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1 Introduction Crj is the most commonly occurring
higher order fullerene next to Cgg. The C7g molecule has a
slightly elongated “rugby ball” shape with molecular sym-
metry Dsj,. At room temperature and ambient pressure, the
crystalline Crg generally has a face-centered-cubic (fcc) or
rhombohedral (rh) structure and exists in the first
orientationally-ordered state [1]. In this ordered state, the
rotation of the C7y molecules is restricted to that around
the long axis of the molecules [2,3].

Several experimental investigations under pressure have
been performed on this compound. Generally, compression
of the lattice forces the C7y molecules to line up in paral-
lel, inducing and enhancing the orientational ordering of
the molecules, hence leading to a rh symmetry of the lat-
tice [1]. This structural phase transition, where the crys-
tal symmetry changes from fcc to rh, was studied by X-
ray diffraction measurements. A first-order transition be-
low 0.9 GPa at RT was reported by Kawamura et al. [4-6].
The rhombohedral distortion was found to increase with
increasing pressure, with a saturation of the rhombohedral
angle at around 1 GPa; this saturation was attributed to the
transformation to a monoclinic (mc) phase [5]. Christides
et al. suggested that the onset of the fcc-rh transition occurs
around 0.35 GPa, with the fcc phase coexisting up to 1 GPa
at RT, based on their energy dispersive X-ray diffraction
studies [7].

Furthermore, thermal conductivity and compressibility
studies on C,y found two anomalies at around 0.15 GPa
and 0.7 GPa at 296 K [8-10]. These anomalies were at-
tributed to a continuous change of the orientational order-
ing and eventual “freezing” of molecular rotations proba-
bly accompanied by a fcc-rh structural phase transition, in
analogy to the changes observed upon decreasing temper-
ature.

Also, a few pressure-dependent Raman and infrared
spectroscopic studies were performed on C7( at RT. How-
ever, some of these investigations used mixtures of Cgg
and Cr( which is undesirable as the presence of Cgq influ-
ences the physical properties of C7g [11,12]. The pressure-
dependent Raman spectroscopic measurements on pure C7q
found anomalies which could be attributed to the orienta-
tional ordering transitions [13—15]. Sood et al. found an
anomaly at around 1 GPa in the pressure-dependence of
the frequencies and linewidths of the Raman-active vibra-
tional modes which was attributed to the fcc-to-rh orien-
tational ordering transition [15]. Raman studies by Mak-
simov and coworkers exhibited two anomalies at around
~ 2 GPa and ~ 5.5 GPa, which were attributed to the sig-
natures of the orientational ordering of C7g molecules [13,
14]. The pressure-dependent infrared study on mixtures of
Cgo and Cr( found no discontinuous change apart from the
splitting of a vibrational mode at 535 cm™"! [16]. Further-
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more, infrared measurements on pure Crg found no dis-
continuous change in the pressure dependence of the vi-
brational modes [17].

Thus, various pressure-dependent spectroscopic mea-
surements exhibit discrepancies in the reported anomalies.
Despite these controversial results from optical investiga-
tions, a tentative, low-pressure phase diagram [1] is ac-
cepted by now, which shows a change of the orientational
ordering of the C7¢ molecules induced at around 1 GPa.
Related to the change in orientational order is a change in
the crystal symmetry to rh.

The aim of our work was to clarify the discrepancies in
the optical response of C7( under pressure and confirm the
tentative low-pressure phase diagram [1].

2 Experiment The experiments were carried out on
high-purity (> 99%) C( powder samples, with an fcc phase
at ambient conditions according to infrared studies show-
ing phase transitions at 280 and 340 K (the admixture of
another fullerene with Crq should lead to shifts of the lat-
tice parameters and transition temperatures [18,19]). The
pressure-dependent transmittance measurements were per-
formed at room temperature using a Bruker IFS 66v/S spec-
trometer with an infrared microscope (Bruker IRscopell).
The pressure was generated by a diamond anvil cell (DAC)
of Syassen-Holzapfel type [20] and the ruby luminescence
method was used for pressure determination, with an ac-
curace of 0.1 GPa [21]. The pressure-dependent transmit-
tance was studied for pressures up to 4 GPa in the infrared
frequency range (400 cm~! - 8000 cm~1). The transmit-
tance and the corresponding absorbance of C7g was ob-
tained in the following way: The intensity Is(w) of the radi-
ation transmitted by the mixture of powder sample and the
pressure transmitting medium (CsI) was measured. As ref-

Cro as a function of pressure. The pres-
sure dependence of selected vibrational
modes are shown for few pressures.
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erence, the intensity I, (w) transmitted by the pure pressure
transmitting medium inside the DAC was used. The trans-
mittance was then calculated according to T'(w) =Is(w)/I;(w).
The absorbance was calculated as A =logo(1/T).

3 Results and discussion Cr( has Ds;, symmetry
with the vibrational modes 1045 + 21F; + 12A} + 22},
+ 19EY + 9A, + 9AY + 20EY, where only the E] and
the A modes are infrared-active [22-24]. In our transmit-
tance measurements we observed nearly 20 infrared ac-
tive modes; some of them have very low intensity. The
pressure-dependent absorbance spectra of selected vibra-
tional modes of Crq are shown for few pressures in Fig. 1
With increasing pressure, most of the vibrational modes of
Cro shift to higher frequencies, except the modes at around
577cm 1,673 cm™1, 727 ecm™1, 742 cm~! and 795 cm L.
The redshift of the vibrational modes 577 cm™ !, 673 cm ™!
and 795 cm ™! with increasing pressure was also observed
in the earlier infrared studies under pressure [16,17]. Al-
though the intensity of some vibrational modes decrease
with increasing pressure, most of the vibrational modes
persist up to 4 GPa. Furthermore, we do not find signa-
tures of new vibrational modes and mode splittings up to
4 GPa [25].

The detailed quantitative information on the pressure
dependence of the vibrational modes of Cyy can be ex-
tracted by fitting with Lorentzian functions. Such a fit al-
lows the accurate determination of the frequencies of the
vibrational modes with an accuracy of +0.2 cm~'. The
extracted frequencies are shown in Fig. 2 as a function
of pressure below 3.5 GPa. The pressure dependence of
the vibrational modes of Crq is nearly linear except for an
anomaly at around 0.8 GPa. This anomaly, observable for
all vibrational modes, is not sharp but appears to be slug-
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Figure 2 Pressure-dependent frequencies of the vibrational modes of C7g in the pressure regime p < 3.5 GPa. The vertical dashed line
indicates the pressure of the orientational ordering phase transition. The solid lines represent the linear fits of the pressure dependence of
the vibrational modes showing a clear change in the pressure-induced shifts, for the pressures below and above the transition pressure.

gish: For example, the mode at 460 cm ™! starts to deviate
from a linear dependence at 0.7 GPa and follows a linear
increase with a different slope above ~1.2 GPa.

Further confirmation of the anomaly can be obtained by
checking for a maximum in the pressure derivative (dv/dp)
of the frequency of the vibrational modes. Figure 3 shows
as examples the pressure derivative for the modes at 535 cm™
and 565 cm~! as a function of pressure. A broad maximum
centered around 0.8 GPa is observed in the pressure deriva-
tive plot, clearly indicating the anomaly in the pressure de-
pendence of the vibrational modes.

Our results obtained with small pressure steps indicate
that an anomaly at around 0.8 GPa indeed exists in the pres-
sure dependence of the infrared-active vibrational modes.
The pressure coefficients (dv/dp) of various modes below
and above the critical pressure are listed for both pres-
sure regimes in Table 1. These pressure coefficients though
slightly different from previous works, lie in the same range
[17]. The change in the pressure coefficient of the vibra-
tional modes at around 0.8 GPa is a clear sign for a phase
transition and can be attributed to an orientational order-
ing transition, where the uniaxial motion of C7y molecules
stops and the molecules are ordered. This transition is prob-
ably accompanied by a structural change from fcc to rh or
mc phase.

1

The pressure of the ordering transition (0.8 GPa) is
close to the value (1 GPa) reported in the Raman studies
by Sood et al. [15]. The slow change in the pressure depen-
dence of the vibrational modes, is similar to the pressure-
response observed in energy dispersive X-ray and thermal
conductivity studies [7, 10]. This sluggish character of the
transition could be due to a continuous change of the ori-
entational order. An alternative explanation could be the
coexistence of two phases (fcc, rh) of solid Crg in the tran-
sition pressure regime, causing a sluggish response regard-
ing pressure (or temperature).

4 Conclusion We presented pressure-dependent
infrared transmittance measurements on fullerene Crq at
room temperature in the pressure range up to 4 GPa. The
vibrational modes of Cry exhibit a nearly linear pressure
dependence with a sluggish anomaly at around 0.8 GPa.
This anomaly observed for the first time in the infrared
spectroscopic measurements could be attributed to the ori-
entational ordering phase transition of C7¢ molecules. The
sluggish behavior could be either due to a continuous change
of the orientational order or due to the coexistence of two
phases in solid Crg.
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Figure 3 Pressure derivative of the frequency of selected vibra-
tional modes at 535 cm ™! and 565 cm ™" as a function of pres-
sure. The broad anomaly around 0.8 GPa is clearly revealed by
the maximum in the pressure derivative of the frequency of the
vibrational modes.

Table 1 The pressure coefficients dv/dp of the vibrational modes
are tabulated for the pressure regimes below and above the critical
pressure (p~0.8 GPa).

Mode frequency  dv/dP for p<0.8 GPa  dv/dP for p>0.8 GPa
(cm™h) (cm~ ! GPa™ 1) (cm™! GPa™!)
460 1.12 £0.17 0.60 £ 0.04
510 -0.04 £ 0.03 0.47 £ 0.04
535 1.50 £ 0.18 1.95 £ 0.05
565 1.34 £0.37 2.11 £0.06
577 -0.20 £+ 0.07 -0.30 £+ 0.02
642 0.19 4+ 0.06 0.21 +£0.01
673 -0.29 £ 0.01 -0.45 £0.02
742 -1.11 £ 0.17 -0.38 £0.03
1134 277 £0.35 2.51 £0.07
1251 334 +£0.75 2.30 £ 0.09
References

[1] B. Sundqvist, Adv. Phys. 48, 1 (1999).
[2] M. Sprik, A. Cheng, and M. L. Klein, Phys. Rev. Lett. 69,

1660 (1992).

[3] G.B.M. Vaughan, P. A. Heiney, D.E. Cox, J.E. Fischer,
A.R. McGhie, A.L. Smith, R. M. Strongin, M. A. Cichy,
and A. B. Smith III, Chem. Phys. 178, 599 (1993).

[4] H. Kawamura, M. Kobayashi, Y. Akahama, H. Shinohara,
H. Sato, and Y. Saito, Solid State Commun. 83, 563 (1992).

[5] H. Kawamura, Y. Akahama, M. Kobayashi, H. Shinohara,
H. Sato, Y. Saito, T. Kikegawa, O. Shimomura, and K. Aoki,
J. Phys. Chem. Solids 54, 1675 (1993).

[6] H. Kawamura, Y. Akahama, M. Kobayashi, Y. Hasegawa,
H. Shinohara, H. Sato, and Y. Saito, Jpn. J. Appl. Phys. 32,
L101 (1993).

[7] C. Christides, I. M. Thomas, T.J.S. Dennis, and K. Pras-
sides, Europhys. Lett. 22, 611 (1993).

[8] A. Lundin, A. Soldatov, and B. Sundqvist, Europhys. Lett.
30, 469 (1995).

[9] A. Lundin, A. Soldatov, and B. Sundqvist, Mater. Res. Soc.
Symp. Proc. 359, 555 (1995).

[10] A. Soldatov, and B. Sundqvist, J. Phys. Chem. Solids 57,
1371 (1996).

[11] Y. Maniwa, A. Ohi, K. Mizoguchi, K. Kume, K. Kikuchi,
K. Saito, I. Ikemoto, S. Suzuki, and Y. Achiba, J. Phys. Soc.
Jpn. 62, 1131(1993).

[12] H. Kawamura, Y. Akahama, M. Kobayashi, H. Shinohara,
and Y. Saito, J. Phys. Soc. Jpn. 63, 2445 (1994).

[13] K. Meletov, A. Maksimov, Yu. Ossipyan, and I. Tar-
takovskii, Mol. Cryst. Lig. Cryst. 256, 909 (1994).

[14] A. A. Maksimov, K. P. Meletov, Yu. A. Ossipyan, I.1. Tar-
takovskii, Yu. V. Artemov, and M. A. Nudel’man, JETP Lett.
57, 816 (1993).

[15]1 A.K. Sood, N. Chandrabhas, D.V.S. Muthu, Y. Hariha-
ran, A. Bharathi, and C. S. Sundar, Philos. Mag. B 70, 347
(1994).

[16] Y. Huang, D.E.R. Gilson, and 1. S. Butler, J. Phys. Chem.
95, 5723 (1991).

[171H. Yamawaki, M. Yoshida, Y. Kakudate, S. Usuba,
H. Yokoi, S. Fujiwara, and K. Aoki, J. Phys. Chem. 97,
11161 (1993).

[18] A.R. McGhie, J.E. Fischer, P. A. Heiney, P. W. Stephens,
R. L. Cappelletti, D. A. Neumann, W. H. Mueller, H. Mohn,
and H. -U. ter Meer, Phys. Rev. B 49, 12614 (1994).

[19] K. Kniaz, J. E. Fischer, A. R. McGhie, L. A. Girifalco, R. M.
Strongin, and A. B. Smith III, Solid State Commun. 96, 739
(1995).

[20] G. Huber, K. Syassen, and W. B. Holzapfel, Phys. Rev. B 15,
5123 (1977).

[21] H. K. Mao, J. Xu, and P. M. Bell, J. Geophys. Res. [Atmos.]
91, 4673 (1986).

[22] M. C. Martin, X. Du, J. Kwon, and L. Mihaly, Phys. Rev. B
50, 173 (1994).

[23] P. Bowmar, W. Hayes, M. Kurmoo, P. A. Pattenden, M. A.
Green, P. Day, and K. Kikuchi, J. Phys.: Condens. Matter 6,
3161 (1994).

[24] R.E. Stratmann, G. E. Scuseria, and M. J. Frisch, J. Raman
Spectrosc. 29, 483 (1998).

[25] The spectral feature at 1150 cm ™!, whose frequency is inde-
pendent of pressure and whose oscillator strength is increas-
ing with time, can be attributed to water vapor absorption.



	Infrared spectroscopy on the fullerene C70 under pressure
	Komalavalli Thirunavukkuarasu, Christine A. Kuntscher, F. Borondics, G. Klupp, K. Kamarás
	Nutzungsbedingungen / Terms of use:
	licgercopyright  


