,,(1) andAy(2) modes are the
splittings arise from crystal field effects rather than isotopiconly two phonons in the first-order Raman spectrum which display

disorder. additional splittings due to isotopic disorder.

F29(1 )

Relative Intensity

-

nat.
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T T T 7I - . _
100 7% 2 2 are, in fact, exactly what one would expect usingna™?
o dependence of the phonon frequencies, wineiis the aver-
501 » 0.5% % age isotope mass. Conversely, tfg2) mode is predicted to
0 | have a negligibly small phonon bandwifittwhile the
20 1 74 isotopic-disorder bandwidth, which scales with the mode fre-
100- quency, is significantly larger than it was for the lower-
0.05% %C energy phonons. A complicated interplay between solid state
3 ' and isotope effects is therefore seen within Ayé2)-derived
0 : . . . phonon.
720 722 724 To further explore the complex dependenceAgt2) on
mass the isotopic composition of the crystal, additional samples

with varying mass compositions have been fabricated. Figure
7 shows the mass spectra of the isotopically engineered crys-
tals used in this study. As can be seen in Fig. 7, natuggl C
contains significant amounts 6fC'%Cy and *°C,*°Cq. By
using a startingC content of 0.50%, roughly half that of the
natural materia(1.1%3C), Cs, molecules with one and two
vibrations”?* This is clearly not the case in the solid state; **C atoms are still produced but in reduced concentrations.
none of the components of ti#g(2) phonon in natural crys- This then provides a convenient isotopic composition be-
talline G, are degenerate with the strongest peak in crystaltween natural g, and the “pure”*?Cq, material. By increas-
line 1°Cy,, despite the fact that over half of the moleculesing the *C concentration to 7.3%, the number of different
present in natural & are *°Cy,. The energies of all the Ra- molecular masses present is greatly increased, and the most
man modes discussed in this and the preceding section aabundant species is no longer the pif€g, molecule. At
summarized in Table IIl. 56.1%%C concentration, the isotopic disorder of the crystal
The range of responses of the intramolecular phonons ts nearly maximized, both in the number of different molecu-
isotopic disorder can be qualitatively understood by expresdar masses present, and in the number of possible isomers
ing the relative mass fluctuations as a frequency bandwidthyith a fixed molecular mass.
(Am/m)w,, and comparing it with the bandwidtw,, of TheA4(2) band of crystalline & as a function of isotopic
the intramolecular phonons in the first Brillouin zone. If the composition is shown in Fig. 8. While the mass spectrum of
mass fluctuation bandwidth is much smaller than the intrinsi¢the 0.50%°C material represents only a small departure
phonon bandwidth, one would anticipate a simple linear avirom that of natural &,, substantial changes have occurred
eraging of the isotope masses to result, as is_seen in “corwithin A,(2). Only four components are visible in the 0.50%
ventional” semiconductors such as germanfinA more  3C material, at 1467.7, 1468.1, 1469.0, and 1470.8 tm
complicated behavior could be expected when the mass fludhe highest energy component at 1470.8 ¢ns unchanged
tuation bandwidth becomes comparable in magnitude to thas the'3C content is increased from th€Cy, sample to
intrinsic phonon bandwidth. For the lower-energy intramo-natural Gg; the correlation between the remaining compo-
lecular phonons, significant band dispersions have beenents is somewhat ambiguous, however. One possibility has
predicted while the mass-fluctuation bandwidth is smallest,the four components of natural (& at 1466.9, 1467.7,
and so one would expect little response from these modes th468.2, and 1469.4 cm collapsing from both higher and
increasing*3C content beyond a uniform softening. The 0.11lower energy to the single peak seen in crystalfif@s, at
cm™* shift of Hy(1), 0.15 cmi* shift of Hy(2), and 0.20  1468.6 cmi™. Alternatively, the main peak of crystalline
cm™* shift of Ay(1) observed between naturaggand“Cg,  *°Cyomay be softening with increasindC content according

FIG. 7. The measured mass abundancesggi®lecules made
from isotopically enriched graphite rods and rods made from natu
rally abundant carbofil.1% *°C).
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TABLE lll. Phonon mode energies.

265 K (fcc) 2 K (s0 2K 2K
natural G,  natural G,  ‘%Cg BCqy  Assignment
260.96 260.13 251.03
266.2 266.87 266.98 256.61
272.4 272.83 272.94 262.31 Hg(l)
274.76 274.89 264.17
427.19 427.66 410.88
428.32 428.40 411.80
429.82 429.96 413.24
430.3 430.72 430.88 41411 Hg(@
431.61 431.90 415.15
432.59 432.77 415.95
434.3 434.54 434.69 417.84
482.79 482.79 464.10
483.79 483.59 465.17
485.4 484.67 484.69 465.86 Gg(l)
485.80 485.91 467.11
486.67 486.77 467.94
496.1 497.00 497.22 477.89 Ag(l)
565.52 565.35 543.35
566.73 566.71 544.69
567.8 567.52 567.58 545.42
568.77 568.71 546.60 Fzg(l)
569.39
569.94 569.92 547.75
570.36 570.34 548.20
571.70 571.75 549.51
707.46 707.40 679.95
707.81 707.79 680.28
709.4 708.58 708.69 681.19 Hg(
709.01 709.09 681.48
709.57 709.63 682.04
772.88 772.99 743.04
772.4 773.41 773.50 743.46 Hg(4)
773.87 774.01 743.96
774.23 774.30 744.19
1099.70 1057.33
1100.0 1100.36 1100.50 1057.89 Hg(5)
1101.38 1101.37 1058.67
1244.84 1244.85 1196.48
1244.9 1250.18 1201.79
1251.08 1251.07 1202.65 Hg(6)
1250.5 1251.86 1251.86 1203.39
1252.41 1252.27 1203.88
1252.88 1252.86 1204.45
1423.80 1423.72 1368.82
1423.4 1425.52 1425.51 1370.39 Hg(7)
1426.57 1426.49 1371.48
1425.5 1427.90 1427.92 1372.84
1466.9
1467.6
1468.1 1468.8 1468.6 1412.00 Ag(Z)
1469.4
1470.8 1470.8 1414.00
1572.22 1572.32 1511.80 Hg(8)
1574.5 1575.51 1575.68 1514.95
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FIG. 9. Hy(1) andA4(1) modes of crystalline g as a function
of isotope contentT = 2K TheA o(1) spectrum of the 56.196°C
Cgo Crystal has been shifted upward in energy by 8 ¢m

to an average atomic mass dependence as other modes such
asAqy(1) are seen to do, with the addition of further splittings
occurring, induced by the isotopic disorder. The energy of
the most intensé(2) component of each isotopically engi-
neered sample does in fact followna */? dependence, in-
cluding the centroid of the 7.3%C A ¢(2) band which, as
can be seen in Fig. 8, is considerably broader than in natural
Ceo, although a ladder of higher energy components is still
resolvable. The 56.1%°C A4(2) band, shown in the inset of
Fig. 8, displays a large broadening from that of naturgj,C
and no fine structure remains.

It is clear that an explanation of th&;(2) mode depen-
dence on the isotopic composition of the crystal will require
an interplay between isotopic and solid state effects which is
presently not well understood. Energy shifts and splittings of
the vibrational modes of an isolated¢3nolecule have been
predicted®?° to arise from isotopic disorder. A strictly mo-
lecular treatment cannot, however, account for the shifting of
the strongest crystallinéCy, component which occurs as
mass substitutions are made in a fraction of the molecules of
the solid. Conversely, a “virtual crystal approximation” in
which the solid is to be modeled by a crystal made up of
identical atoms of average mass cannot account for the
splittings which occur with increasingC content, and the
softening of some components but not others within the same
band.

In contrast to the complex behavior of ti#g(2) band,
several of the lower energy intramolecular modes are well
described within a “virtual crystal approximation.” Shown
in Fig. 9 are theH (1) andA4(1) bands for the isotopically
engineered €, crystals described in the preceding para-
graphs. As the®C concentration is increased, the modes
merely soften bym 2, wherem is the average isotope
mass. The increasing amount of isotopic disorder in the
higher!3C content crystals does lead to increased linewidths,
with a pronounced lower energy asymmetry appearing in the
56.1%3C material.

It has been shown herein that the bulk of the splittings
displayed in Fig. 2 are not due to mass defects, and so must
arise from a crystal field splitting of the molecular modes.
While a symmetry analysis of the ordered, low temperature
phase of solid &, will predict crystal field splittings for all
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FIG. 10.(a) G4(1), Hg(3), Hg(4), Hy(6), Hy(7), andAy(2) fine structure of crystalliné2060 at T=2 K as a function of the rate of cooling
into the glassy state. The “fast” quench spectra have been scaled to the “slow” quench spectra by matching the intensitieg(df the
mode which has no fine structure in either naturat®@,. The weak, higher energy peak in tAg(2) spectra have been multiplied by a
factor of 5 for clarity. See text for an explanation of fast and slow que(ihThe modes displayed ifa) are shown for the samples
equilibrated aff=85 and 110 K.

of the Raman-active vibrational mod&sn additional com- in Fig. 10@), the relative intensities of components within
ponent due to intrinsic crystal defects in the form of mero-the Hgy(2) andF,4(1) bands also display a minor dependence
hedral disorder was recently shown to play a dominant rolaipon the quench rate.

for several of the intramolecular phonoHsThe perturba- Since the concentration of misoriented molecules in-
tions associated with having an unavoidable fraction gf C creases as the sample is warmed above the glassy transition,
molecules misoriented in the low temperature crystal can irthe relative intensity changes which occur in the Raman fine
fact be seen to influence a majority of the Raman fine strucstructure with quench rate should simply mirror the tempera-
ture, as illustrated in Fig. 10. The dependence of the phonoture evolution of the slowly-quenched sample above the
bands on the merohedral disorder can be observed in glassy transition. This is clearly seen in Fig.(lQ which
straightforward manner by varying the amount of disordershows the Raman fine structure at 85 and 110 K. The com-
present at low temperature through sample quenching. Iponents within a band which grow in intensity relative to
Fig. 10(a), six intramolecular vibrational bands of crystalline others as the temperature is raised are also those which show
12C,, at 2 K are shown for two different cooling rates. The an increased relative intensity with the fast quench. The
slow quench corresponded to cooling the crystals from roontomparison between the quench rate and temperature evolu-
temperature to 85 K over the span of 12 h, and then coolingion data is complicated by the overall decrease of the Ra-
to 2 K, while the fast quench involved dropping the crystalsman intensity of all the modes with increasing temperature.
directly from room temperature into superfluid heliganys-  The decrease in integrated intensity stems possibly from a
tals were also quenched rapidly fror220 to 2 K; no dif- reduced transparency of the material with increasing tem-
ference was found between these and samples quenched gerature.

rectly from room temperature in which the crystals first pass We have previously shown that the merohedral disorder
through the fcc-sc ordering transitiorA faster quench leads  of the crystal leads directly to thgy(1) andAy(2) fine struc-

to a higher percentage of misoriented molecules at low temture (of ?Cy, crystal$ by studying in detail the temperature
peratureg(<85 K), since the sample will have passed throughdependence of the mod¥sThe relative intensities of the
the “glassy” transition at a higher temperature. All of the G4(1) and Ay4(2) components followed an Arrhenius type
modes in Fig. 1) show a dependence upon the amount ofbehavior between 85 and 250 K, with an activation energy of
residual disorder present at low temperature, to varying de-12 meV. The 12 meV activation energy coincides with
grees. Very pronounced changes in the relative intensities gfrevious determinations of the energy increase of a misori-
G4(1), Hy(4), andAy(2) fine structure are evident, while the ented moleculd®®! An equivalent dependence of the re-
changes irH4(3,6,7 are less dramatic. Although not shown maining modes shown in Fig. 10 is not seen. While all the
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amount of merohedral disorder could be equivalently re-
duced.

It is worth noting that the only phonon band whose fine-
structure components do not display a dependence on the
merohedral disorder of the LT phase is tHg(1)-derived
band. The four components ¢fy(1) were independent of
guench rate, and showed no temperature evolution above the
1466 1468 1470 1472 glassy transition, apart from a linewidth broadening and an

Raman Shift (cm™) overall decrease in the integrated Raman intensity. The split-
tings ofH4(1) can therefore be attributed solely to the crystal
field of an ordered solid. This is consistent with the results of
a hydrostatic pressure study of crystalling; @Ref. 18 in
which the pressure-induced changes in the molecular orien-
tations altered the fine structure of all the phonons except
Hg(D).

Finally, the possibility that portions of the splittings

shown in this work stem from more rudimentary defects such
1466 1468 1470 1472 ; i ) "

Raman Shift (cm™) as crystal dlsloqatlons or |mpu_r|t|es can be negle_cted. None
of the phonon fine structure displayed any variation among
the large number of crystals which have been produced in

: S our lab over a wide range of conditions. Samples which had
as a function of the rate of cooling into the glassy statpper o0 arown in vacuum and then transferred to a cold cryostat
spectra. See text for an explanation of fast and slow quench. Also . . . .

. . without breaking vacuum showed Raman fine structure iden-

shown is theAq(2) mode of natral crystaline g for samples tical to that of samples which had been handled in air, as did
equilibrated aff=85 and 110 K(lower spectra . . . . ’

samples subjected to multiple sublimation regrowths versus

crystals grown from as-received powder. Nor was any varia-

modes in Fig. 10 are clearly affected by random orientationaron in the Raman fine structure encountered with increasing
defects, delineating this influence from the crystal field of an a%erl |rrad|ar:c§ ]'cn the _rkl)lear mf_rta;_ed?;lil phenomenon which is
ordered solid was not possible. Surprisingly, the component@’I ely reported for visible excitation:

of A4(2) which were activated by the mass defects present in

natural Gg also displayed an intensity variation with quench CONCLUSION

rate and temperature. Shown in Fig. 11 is fg2) mode of We have presented high-resolution first-order Raman
natural crystalline & at 2 K for two different quench rates. gpecira of isotopically controlled crystalling,C In isotopi-

The intensity variations and energy shifts of the component‘s’a"y “pure” 12C,, and 13C,,, splittings of nearly all the
with increasing quench rate are mirrored in the temperaturgaman-active modes are seen. These splittings arise from the
evolution of the mode, as seen in the bottom portion of Fig ¢rysty field of both the orientationally ordered solid and the
11, indicating that these changes arise from the merohedrglna| percentage of misoriented molecules present at even
disorder of the low-temperature phase. the lowest temperatures.

Ideally, one would like to study a crystal which is com-  ag 13¢ gubstitutions were made in crystallitéCy,, a
pletely in its orientational ground state, but no means of Prefange of responses was seen in the intramolecular phonon
paring such a sample has yet been discovered. It has be%Bectrum, from a uniform softening of the lower energy
shown that under modest hydrostatic pressure a new orientg;odes along with a disorder-induced asymmetric line broad-
tional phase_becomes the ground state of the sc cr?g?sﬁ_\ie ening, to the very pronounced splittingsA&(2). This mode-
new phase is also metastable at zero pressure provided tBgecific effect of the isotopic disorder is presently not well
sample temperature is kept belov8S K, above which tem- ,hqerstood, and cannot be accounted for within purely mo-

perature the molecules would reorient to the conventionglacylar treatments of the isotopic disorder of,Gs have
structure!® The amount of residual disorder in the new ori- been reported to date.

entation can be arbitrarily lowered simply by applying higher

pressures while the sample is in thermal equilibrium. In the ACKNOWLEDGMENTS

highly ordered state, dramatic simplifications in the intermo-
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FIG. 11. A4(2) fine structure of natural crystallingsgat T=2 K
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