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Measurements have been made of the Raman, optical absorption, and luminescence spectra of
single crystals and pellets of the fulleriteat T=300 K and at pressures up to 12

GPa. The baric shiftlw/dP and the Graeisen parameters of the Raman-active intramolecular
phonon modes have been determined. It has been established tdat/the value for

certain phonon modes abruptly changes at pressurBsof GPa andP,~5.5 GPa, as do the
half-widths of the Raman lines. These features in the Raman spectrum are associated with
phase transitions at high pressure. The baric shifts of the absorption and luminescence edges of
C, crystals have been determined and ai@ 12 eV/GPa and-0.11 eV/GPa, respectively,

for absorption and luminescence. The baric shift of the absorption edge decreases significantly with
increasing pressure and is0.03 eV/GPa at 10 GPa. These data have been used to

determine the deformation potential of the fullerite,Cwhich is about 2.£0.1 eV. © 1997
American Institute of Physic§S1063-776(97)01601-9

1. INTRODUCTION point group as 1&;+22E,+19E;. In a Gy crystal, which
contains four molecules per unit cell, the number of active
The discovery of the family of multiatomic carbon mol- modes increases significantly because of lowering of the
ecules known as the fullerites has resulted in intensive studgymmetry and Davydov splitting. The first detailed measure-
of the physical properties both of the molecules and crystalgnents of the Raman and IR absorption spectra g flins
themselves and of various compounds based on {tfefhe  made it possible to determine the frequencies of the intramo-
fact that most of the attention in this case has been devotgdcular vibrations active in Raman scattering and IR absorp-
to the fullerite G, is mainly associated with the discovery of tion and to compare them with the results of numerical
superconductivity at relatively high temperatures in com-calculations* Measurements of the temperature dependence
pounds of G, with the alkali metal$:* A definite role in this  of the Raman spectra of £single crystals made it possible
is played by the circumstance that the method developed fab determine the frequencies of the intermolecular phonon
synthesizing the fullerenes preferentially yieldg, @nd that modes and the critical variations of the Raman spectra asso-
it is more available than the other representatives of the famgiated with the orientational-ordering phase transition at
ily, in particular G.° T=276 K% The structural aspects of the orientational-
Nevertheless, a fairly great amount of attention has beeordering phase transitions were studied by x-ray and electron
paid to the study of the properties of the fullereng CThis  diffraction® Detailed studies of the thermodynamics of these
is associated both with the high intensity of the studies ofransitions were carried out by differential thermal analySis.
many-atom carbon clusters as a whole and with the successes In our opinion, there is special interest in studying the
in obtaining fairly pure starting material and single-crystalenergy spectrum and the phase transitions jgd@ystals at
samples of G,. Unlike Gsg, the G molecule has the shape high pressure. They are a source of additional information on
of a rugby ball and consists of twelve pentagons and twentythe intermolecular interaction and are needed for qualitative
five hexagon$§. The molecule belongs to th®g, point  numerical calculations of the band structure and the energy
group, and the g, crystal has hcp structure with parametersspectrum of G,. The first measurements of the Raman spec-
ap=1.01 nm andc,=1.68 nm and belongs to the space trum at high pressure were made on a powdered mixture of
group P63/mmc7 Annealing crystals with the hexagonal Cyy/C,, fullerenest’ Measurements of the Raman spectra of
structure in high vacuum causes it to be altered, and it be€;o single crystals at high pressure made it possible to estab-
comes predominantly cubic, with a small concentration oflish the features in the baric dependence of the phonon fre-
the hexagonal pha§elt should be pointed out that most quencies associated with phase transitions of the orienta-
C, single crystals grown from the vapor phase have a cubitional ordering of the molecules in the crystél.
structure, although about 10% of the crystals are obtaineeasurements of the IR absorption spectra ef & high
with a hexagonal structure. pressure made it possible to determine the baric shift coeffi-
Much interest and attention have been devoted to theients and the Gneisen parameters of the IR active
molecular dynamics and the phonon spectrum gf @ys-  modes'® The baric shift of the fundamental absorption edge
tals, which have been studied in a number of theoretical and/as studied in Ref. 20.
experimental paper81* According to theoretical calcula- This paper presents the results of detailed measurements
tions of the molecular dynamics, theSpectrum contains of the Raman spectra and the optical absorption and lumi-
fifty-three Raman-active vibrations, classified in tBey, nescence spectra of single crystals of the fullerifga® high
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TABLE I.

dw,/d P, dw,/d P, dw,/d P, wj , wj , dw,/d P,
o, cm YGPa cm YGPa cm YGPa cm? cm? cm YGPa
cm? P<2.0 2.0<P<5.5 P>55 Y (Ref. 14 (Ref. 19 (Ref. 17
256 3.2 3.2 3.2 0.226 261 257 1.65
412 0.1 0.1 0.1 0.004 411 410 -
509 - 1.0 1.0 0.036 501 506 0.38
570 -0.3 -0.3 -0.3 —-0.01 573 570 —0.06
708 -0.3 -0.3 -0.3 —0.008 704 710 -
737 0.9 0.9 0.9 0.022 739 738 0.12
776 0.8 0.8 0.8 0.019 770 768 -
1061 3.7 5.4 15 0.063 1062 1062 11
1181 7.1 9.4 35 0.109 1186 1184 4
1228 5.3 6.3 3.1 0.078 1231 1229 3.2
1254 7.8 7.5 0.9 0.113 1260 1258 -
1367 6.3 8.2 5.3 0.083 1370 1369 1.1
1432 5.2 4.5 3.0 0.066 - 1438 -
1445 6.0 7.6 3.6 0.075 1448 1448
1468 6.0 6.3 5.0 0.074 1471 1469 -
1511 3.8 7.8 2.2 0.046 1517 1517 45
1565 4.2 5.9 3.3 0.049 1569 1566 2.73

pressure. The baric shifts and the @eisen parameters are The Raman and luminescence spectra were measured by
determined for a large number of intramolecular phonormeans of a Dilor-XY triple spectrometer with an optical mul-
modes. The baric shift of the fundamental absorption andichannel recording system. An argon lager 488 nm and
luminescence edge is determined, as well as the deformatiam He—Ne laser(\=632.8 nm were used as radiation
potential of crystalline ¢. Characteristic singularities sources. The radiation power directly in front of the high-
caused by phase transitions are revealed in the baric depepressure chamber was0.5 mW, and the excitation spot
dence of the phonon frequencies at pressures of about 2 GE@ameter, allowing for defocusing by the diamond anvils,
and about 5.5 GPa. equalled about 1Qum. The absorption spectra were mea-
sured on an MDR-23 monochromator by the technique de-

scribed in Ref. 20.
2. EXPERIMENT

Single crystals of the fullerene ;g were grown from
solution in toluene. The starting-gmaterial was obtained
by the method described in Ref. 5, and, according to the data In the Raman spectra of,gsingle crystals at normal
of a mass-spectrometric analysis, its purity was at leagpbressure and room temperature, seventeen vibrational modes
98.5%. The Raman and luminescence spectra were measunedre observed, whose frequencies are given in the first
on single-crystal samples of ;& with a size of column of Table I. These frequencies are essentially identical
100x 80% 20 um°. The optical absorption spectra were mea-with the data of Refs. 14 and 15 forfilms, shown in the
sured on thin polycrystalline pellets of,&; fabricated from  right-hand part of the table. They are also very close to the
separate crystallites of the starting material. The pellets werphonon frequencies in the Raman spectra gf @ystals of
fabricated in a high-pressure chamber with diamond anvilhexagonal modification, measured Bt 23 K and normal
whose working areas are parallel to within arc minutes. Tapressuré® Some of the frequency difference of the separate
do this, a crystallite placed between the parallel workingmodes is possibly associated with the presence of stresses in
areas was squeezed with no gasket in a sequential loadirige G, films and with heating of the crystals by the argon
cycle until its coloration in the unloaded state became clealaser radiation ak =488 nm, in the strong-absorption region
red. Measurements show that pellets with a uniform thick-of the G,. The presence of stresses in the, @Ims in-
ness from 1 to Sum are obtained in this case. creases the phonon frequencies somewhat, whereas heating

The optical measurements at high pressure were madae crystals has the opposite effect. It should be pointed out
by means of a high-pressure chamber with diamond anvils ahat a reversible decrease of the phonon frequencies in the
Merill-Basset typé! The working area of the anvils was Raman spectra of fullerite as the laser radiation power in-
600 um across, the diameter of the working opening of thecreases was observed earlier ig, €rystals?® It was associ-
stainless steel gasket was 2a@n, and the thickness of the ated with the formation of a large number of excited triplet
gasket after preliminary compression was gtn. A 4:1  states; however, in our opinion, it is not impossible that it
methanol—ethanol mixture was used as a medium to transmiian be associated with significant local heating of the crystal.
the pressure. The pressure in the working volume of th&Ve observed a similar effect in,gcrystals. To explain it, it
chamber was determined with an accuracy of 0.05 GPa froris necessary to specially investigate the value of the local
the shift of theR, luminescence line of ruby microcrystdfs. heating in the laser excitation spot and its effect on the Ra-

3. RESULTS AND DISCUSSION
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FIG. 2. Baric dependence of frequencies of the phonon modes,&ii@le

FIG. 1. Raman spectra of,gsingle crystals at various pressurEs; 300 K. crystals in the interval 1350-1650 ch

initial intensity distribution. However, increasing the pres-
man spectra. In this paper, we strove to set the laser power aure further again changes the resonance conditions of the
the minimum possible level in order to reduce the effect ofexcitation and alters the intensity of the lines in the Raman
laser heating. spectrum.

All the observed Raman modes relate to intramolecular The baric dependence of the phonon frequencies is
modes; the intermolecular, rotational, and vibrational modeshown in Figs. 2—4, corresponding to three different energy
are located in the 10—60-Ch frequency intervaP and were  intervals. The vertical dashed lines in these figures indicate
not considered in this work. Figure 1 shows segments of théhe pressures of 2.0 and 5.5 GPa, at which the slope of the
Raman spectra of g crystals in the 200-800-cnt and  baric dependence of virtually all the phonon modes abruptly
1000-1650-cm* frequency regions at several pressures. Nochanges. WheR~2.0 GPa, new phonon modes also appear
spectra were recorded in the 800—1000-¢megion, since in the spectrum and are indicated in Figs. 3 and 4 by black
there are no Raman-active phonon modes £fi@ this re-  dots. The solid straight lines are linear approximations of the
gion. The region close taw~1332 cm! has also been experimental baric dependences of the phonon frequencies,
eliminated from the Raman spectrum, since a very strong
diamond vibration is located in this region, and the contribu-
tion to the Raman spectrum from the diamond anvils is 1300
dominant. The experiments were done at room temperature,
but, as indicated above, some local heating of the crystal in
the laser-excitation spot is not excluded. The phonon modes

i
. . 1250
of C; observed in experiment at all pressures are noted on E‘:

the upper spectrum of Fig. 1 by dashes. The frequencies of
the overwhelming majority of the phonons increase with in-
creasing pressure. The two phonon modes at 570 and 708
cm ! are exceptions, since their frequencies decrease with
increasing pressure. A relative redistribution of the intensity
of the phonon modes with increasing pressure is also ob-
served in the Raman spectra and is associated with a change
in the resonance conditions of the excitation because of a

significant baric shift of the optical absorption spectrtfim. 1100f %9,9/40-

-

1200

1150

Phonon frequency, cm™’

Most importantly, a significant strengthening of the low-

frequency part of the Raman spectrum should be noted. A /
similar effect was also observed in the Raman spectra of andil I . . .
Ceo Crystals. Changing the excitation wavelength from 0 2 4 6 8 10 12
A=488 nm toA =632.8 nm in these spectra B=3.4 GPa Pressure, GPa

partially cancels the negative baric _Shift of the at_)sorptior\:IG. 3. Baric dependence of frequencies of the phonon modes,afi@yle
spectrum and at first causes a partial reconstruction of theystals in the interval 1050-1300 cth
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— T was carried out on the same sample. The closeness of the
800  looi-o—6—0—0] data obtained for the position and half-width of the line in
o o —o—O—o— the two loading cycles indicates that the phase transition in
700 e—f_._.-.e’_o_ oo — o the P=2.0+0.2 GPa region, at least, is reversible with re-
00 spect to pressure.
- o The Raman data from the,gcrystals at high pressure
§ 600+ 1 do not make it possible to unambiguously determine the na-
& p—e-p—o—g—o—9—0o—0 ture of the observed phase transitions. As is well known,
§ i. " _.3____.-0——0 orientational-ordering phase transitions that occur in two
g S00r ’ stages take place in,gcrystals, as in g, crystals. In a G
g crystal at normal pressure, the first stage of the orientational-
é 40RO 00— —o——0_ ordering phase transition occurs @t=260 K and corre-
o sponds to freezing out of the random rotations of the
molecule®* After this, the molecules occupy two energeti-
3001 ° 7 cally equivalent orientational positions, between which they
aee—'e”M X o can jump. These jumps completely freeze ouflat85 K,
200l i”",_'—q L which corresponds to the second stage of the orientational-
60 2 4 6 8 10 12 ordering phase transiticd. The orientational phase transi-
Pressure, GPa tions at high pressure afid= 300 K also occur in two stages,

at P;=~0.4 GPa and®,~2.4 GPa, with the baric shift coef-
ficient of the phase-transition temperature being equal to
about 100 K/GPa for both stagés=>° According to x-ray
and electron diffraction data, the orientational ordering in
drawn independently in three pressure ranges:2.0 GPa, Cro Crystals at normal pressure also occurs in two stages,
2.0<P<5.5 GPa, andP>5.5 GPa. For some phonon Which presumably correspond to freezing out of the rotations
modes, these lines are shown by a dashed line, which reflecg$ the molecule along the short and long axed gt 335 K
inadequate statistics of the experimental data. andT,~276 K, respectively.

Figure 5 shows the pressure dependence of the width of It is tempting to associate the phase transitions that we
the most intense line, for the 1565-chphonon. It clearly —observed at high pressure with orientational ordering of the
shows the abrupt increases in the line width at the boundariggolecules. However, to do this, it must be assumed that the
of the three pressure regions, whereas the dependence is d@ser radiation heats the crystal to a fairly high temperature,
scribed by a virtually identical linear function in the interme- the value of which we estimated earlier as about 108 k
diate regions. These data are unambiguous evidence th#iis case, an estimate of the baric shift coefficient of the
there are two phase transitions in the,@rystal in the phase-transition temperature gives a value significantly
P,=2.0+0.2 GPa an®®,=5.5+0.5 GPa regions. It should lower than in the &, crystal. The observed data do not rule
be pointed out that the measurements at high pressure weét the possibility that both phase transitions that we ob-
made in two loading cycles with direct application of pres-served at high pressure are associated with orientational or-
sure. In the first loading cycle, measurements were made fdtering, but additional studies, using other methods, are
pressures of 0.55 and 4.1 GRhe black dots in Fig. 5then  needed to reliably explain their nature.
the pressure was dropped to zero and a second loading cycle The baric shift coefficientsdw;/dP of the phonon

modes are given in Table | for three pressure intervals. Their
values varied betweer 0.3 and 9.4 cm'/GPa for various

FIG. 4. Baric dependence of frequencies of the phonon modesyafitgyle
crystals in the interval 200—-800 crh

Aw om”’ modes and pressure intervals. The @isen parameters;
T T T T T of the intramolecular phonon modes are determined from
40+ ] these data:
8
9 [+) (?wi /wi BO &wi 1
30k . MUV T W) P @
It was assumed in this case that the equation of state of
20k N crystalline Gg is described by a Murnaghan-type depen-
dence:
B!
10 8 Bo | [Vo| °
TS PR PZQ(V -1 @
0 2 4 6 8 10 12 0

P . . o
Pressure, GPa (whereV,/V is the relative variation of the volume of the

FIG. 5. Raman line width for the phonon with frequency 1565 &ms. crysta) with a bulk mod_ulus oB,= 18-1t_1-8 GPa and that
pressure. B,=dBy/dP=5.7+0.6 is the same as in the case of crys-
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. - FIG. 7. Initial sections of the luminescence spectra of,adystal at vari-
31 7
talline CBO' The values of the Gneisen parameters for the ous pressures, GPa) 0, b) 0.44,c) 0.82,d) 1.6. The inset shows the baric

intramolecular phonon modes of§; determined for the ini-  dependence of the position of the luminescence edge.
tial pressure region, are given in Table I.

Figure 6 shows the dependence of the itgisen param-
eters of fullerite crystals on the frequency of the intramolecu-and the stronger influence of weak variations of the confor-
lar phonon modes. The open dots show the data of this papanation of the molecule on the spectrum of intramolecular
the black dots show the data from IR absorption ify C vibrations.
films,® and the squares show the data from Raman scattering Figure 7 shows the initial sections of the luminescence
in Cq Crystals®? As can be seen from the figure, a distinct spectra of G, crystals atT=300 K and various pressures.
correlation is observed between the results of the work usin@urve a corresponds to normal pressure, and curves b, ¢, and
Raman scattering and the IR absorption if €ystals. This d correspond to pressures 0.44, 0.82, and 1.6 GPa, respec-
dependence, on which three characteristic regions can be digvely. The luminescence spectrum is very extensive, and its
tinguished, also agrees well with the data from Raman scatew-frequency edge lies beyond the limits of spectral sensi-
tering in G crystals. The vibrations are stiffest in the initial tivity of the optical multichannel analyzer.ggcrystals are
region of phonon frequencies, from 200 to 350 ¢mand  likewise characterized by photoluminescence spectra that ex-
correspond to the maximum values of the @isen param- tend to 1 eV in the low-frequency region. The spectra were
eters. Several vibrations in which the @grisen parameters measured at constant laser-excitation power density and were
are close to zero occur in the frequency region close to 400orrected for the spectral sensitivity of the recording appara-
cm™ 1. Next, another group of vibrations, in which the @ru  tus. Thus, the intensity distribution in the luminescence spec-
eisen parameters again assume rather large values, occurdra reflects the true picture, and its scale is identical for all
the 450-600-cm® region. A large group of the highest- pressures. This makes it possible to determine the position of
frequency vibrations, in the region from 1100 to 1600the edge of the spectrum accurately at any pressure.
cm ! has approximately the same parameters. Finally, a The luminescence spectrum shifts toward the red as
group of vibrations with negative Gneisen parameters oc- pressure increases, while its shape changes little. However,
curs in the frequency region from 700 to 800 tmwhose we are mainly interested in the baric shift of the lumines-
values for G are higher in absolute value than the corre-cence edge. It was determined as follows: the initial section
sponding values for £. of the spectrum was approximated by a parabola, and the

Negative values of the Gngisen parameters for crystal part adjacent to it in the higher-energy region was approxi-
phonon modes are evidence of structural instability of thanated by a straight line parallel to thxeaxis. The intersec-
crystal and closeness of the phase transition. In the case tbn of these two curves was taken as the point from which
intramolecular modes, they can be evidence of changes difie luminescence edge was measured for each pressure. The
the conformation and instability of the molecule. Negativespectral edge is at about 1.94 eV at normal pressure, and it
Gruneisen parameters in thes@Omolecule characterize the shifts toward lower energies as pressure increases. The baric
Hy(3) andHy(4) modes, which correspond to flattening of shift of the luminescence spectrum is thus negative, which is
the moleculegthe squashing moglé? From this viewpoint, characteristic of molecular crystals, whose molecules in the
it is not especially surprising that the absolute value of theslectron ground state possess a center of inversion and zero
negative values of the Gneisen parameters is significantly dipole moment. The baric dependence of the position of the
greater in (g crystals than in &,. This is possibly associ- luminescence edge, determined by the method indicated
ated with the initially higher symmetry of thegg&molecule  above, is shown in the inset to Fig. 7. The straight line in the
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minescence spectrum, shifts toward lower energies as pres-
sure increases. The baric dependence of the position of the
absorption edge is shown in the inset of Fig. 8, where the
L6r straight line is the tangent to this dependence at the begin-
ning region of pressures, and its slope defines the baric slope
L4r 4 of the spectrum. This value equals abeud.12 eV/GPa and
agrees fairly well with the baric shift of the luminescence
spectrum. The baric shift of the absorption spectrum strongly
decreases with increasing pressure and is abdu03 eV/
GPa atP=10 GPa. The same behavior is characteristic of
Ceo Crystals, as it is for molecular crystals as a whbtle.

As is well known, molecular crystals of the fullerites
Ceo and G are semiconductors with a rather large band gap.
Its value can be determined by the position of the optical
absorption edge and by the beginning of the luminescence
spectrum of the crystal. Our data on the baric shift of the
absorption edge and the beginning of the luminescence spec-
/ trum essentially determine the pressure dependence of the

— band gap of the & crystal. They make it possible to deter-

0 15 20 25 3.0 : : : :
Energy, eV mine the deformation potential of the fullerite,C

JEq dE,

Energy, eV

Optical density, In(1/T)

_.rQ
&

()

FIG. 8. Absorption spectra of the fullerite,£at various pressures. Curve a Y= m =—DBg W
shows the absorption of a solution of,{n toluene; curve b shows the 0

absorption of a thin pellet of £ at normal pressure. Curves c, d, e, and f : ;
show the absorption of a thin pellet of,{at pressures of 0.2, 1.4, 4.7, and Its Valui‘ determined from Eq'(3) with parameters
8.0 GPa, respectively. The inset shows the baric dependence of the positic_ﬁof 18.1+1.8 GPa andiE;/dP= —0.115-0.005 eV/GPa,
of the absorption edge. is =2.1+0.1 eV.
This value of the deformation potential is somewhat less

than the valuezZ~1.3 eV determined in Ref. 32 for .

inset is the tangent to the initial region of this dependence¥Nlike Geo, for which there are theoretical band structure
and its slope defines the baric shift of the spectrum, whosgalculations at normal and high pressures, and the deforma-
value is about-0.11 eV/GPa. tion potential has been determined both numerically and ex-
Figure 8 shows absorption spectra of the fulleritg @  Perimentally, there are no such data for thg €rystal. For
T=300 K and various pressures. Curve a corresponds to tH8iS reason, it is not currently possible to compare experi-
absorption of a solution of 4 in toluene and is given for mental results for the baric dependence of the electron and
comparison with the absorption spectrum of a thin pellet ofPhonon spectrum of the-gcrystal with the results of other
C, (curve B, obtained by the method explained abdie ~ PaPers. Nevertheless, we assume that our results can be use-
the section on experimental techniguas can be seen from ful for further development of theoretical and experimental
the figure, these two spectra have identical structure, whicfitudies of the energy spectrum ofC _
reflects the rather low level of mechanical stresses in the This work was supported by the Russian Fund for Fun-
pellet that unavoidably arise in the process of fabricating itdamental ResearctProject NO“96'02'174893”O| the State
Curves c, d, e, and f correspond to the absorption of a thinne$C|ent|f|c—_Techn|caI Program “Fullerenes and Atomic _Clus-
pellet at pressures of 0.2, 1.4, 4.4, and 8.0 GPa, respectivellgrs” (Project No. 97015 One of the author¢K.P.M) is.
The position of the absorption edge, determined by the sam@'ateful to NATO for support of scientific collaboration with
method as for the luminescence spectrum, is about 1.8 eV fdistotle University in Salonika, GreeceProject NATO
normal pressure. This value is about 1.84 eV, however, fofFRG No. 960555 and the other two authof®\.A.M. and
the solution of G, in toluene, and the difference of0.04 I.IL.T.) are grateful for support to the State Scientific—
eV between them determines the so-called crystal shift of thd €chnical Program on high-temperature superconductors
electron terms in molecular crystd®&.The difference be- (Project No. 93198
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