
PACS 61.46.+w, 61.50.Em, 62.20.Dc, 63.20.DjEFFECT OF PRESSURE ON THESTRUCTURE AND INTERMOLECULARPHONONS IN SOLID C60Yu.I.Prilutskii, V.A.Andreev, G.G.ShapovalovKiev Shevchenko University, Dept. of Physics,64 Volodymyrska St., UA{252017 Kiev, UkraineReceived July 11, 1996The low-temperature orientationaly ordered crystalline phase offullerene C60 was investigated in dependence on the external pressure.The vibrational spectrum of C60 crystal was calculated using the grouptheory and atom-atom potentials methods. The frequencies of inter-molecular modes as the functions of external pressure were studied.An assumption was made that the energy of the lattice includes twocontributions: a Lennard-Jones (12-6) potential and electrostatic in-teraction of charges located on the single and double bonds of C60molecule. The results obtained are in good agreement with the avail-able experimental data.1. IntroductionAfter the discovery of fullerene C60 molecules [1] a simple method was devel-oped to condense them to a solid phase [2]. The appearance of superconduc-tivity in alcali-doped fullerides [3] led to considerable e�orts to understandthe di�erent physical properties of these compounds as well as pristine C60.The investigations of fullerides are of great importance for extensive use ofmulti-atom carbon clusters in technics [4].In the present paper the low-temperature orientationaly ordered crys-talline phase of fullerene C60 was studied using the atom-atom potentialsmethod [5]. By means of the group theory methods [6] a calculation of thevibrational spectrum of fullerene C60 crystal was carried out in the approx-imation of an intermolecular potential which includes two contributions: aLennard-Jones (12-6) potential and electrostatic interaction. The dependen-cies of C60 crystal lattice parameter and its intermolecular frequencies onthe external pressure were investigated. The study of molecular dynamicsunder the high pressure give us the essential information about the inter-molecular interaction, which is necessary to improve the phonon spectrumcalculation for C60 crystal.It is to be pointed out the great interest to the external vibrationalspectra of solid fullerides is due to the following reasons. First of all, they arenecessary for the construction of intermolecular potentials which deverensthe molecular dynamics, elastic constants and thermodynamic properties ofthese systems [7-18]. Second, the superconductivity models remain actual,in which the low-frequency phonons are considered [19-21]. Besides, thec Yu.I.Prilutskii, V.A.Andreev, G.G.Shapovalov, 1997ISSN 0452{9910. Condensed Matter Physics 1997 No 9 (47{56) 47



48 Yu.I.Prilutskii, V.A.Andreev, G.G.Shapovalovintermolecular vibrations are to be considered in the investigation of thedynamics of the triplet excited states in organic molecular crystals [22-23].In the present paper the computer experiment for the investigation ofstructure and lattice dynamics of C60 crystal was analyzed. The resultsobtained were compared with the available experimental data [24-30].2. Study of the equilibrium structure of fullerene C60 crys-talC60 molecule [1] is a basic element of the crystal structure of solid C60. All60 atoms of carbon are sited in the molecule on the surface of sphere withdiameter of about 7 �A. They are arranged in 12 pentagons and 20 hexagons.The experiments on neutron scattering [31] carried out have shown each of60 single bonds under the temperature T = 3D4 K have 1.46 �A in lengthcomposing 12 pentagons, and the rest 30 double ones are of 1.381 �A longbeing common for the neighbouring hexagons. It is to make a note the C60molecule is stable under the hydrostatic pressure up to 200 kbar [32-35].The solid C60 is a molecular crystal. It has fcc lattice at the roomtemperature and the molecules freely rotate in it. Having temperature de-creased below Tc = 3D250 K the molecular reorientations sease [36-38] andfcc lattice changes to the simple cubic (sc) one: at T = 3D4:2 � 5 K thelattice constant is a = 3D14:04 �A, the number of molecules is the unit cellis Z = 3D4, the space symmetry group is Pa3 [25].The orientationaly ordered structure of solid C60 can be obtained asfollows [24]. Start from a fcc crystal in which all molecules have theirtwofold axes aligned along the [100] crystallographic direction. Then themolecules centered at (0,0,0), (1/2,1/2,0), (0,1/2,1/2) and (1/2,0,1/2) arerotated through an angle ' 6= 3D0o about the [111], [1�1�1], [�11�1] and [�1�11]directions correspondingly. Each of molecules is in a symmetry position �3.The sc structure of fullerene C60 crystal in dependence on the externalpressure was investigated in experiments [32,39-42]. It was found that thesolid C60 is stable when the external pressure is below 100 kbar. In theregion above about 100 kbar, the C60 crystal transforms from a sc structurephase to a low-symmetry insulator phase [32, 39].Let's write out the free energy of C60 crystal which is under the actionof uniform external pressure P at the temperature TF = 3DU(a; ') + E � TS + PV; (1)where U is the lattice energy (the potential energy of interaction between themolecules), E is the vibrational part of energy, S is an entropy, V = 3D a34is a volume of the unit cell of cubic crystal per a molecule. At low tem-peratures the vibrations and entropy factor have not much signi�cance andthe equilibrium crystal structure is determined by the minimum of free en-ergy ~F : ~F = 3DU(a; ') + Pa34 : (2)Within the framework of atom-atom potential method [5] the energy ofinteraction between the molecules is determined as a sum of pair interactionsof atoms i and j which belong to the di�erent molecules � and �0:



E�ect of pressure in solid C60 49U = 3D12X��0 U��0(jr�i � r�0jj): (3)Concerning the choice of the function U��0 the following should be men-tioned. An attempt to use the intermolecular Lennard-Jones (12-6) po-tential which is known for graphite has shown this potential describes themolecular dynamics of C60 crystal insatisfactory [8]. Therefore, a discrimi-nation between single and double bonds was taken into account by locatingboth additional interaction sites at the centers of the double bonds andcharges at these centers and carbon atoms. For the further improvementof this model the authors [16] have proposed to consider Coulomb poten-tial with accounting of the error function. The authors [15] besides theLennard-Jones potential have taken into consideration the noncentral in-teraction which can appear due to overlapping the orbitals of neighbouringmolecules. To solve the dynamic problem for C60 crystal the atom-atomBuckingham (6-exp) potential has been used too [14, 17-18].In the present paper the function U��0 includes two contributions [12]:an atom-atom Lennard-Jones (12-6) potential and electrostatic potential ofcharges located on the single bonds and double onesU��0 = 3D4" 60Xi;j=3D1 "� �jr�i � r�0jj�12 �� �jr�i � r�0j j�6#+ 90Xm;n=3D1 qmqnjr�m � r�0nj ; (4)where r�i and r�m are the coordinates of ith carbon atom and mth bondcenter in molecule � respectively, qm is an e�ective charge of mth bond: itequals to q in the case of single bond and �2q for the double one.Minimizing the free energy (2) over parameters a and ' at a constantpressure was carried out in approximation of rigid molecules under the con-dition of remaining symmetry of the crystal. It was taken into account onlytwelve nearest neighbours of each C60 molecule located within the radiussphere a=p2. The contribution of more remote molecules is insigni�cant.Our calculations showed that the following values of intermolecular po-tential parameters "=3D2.935 meV, �=3D3.47 �A and q = 3D0:27 e (e isan elementary charge) give an opportunity to obtain the solid C60 structureclose to experimental one in the absence of external pressure (P = 3D0) [24-25].The �gure 1 exhibits the dependence of the lattice energy U on thesetting angle of molecules ' at P = 3D0. As we can see the minimumof the lattice energy equals to Umin = 3D � 1911 meV. It is reached at' = 3D23:8o . This minimum is due to the contribution of a Lennard-Jones (12-6) potential on about 90 per cents (the curve 1 on �gure 1). Theresult obtained is in good agreement with the available experimental data:' = 3D26o [24] and ' = 3D22o [25] at the temperature T = 3D4:2� 5 K.The �gure 2 represents the dependence of the crystal lattice parameteron the external pressure. When the pressure is increased from 0 to 100 kbarthe lattice constant decreases with a rate of 0.004-0.014 �A/kbar. It mustbe pointed out that at pressure P = 3D100 kbar the volume of C60 crystaldecreases on about 15 per cents in comparison with its initial one.3. Study of the vibrational spectrum of fullerene C60 crystalLet's calculate the vibrational spectrum of solid C60 using the obtainedstructure. In the harmonic approximation the frequencies and eigenvectors
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Figure 1. Dependence of the lattice energy on the setting angleof molecules calculated by the atom-atom potentialsmethod at the temperature T = 3D4:2 � 5 K andexternal pressure P = 3D0.of crystal vibrations can be found from the equation [5]!2e�s = 3DX�0s0 D�s�0s0e�0s0 ; (5)where e�s is the sth component of displacement vector of the �th molecule,D�s�0s0 is a symmetric dynamic matrix which describes the elastic inter-action at translational and librational motions of the molecules and theircoupling: D�s�0s0 = 3D(M sM s0)�1=2Xb �b�s�0s0ei~k ~Rb : (6)Here the sum is carried out over all units of the C60 crystal. M s meanseither mass of the C60 molecule (M = 3D720 a.u.m) if index s corre-sponds to the translational motions or the inertia moments of this molecule(Ix = 3DIy = 3D6:2 � 103 �A2 a.u.m., Iz = 3D5:9 � 103 �A2 a.u.m., z k C2) ifindex s corresponds to the librational motions. The values of the forceconstants �b�s�0s0 are calculated in the equilibrium state according to the
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Figure 2. Calculated dependence of the lattice constant on theexternal pressure at the temperature T = 3D4:2�5 K.formulas [43]. At the value of wave vector ~k = 3D0 the dynamic prob-lem (5) is solved for translational and librational motions of the moleculesin a crystal separately.The symmetry analysis of the dynamic matrix of solid C60 [11] has shownthat for the pure librational vibrations of the lattice of C60 crystal its sym-metry dynamic matrix of order 12� 12 consists of eight independent com-ponents only:d1 = 3DD1x1x; d2 = 3DD1x1y; d3 = 3DD1x2x; d4 = 3DD1x2y;d5 = 3DD1x2z; d6 = 3DD1x3x; d7 = 3DD1x3z; d8 = 3DD1x4x: (7)For the pure translational vibrations of the lattice of C60 crystal itssymmetry dynamics matrix of order 12� 12 includes only �ve independentcomponents (the additional conditions on the dynamic matrix elements ap-pear owing to the existence of threefold degenerated acoustic mode) [11]:d1 + d3 + d6 + d8 = 3D0; d7 = 3D� d2; d5 = 3Dd4: (8)The classi�cation of intermolecular modes at ~k=3D0 can be found by apositional symmetry method [6]



52 Yu.I.Prilutskii, V.A.Andreev, G.G.Shapovalov= 83 = 3DAg +Eg + 3Fg +Au + Eu + 3Fu; (9)where the even (g) representations are related to the librational modes andodd (u) ones to the translational modes of C60 molecule in a crystal. Alleven modes are Raman active, one of the Fu modes is acoustic and only twomodes Fu are infrared active.Finally, for undegenerated modes Ag and Au the frequencies are equalto [11]:!2(Ag) = 3D d1 + 2d2 + d3 � 2d4 � 2d5 � d6 � 2d7 � d8;!2(Au) = 3D 2(d1 + 2d2 + d3 � 2d4): (10)For twofold degenerated modes Eg and Eu the frequencies are equalto [11]: !2(Eg) = 3D d1 � d2 + d3 + d4 + d5 � d6 + d7 � d8;!2(Eu) = 3D 2(d1 � d2 + d3 + d4): (11)For threefold degenerated modes Fg and Fu the frequencies can be foundfrom the following characteristic equation:������ C11 � !2 C12 C13C12 C22 � !2 C23C13 C23 C33� !2 ������ = 3D0; (12)where for the librational vibrationsC11 = 3Dd1 + d3 + d6 + d8; C22 = 3Dd1 � d3 + d6 � d8;C12 = 3Dd2 � d4 + d5 + d7; C23 = 3Dd2 + d4 + d5 � d7;C13 = 3Dd2 + d4 � d5 + d7; C33 = 3Dd1 � d3 � d6 + d8; (13)and for the translational vibrations with account of expression (8) we have:C11 = 3DC12 = 3DC13 = 3D0; C22 = 3D2(d1 + d6);C23 = 3D2(d2 + d4); C33 = 3D� 2(d3 + d6): (14)The obtained expressions (13) and (14) di�er from the result [11] owingto multiple choice of the normal vibrations forms for the C60 crysral [44].They have more simple form in our case.The obtained above parameters for the potential (4) turned out to beinsatisfactory for the calculation of intermolecular frequencies being com-pared with the experimental data [27]. By means of potential simulationthe following values were received: " = 3D0:059 meV and q = 3D0:03 e(the value of � was remained constant).The calculated intermolecular frequencies of C60 crystal in the Brillouinzone center at T = 3D4:2� 5 K and P = 3D0 are represented in table 1. Itis seen that all translational modes are located higher then the librationalones. The values obtained for the frequencies are distinguished from theexperimental data [26-29] up to 7 percents.The analysis of formulas (10),(11),(12) and (14) has shown the fre-quencies of translational modes satisfy the following expressions:



E�ect of pressure in solid C60 53Table 1. Frequencies (in cm�1) of intermolecular modes ~k =3D0 calculated by the atom-atom potentials methodat the temperature T = 3D4:2 � 5 K and externalpressure P = 3D0.theory experimentsymmetry T = 3D4:2� 5K [27]T = 3D10KAu 35.0Eu 46.7Fu 42.9 40.8Fu 51.0 54.8Ag 18.6 18.5Eg 18.5Fg 17.1Fg 17.5Fg 22.0 21.8�3 �!12(Fu) + !22(Fu)�+ 2!2(Eu) + !2(Au)	 =12 = 3D d1;�2!2(Eu) + !2(Au)� 3 �!12(Fu) + !22(Fu)�	 =12 = 3D d3: (15)�!12(Fu)� !22(Fu)�2 = 3D 4 �(d6 � d8)2 + 4(d2 + d4)2� ;!2(Eu)� !2(Au) = 3D 6(d4 � d2): (16)
Figure 3. Calculated dependence of the translational frequen-cies on the external pressure at the temperature T =3D4:2� 5 K.The numerical calculations carried out for the pure translational vibra-tions have shown that d6 � d8. Then we can found from equations (8) and
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Figure 4. Calculated dependence of the librational frequencieson the external pressure at the temperature T =3D4:2� 5 K.(16): d6 = 3D � 12(d1 + d3)�3 �!22(Fu)� !12(Fu)�+ 2 �!2(Au)� !2(Eu)�	 =24 = 3D d2;�2 �!2(Eu)� !2(Au)� � 3 �!12(Fu)� !22(Fu)�	 =24 = 3D d4: (17)Thus, all components of the translational dynamic matrix of fullereneC60 crystal can be determined from expressions (15) and (17) if theexperimental values of frequencies are known. It makes feasible suability tode�ne the parameters of intermolecular potential (4) more precise by.Figures 3 and 4 depict the dependencies of frequencies for translationalmodes and librational ones on the external pressure correspondingly. Whenthe pressure is increased from 0 to 100 kbar the librational modes andtranslational ones shift toward higher frequencies with a rate of 0.35-0.65cm�1/kbar and 0.77-1.38 cm�1/kbar respectively. This results is in goodagreement with the experimentally observed values for the librational modes[30]: the strongest libron mode Ag shifts at a rate of 0.37 cm�1/kbar, whilea weaker, higher energy libron mode Fg shifts at a rate of 0.52 cm�1/kbar.References[1] Kroto H.W., Health J.R. et al. C60: Buckminsterfullerene. // Nature, 1985,vol. 318, No 6042, p. 162-163.[2] Kraetschmer W., Lamb L.D. et al. SolidC60: a new form of carbon. // Nature,1990, vol. 347, No 6291, p. 354-358.[3] Hebard A.F., Rosseinsky M.J., Haddon R.C., Murphy D.W., Glarum S.H.,Palstra T.T.M., Ramirez A.P., Kortan A.R. Superconductivity at 18 K inpotassium-doped C60. // Nature, 1991, vol. 350, No 6319, p. 600-601.[4] Eickenbusch H., Hartwich P. Fullerene (Technologie-Analyze). VDI Technolo-giezentrum. Physikalische Technologien, 1993.[5] Kitaigorodskii A.I. Molecular Crystals. New York, Academic Press, 1973.[6] Mavrin B.N. The classi�cation of translational and orientational vibrationsin the crystals. // Optics and Spectroscopy, 1980, vol. 49, No 1, p. 79-85 (inRussian).
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