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Measurements have been made of the Raman, optical absorption, and luminescence spectra of
single crystals and pellets of the fullerite C70 at T5300 K and at pressures up to 12
GPa. The baric shiftdv/dP and the Gru¨neisen parameters of the Raman-active intramolecular
phonon modes have been determined. It has been established that thedv/dP value for
certain phonon modes abruptly changes at pressures ofP1'2 GPa andP2'5.5 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
C70 crystals have been determined and are20.12 eV/GPa and20.11 eV/GPa, respectively,
for absorption and luminescence. The baric shift of the absorption edge decreases significantly with
increasing pressure and is20.03 eV/GPa at 10 GPa. These data have been used to
determine the deformation potential of the fullerite C70, which is about 2.160.1 eV. © 1997
American Institute of Physics.@S1063-7761~97!01601-6#

1. INTRODUCTION point group as 12A18122E28119E18. In a C70 crystal, which
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The discovery of the family of multiatomic carbon mo
ecules known as the fullerites has resulted in intensive st
of the physical properties both of the molecules and crys
themselves and of various compounds based on them.1,2 The
fact that most of the attention in this case has been dev
to the fullerite C60 is mainly associated with the discovery
superconductivity at relatively high temperatures in co
pounds of C60 with the alkali metals.

3,4 A definite role in this
is played by the circumstance that the method developed
synthesizing the fullerenes preferentially yields C60 and that
it is more available than the other representatives of the f
ily, in particular C70.

5

Nevertheless, a fairly great amount of attention has b
paid to the study of the properties of the fullerene C70. This
is associated both with the high intensity of the studies
many-atom carbon clusters as a whole and with the succe
in obtaining fairly pure starting material and single-crys
samples of C70. Unlike C60, the C70 molecule has the shap
of a rugby ball and consists of twelve pentagons and twe
five hexagons.6 The molecule belongs to theD5h point
group, and the C70 crystal has hcp structure with paramete
a051.01 nm andc051.68 nm and belongs to the spa
group P63

/mmc.7 Annealing crystals with the hexagon

structure in high vacuum causes it to be altered, and it
comes predominantly cubic, with a small concentration
the hexagonal phase.8 It should be pointed out that mos
C70 single crystals grown from the vapor phase have a cu
structure, although about 10% of the crystals are obtai
with a hexagonal structure.9

Much interest and attention have been devoted to
molecular dynamics and the phonon spectrum of C70 crys-
tals, which have been studied in a number of theoretical
experimental papers.10–14 According to theoretical calcula
tions of the molecular dynamics, the C70 spectrum contains
fifty-three Raman-active vibrations, classified in theD5h
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contains four molecules per unit cell, the number of act
modes increases significantly because of lowering of
symmetry and Davydov splitting. The first detailed measu
ments of the Raman and IR absorption spectra in C70 films
made it possible to determine the frequencies of the intra
lecular vibrations active in Raman scattering and IR abso
tion and to compare them with the results of numeri
calculations.14 Measurements of the temperature depende
of the Raman spectra of C70 single crystals made it possibl
to determine the frequencies of the intermolecular phon
modes and the critical variations of the Raman spectra a
ciated with the orientational-ordering phase transition
T5276 K.10,15 The structural aspects of the orientationa
ordering phase transitions were studied by x-ray and elec
diffraction.9 Detailed studies of the thermodynamics of the
transitions were carried out by differential thermal analysis16

In our opinion, there is special interest in studying t
energy spectrum and the phase transitions in C70 crystals at
high pressure. They are a source of additional information
the intermolecular interaction and are needed for qualita
numerical calculations of the band structure and the ene
spectrum of C70. The first measurements of the Raman sp
trum at high pressure were made on a powdered mixtur
C60/C70 fullerenes.

17 Measurements of the Raman spectra
C70 single crystals at high pressure made it possible to es
lish the features in the baric dependence of the phonon
quencies associated with phase transitions of the orie
tional ordering of the molecules in the crystal.18

Measurements of the IR absorption spectra of C70 at high
pressure made it possible to determine the baric shift co
cients and the Gru¨neisen parameters of the IR activ
modes.19 The baric shift of the fundamental absorption ed
was studied in Ref. 20.

This paper presents the results of detailed measurem
of the Raman spectra and the optical absorption and lu
nescence spectra of single crystals of the fullerite C70 at high
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pressure. The b

TABLE I.
vi ,
cm21

dv i /dP,
cm21/GPa
P,2.0

dv i /dP,
cm21/GPa
2.0,P,5.5

dv i /dP,
cm21/GPa
P.5.5 gi

vi ,
cm21

~Ref. 14!

vi ,
cm21

~Ref. 15!

dv i /dP,
cm21/GPa
~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 20.3 20.3 20.3 20.01 573 570 20.06
708 20.3 20.3 20.3 20.008 704 710 -
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 1.5 0.063 1062 1062 1.1
1181 7.1 9.4 3.5 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 4.5
1565 4.2 5.9 3.3 0.049 1569 1566 2.73
aric shifts and the Gru¨neisen parameters are
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determined for a large number of intramolecular phon
modes. The baric shift of the fundamental absorption a
luminescence edge is determined, as well as the deforma
potential of crystalline C70. Characteristic singularities
caused by phase transitions are revealed in the baric de
dence of the phonon frequencies at pressures of about 2
and about 5.5 GPa.

2. EXPERIMENT

Single crystals of the fullerene C70 were grown from
solution in toluene. The starting C70 material was obtained
by the method described in Ref. 5, and, according to the d
of a mass-spectrometric analysis, its purity was at le
98.5%. The Raman and luminescence spectra were mea
on single-crystal samples of C70 with a size of
100380320mm3. The optical absorption spectra were me
sured on thin polycrystalline pellets of C70, fabricated from
separate crystallites of the starting material. The pellets w
fabricated in a high-pressure chamber with diamond an
whose working areas are parallel to within arc minutes.
do this, a crystallite placed between the parallel work
areas was squeezed with no gasket in a sequential loa
cycle until its coloration in the unloaded state became c
red. Measurements show that pellets with a uniform thi
ness from 1 to 5mm are obtained in this case.

The optical measurements at high pressure were m
by means of a high-pressure chamber with diamond anvil
Merill–Basset type.21 The working area of the anvils wa
600mm across, the diameter of the working opening of t
stainless steel gasket was 250mm, and the thickness of th
gasket after preliminary compression was 80mm. A 4:1
methanol–ethanol mixture was used as a medium to tran
the pressure. The pressure in the working volume of
chamber was determined with an accuracy of 0.05 GPa f
the shift of theR1 luminescence line of ruby microcrystals.

22
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means of a Dilor-XY triple spectrometer with an optical mu
tichannel recording system. An argon laser~l5488 nm! and
a He–Ne laser~l5632.8 nm! were used as radiation
sources. The radiation power directly in front of the hig
pressure chamber was&0.5 mW, and the excitation spo
diameter, allowing for defocusing by the diamond anvi
equalled about 10mm. The absorption spectra were me
sured on an MDR-23 monochromator by the technique
scribed in Ref. 20.

3. RESULTS AND DISCUSSION

In the Raman spectra of C70 single crystals at norma
pressure and room temperature, seventeen vibrational m
were observed, whose frequenciesv i are given in the first
column of Table I. These frequencies are essentially ident
with the data of Refs. 14 and 15 for C70 films, shown in the
right-hand part of the table. They are also very close to
phonon frequencies in the Raman spectra of C70 crystals of
hexagonal modification, measured atT523 K and normal
pressure.10 Some of the frequency difference of the separ
modes is possibly associated with the presence of stress
the C70 films and with heating of the crystals by the argo
laser radiation atl5488 nm, in the strong-absorption regio
of the C70. The presence of stresses in the C70 films in-
creases the phonon frequencies somewhat, whereas he
the crystals has the opposite effect. It should be pointed
that a reversible decrease of the phonon frequencies in
Raman spectra of fullerite as the laser radiation power
creases was observed earlier in C60 crystals.

23 It was associ-
ated with the formation of a large number of excited trip
states; however, in our opinion, it is not impossible that
can be associated with significant local heating of the crys
We observed a similar effect in C70 crystals. To explain it, it
is necessary to specially investigate the value of the lo
heating in the laser excitation spot and its effect on the
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man spectra. In this paper, we strove to set the laser pow
the minimum possible level in order to reduce the effect
laser heating.

All the observed Raman modes relate to intramolecu
modes; the intermolecular, rotational, and vibrational mo
are located in the 10–60-cm21 frequency interval10 and were
not considered in this work. Figure 1 shows segments of
Raman spectra of C70 crystals in the 200–800-cm21 and
1000–1650-cm21 frequency regions at several pressures.
spectra were recorded in the 800–1000-cm21 region, since
there are no Raman-active phonon modes of C70 in this re-
gion. The region close tov'1332 cm21 has also been
eliminated from the Raman spectrum, since a very str
diamond vibration is located in this region, and the contrib
tion to the Raman spectrum from the diamond anvils
dominant. The experiments were done at room tempera
but, as indicated above, some local heating of the crysta
the laser-excitation spot is not excluded. The phonon mo
of C70 observed in experiment at all pressures are noted
the upper spectrum of Fig. 1 by dashes. The frequencie
the overwhelming majority of the phonons increase with
creasing pressure. The two phonon modes at 570 and
cm21 are exceptions, since their frequencies decrease
increasing pressure. A relative redistribution of the intens
of the phonon modes with increasing pressure is also
served in the Raman spectra and is associated with a ch
in the resonance conditions of the excitation because
significant baric shift of the optical absorption spectrum20

Most importantly, a significant strengthening of the low
frequency part of the Raman spectrum should be noted
similar effect was also observed in the Raman spectra
C60 crystals. Changing the excitation wavelength fro
l5488 nm tol5632.8 nm in these spectra atP*3.4 GPa
partially cancels the negative baric shift of the absorpt
spectrum and at first causes a partial reconstruction of

FIG. 1. Raman spectra of C70 single crystals at various pressures,T5300 K.
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initial intensity distribution. However, increasing the pre
sure further again changes the resonance conditions of
excitation and alters the intensity of the lines in the Ram
spectrum.

The baric dependence of the phonon frequencies
shown in Figs. 2–4, corresponding to three different ene
intervals. The vertical dashed lines in these figures indic
the pressures of 2.0 and 5.5 GPa, at which the slope of
baric dependence of virtually all the phonon modes abrup
changes. WhenP'2.0 GPa, new phonon modes also app
in the spectrum and are indicated in Figs. 3 and 4 by bl
dots. The solid straight lines are linear approximations of
experimental baric dependences of the phonon frequen

FIG. 2. Baric dependence of frequencies of the phonon modes of C70 single
crystals in the interval 1350–1650 cm21

.

FIG. 3. Baric dependence of frequencies of the phonon modes of C70 single
crystals in the interval 1050–1300 cm21

.
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drawn independently in three pressure ranges:P,2.0 GPa,
2.0,P,5.5 GPa, andP.5.5 GPa. For some phono
modes, these lines are shown by a dashed line, which refl
inadequate statistics of the experimental data.

Figure 5 shows the pressure dependence of the widt
the most intense line, for the 1565-cm21 phonon. It clearly
shows the abrupt increases in the line width at the bounda
of the three pressure regions, whereas the dependence
scribed by a virtually identical linear function in the interm
diate regions. These data are unambiguous evidence
there are two phase transitions in the C70 crystal in the
P152.060.2 GPa andP255.560.5 GPa regions. It should
be pointed out that the measurements at high pressure
made in two loading cycles with direct application of pre
sure. In the first loading cycle, measurements were made
pressures of 0.55 and 4.1 GPa~the black dots in Fig. 5!; then
the pressure was dropped to zero and a second loading

FIG. 4. Baric dependence of frequencies of the phonon modes of C70 single
crystals in the interval 200–800 cm21

.

FIG. 5. Raman line width for the phonon with frequency 1565 cm21 vs.
pressure.

147 JETP 84 (1), January 1997
cts

of

es
de-

hat

ere
-
or

cle

data obtained for the position and half-width of the line
the two loading cycles indicates that the phase transition
the P52.060.2 GPa region, at least, is reversible with r
spect to pressure.

The Raman data from the C70 crystals at high pressur
do not make it possible to unambiguously determine the
ture of the observed phase transitions. As is well know
orientational-ordering phase transitions that occur in t
stages take place in C70 crystals, as in C60 crystals. In a C60
crystal at normal pressure, the first stage of the orientatio
ordering phase transition occurs atT'260 K and corre-
sponds to freezing out of the random rotations of t
molecule.24 After this, the molecules occupy two energe
cally equivalent orientational positions, between which th
can jump. These jumps completely freeze out atT'85 K,
which corresponds to the second stage of the orientatio
ordering phase transition.25 The orientational phase trans
tions at high pressure andT5300 K also occur in two stages
at P1'0.4 GPa andP2'2.4 GPa, with the baric shift coef
ficient of the phase-transition temperature being equa
about 100 K/GPa for both stages.26–30 According to x-ray
and electron diffraction data, the orientational ordering
C70 crystals at normal pressure also occurs in two stag
which presumably correspond to freezing out of the rotatio
of the molecule along the short and long axes atT1'335 K
andT2'276 K, respectively.9

It is tempting to associate the phase transitions that
observed at high pressure with orientational ordering of
molecules. However, to do this, it must be assumed that
laser radiation heats the crystal to a fairly high temperatu
the value of which we estimated earlier as about 100 K.18 In
this case, an estimate of the baric shift coefficient of
phase-transition temperature gives a value significa
lower than in the C60 crystal. The observed data do not ru
out the possibility that both phase transitions that we
served at high pressure are associated with orientationa
dering, but additional studies, using other methods,
needed to reliably explain their nature.

The baric shift coefficientsdv i /dP of the phonon
modes are given in Table I for three pressure intervals. Th
values varied between20.3 and 9.4 cm21/GPa for various
modes and pressure intervals. The Gru¨neisen parametersg i

of the intramolecular phonon modes are determined fr
these data:

g i52
]v i /v i

]V/V
5
B0

v i
0

]v i

]P
. ~1!

It was assumed in this case that the equation of state
crystalline C70 is described by a Murnaghan-type depe
dence:

P5
B0

B08
F S V0

V
D B0821G ~2!

~whereV0 /V is the relative variation of the volume of th
crystal! with a bulk modulus ofB0518.161.8 GPa and that
B085dB0 /dP55.760.6 is the same as in the case of cry

147Meletov et al.
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31 The values of the Gru¨neisen parameters for th

intramolecular phonon modes of C70, determined for the ini-
tial pressure region, are given in Table I.

Figure 6 shows the dependence of the Gru¨neisen param-
eters of fullerite crystals on the frequency of the intramole
lar phonon modes. The open dots show the data of this pa
the black dots show the data from IR absorption in C70

films,19 and the squares show the data from Raman scatte
in C60 crystals.

32 As can be seen from the figure, a distin
correlation is observed between the results of the work us
Raman scattering and the IR absorption in C70 crystals. This
dependence, on which three characteristic regions can be
tinguished, also agrees well with the data from Raman s
tering in C60 crystals. The vibrations are stiffest in the initi
region of phonon frequencies, from 200 to 350 cm21

, and
correspond to the maximum values of the Gru¨neisen param-
eters. Several vibrations in which the Gru¨neisen parameter
are close to zero occur in the frequency region close to
cm21

. Next, another group of vibrations, in which the Gru¨n-
eisen parameters again assume rather large values, occ
the 450–600-cm21 region. A large group of the highes
frequency vibrations, in the region from 1100 to 16
cm21

, has approximately the same parameters. Finally
group of vibrations with negative Gru¨neisen parameters oc
curs in the frequency region from 700 to 800 cm21

, whose
values for C60 are higher in absolute value than the cor
sponding values for C70.

Negative values of the Gru¨neisen parameters for cryst
phonon modes are evidence of structural instability of
crystal and closeness of the phase transition. In the cas
intramolecular modes, they can be evidence of change
the conformation and instability of the molecule. Negati
Grüneisen parameters in the C60 molecule characterize th
Hg(3) andHg(4) modes, which correspond to flattening
the molecules~the squashing mode!.12 From this viewpoint,
it is not especially surprising that the absolute value of
negative values of the Gru¨neisen parameters is significant
greater in C60 crystals than in C70. This is possibly associ
ated with the initially higher symmetry of the C60 molecule

FIG. 6. Grüneisen parametersg i of various intramolecular phonon modes
the fullerites C60 and C70 .
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and the stronger influence of weak variations of the conf
mation of the molecule on the spectrum of intramolecu
vibrations.

Figure 7 shows the initial sections of the luminescen
spectra of C70 crystals atT5300 K and various pressures
Curve a corresponds to normal pressure, and curves b, c
d correspond to pressures 0.44, 0.82, and 1.6 GPa, res
tively. The luminescence spectrum is very extensive, and
low-frequency edge lies beyond the limits of spectral sen
tivity of the optical multichannel analyzer. C60 crystals are
likewise characterized by photoluminescence spectra tha
tend to 1 eV in the low-frequency region. The spectra w
measured at constant laser-excitation power density and w
corrected for the spectral sensitivity of the recording appa
tus. Thus, the intensity distribution in the luminescence sp
tra reflects the true picture, and its scale is identical for
pressures. This makes it possible to determine the positio
the edge of the spectrum accurately at any pressure.

The luminescence spectrum shifts toward the red
pressure increases, while its shape changes little. Howe
we are mainly interested in the baric shift of the lumine
cence edge. It was determined as follows: the initial sect
of the spectrum was approximated by a parabola, and
part adjacent to it in the higher-energy region was appro
mated by a straight line parallel to thex axis. The intersec-
tion of these two curves was taken as the point from wh
the luminescence edge was measured for each pressure
spectral edge is at about 1.94 eV at normal pressure, an
shifts toward lower energies as pressure increases. The
shift of the luminescence spectrum is thus negative, whic
characteristic of molecular crystals, whose molecules in
electron ground state possess a center of inversion and
dipole moment. The baric dependence of the position of
luminescence edge, determined by the method indica
above, is shown in the inset to Fig. 7. The straight line in

FIG. 7. Initial sections of the luminescence spectra of a C70 crystal at vari-
ous pressures, GPa:a! 0, b! 0.44,c! 0.82,d! 1.6. The inset shows the bari
dependence of the position of the luminescence edge.

148Meletov et al.



c
os

t

o

ic
th
i
n
ve
am
f
fo

th

in
c
t

el
os
e
d
se
ic

minescence spectrum, shifts toward lower energies as pres-
f the
the
gin-
lope

ce
gly

of

s
ap.
cal
nce
he
pec-
f the
r-

ss

re
ma-
ex-

eri-
and
r
use-
tal

n-

s-

h

–
tors

a

f
d
sit
inset is the tangent to the initial region of this dependen
and its slope defines the baric shift of the spectrum, wh
value is about20.11 eV/GPa.

Figure 8 shows absorption spectra of the fullerite C70 at
T5300 K and various pressures. Curve a corresponds to
absorption of a solution of C70 in toluene and is given for
comparison with the absorption spectrum of a thin pellet
C70 ~curve b!, obtained by the method explained above~in
the section on experimental technique!. As can be seen from
the figure, these two spectra have identical structure, wh
reflects the rather low level of mechanical stresses in
pellet that unavoidably arise in the process of fabricating
Curves c, d, e, and f correspond to the absorption of a thin
pellet at pressures of 0.2, 1.4, 4.4, and 8.0 GPa, respecti
The position of the absorption edge, determined by the s
method as for the luminescence spectrum, is about 1.8 eV
normal pressure. This value is about 1.84 eV, however,
the solution of C70 in toluene, and the difference of;0.04
eV between them determines the so-called crystal shift of
electron terms in molecular crystals.20 The difference be-
tween the position of the absorption edge and the beginn
of the luminescence spectrum, corresponding to 0.14 eV,
be a consequence of the chosen method of determining
spectral edge. It is also not impossible that it has a w
defined physical meaning. We cannot assert that the ch
procedure of determining the position of the spectral edg
sufficiently accurate when the spectra have no clearcut e
structure. All the same, there is no doubt that it can be u
to accurately determine the baric shift of the spectrum, wh
is our main goal.

The absorption spectrum of crystalline C70, like the lu-

FIG. 8. Absorption spectra of the fullerite C70 at various pressures. Curve
shows the absorption of a solution of C70 in toluene; curve b shows the
absorption of a thin pellet of C70 at normal pressure. Curves c, d, e, and
show the absorption of a thin pellet of C70 at pressures of 0.2, 1.4, 4.7, an
8.0 GPa, respectively. The inset shows the baric dependence of the po
of the absorption edge.
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sure increases. The baric dependence of the position o
absorption edge is shown in the inset of Fig. 8, where
straight line is the tangent to this dependence at the be
ning region of pressures, and its slope defines the baric s
of the spectrum. This value equals about20.12 eV/GPa and
agrees fairly well with the baric shift of the luminescen
spectrum. The baric shift of the absorption spectrum stron
decreases with increasing pressure and is about20.03 eV/
GPa atP510 GPa. The same behavior is characteristic
C60 crystals, as it is for molecular crystals as a whole.33

As is well known, molecular crystals of the fullerite
C60 and C70 are semiconductors with a rather large band g
Its value can be determined by the position of the opti
absorption edge and by the beginning of the luminesce
spectrum of the crystal. Our data on the baric shift of t
absorption edge and the beginning of the luminescence s
trum essentially determine the pressure dependence o
band gap of the C70 crystal. They make it possible to dete
mine the deformation potential of the fullerite C70:

D5
]Eg

] ln~V0 /V!
52B0

dEg
dP

. ~3!

Its value, determined from Eq.~3! with parameters
B0518.161.8 GPa anddEg /dP520.11560.005 eV/GPa,
is D52.160.1 eV.

This value of the deformation potential is somewhat le
than the valueD'1.3 eV determined in Ref. 32 for C60.
Unlike C60, for which there are theoretical band structu
calculations at normal and high pressures, and the defor
tion potential has been determined both numerically and
perimentally, there are no such data for the C70 crystal. For
this reason, it is not currently possible to compare exp
mental results for the baric dependence of the electron
phonon spectrum of the C70 crystal with the results of othe
papers. Nevertheless, we assume that our results can be
ful for further development of theoretical and experimen
studies of the energy spectrum of C70.
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