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In most fullerene crystals, orientational phase transitions are observed. At high
temperatures, Cso molecules experience retarded anisotropic rotation and at the phase
transition temperature, the rotation ceases and orientational ordering of Ceo molecules
takes place. In ACq fullerides, where A=K Rb, the appearance of a covalent (polymeric)
bonds between nearest Cg molecules and strain of Cg molecules following the phase
transition from the high symmetry phase Fm3m to the low symmetry phase Pnnm are
observed [1]. o

In papers [2,3] a phenomenological theory of the structural phase transition in
fullerides ACs is constructed and a médel’ of the orientational phase transition together
with a method for the description of Cs, molecule strain ai'e proposed. In this article, the
phonon basis suggested in paper [2] for the description of fullerene molecule strain is
experimentally verified. |

Structural investigations are carried out on the X-ray diffractometer with CuKq;
radiation (A =1.5406 A). The spectra are recorded with the step 0.02° and with the fixed
exposition time 30 sec. Our experimental investigations show that a polycrystalline
sample of RbCeo contains ~13 % of pristine Cgofullerite.

To describe the orientational phase transition in the fulleride ACg and
approximately describe of anysotropically rotating Ceo molecules in the high symmetry
phase Fm3m, it is necessary to introduce 12 discrete orientational states for each rotating
Cseo. Therefore, the number of phonon degrees of freedom for a rotating Ceo molecule is
equal to 12x60x3=2160, where 12 is the number of the orientational states of the
rotating molecule Cgo, 60 is the number of carbon atoms in the Cg molecule, 3 is the
number of possible atomic displacements.

‘The basic phonon functions describing the molecule strain of Cgp are
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where i1=1,...,16 denote nonequivalent carbon atoms of the Cgo molecule in the Pnnm

phase except carbon atoms with numbers 15 and 16 (see Fig. 1).
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Fig.1. Deformational displacements of carbon atoms C1, C21, C31 and C41 of a Ce
molecule in the Pnnm phase. The directions of atomic displacements are shown by
arrows. The length of the arrow is increased five times in comparison with a real value

[1] normalized to the size of the Ce molecule.

For those two atoms the basic functions are
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In equations (1-5), ua(7) is the unit displacement of an i-th atom in the crystalline o
direction. Atom i#; is connected with atom #, by the rotation at 180° about the two-fold
symmetry axis parallel to the crystalline Y direction, /3 and i; are defined from atoms /;
and i, respectively, using inversion. |

For example, the displacements of the carbon atoms C1, C21, C31 and C41 in

Fig. 1 are written as:



-;-[uy(c:1)+u,(c21)-uy(c31)-uy(C41)], ©)
-;-[-u,(c1)+uz(c21)-uz(c31)+uz(C41)], ()

%[ux(Cl)-ux(C21)+ux(C3 1)-u,(C41). (8)

The basic function (6) describes the stretching of the Cg molecule in the polymeric
direction and the functions (7) and (8) illustrate an increase in the covalent bond length
between two carbon atoms, C1 and C21 (C31 and C41), belonging to the same molecule
and participating in the formation of a polymeric bond. Such displacements are
completely consistent with experimental observations [1].

It follows from the analysis of basic functions (1) - (5) that the number of phonon
basic functions is equal to 3x14 + 2x2=46, and the strained Cg molecule as a whole can
experience slight rotation about a two-fold axis which coincides with the direction of the
polymeric bond in the crystal (the rotation of the Ceo molecule as a whole can be
constructed from basic functions (2) - (5)). Thus, the strategy of fitting the experiméntal
data should be the following. First, the orientation of an ideal molecule Cg in the low
symmetry phase should be determined (as it is done, for example, in paper [1]). Then,
positions of all carbon atoms in a strained Cgo molecule are found (in paper [1] only most
statistically significant displacements of three atoms, C1, C2 and C3, are determined).
Finally it is necessary to subtract from them atomic displacements connected with
rotation of the molecule as a whole. Only in such way it is possible to determine true
displacements of carbon atoms connected with molecule strain.

In Fig. 2, the X-ray diffraction spectrum of powder RbCs recorded at ambient
temperature is shown. The fitting of the spectrum is made by the Rietveld method using a
modernized MRIA program [4]. To describe the shape of diffraction peaks, the pseudo-
Voigt function [5] is used. For the fitting of the diffraction spectrum in the phase Pnmn
the following models are used: (A) ‘freely rotating’ C¢p molecule; (B) ideal Cgo molecule
with a two-fold symmetry axis directed along the polymeric bond in a RbCeo crystal
(lattice parameter in this direction is 9.100 A) and rotation of the molecule around that

direction at ~45% (C) the same as in (B) but with an additional fitting of the position of
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the carbon atom most strongly displaced (atom C1 in paper [1]); (D) the same as in (C)
but with an additional fitting of the positions of two carbon atoms (atoms C2 and C3 in
paper [1]); (E) the same as in (B) but with fitting of coordinates of all independent
carbon atoms in the molecule Cq (Wwith 'some weak restrictions for chemical bond

lengths).
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Fig.2. The X-ray diffraction spectrum of RbCg (and ~13 % of pristine Cg) at 300 K.

The R-factors obtained for the models A-E are summarized in Table 1. The

atomic coordinates determined in the E model for the X-ray data are shown in Table 2.

Table 1. The fitting results by different models for RbCqep at 300 K. Ry= X | Iops = Leate | / Z

| Lovs~ Background |, Ry= 2 | Tobs - Leac | / Z Tops. The sum is over all points in the spectrum.

Model* |2 Ry, % |R, %
A 318 | 150 |43
B 200 |103 |32
C 115 |90 2.6
D 98 |83 2.4
E 42 |56 16

*. The A-E models are described in the text.



Table 2. The structural parameters of RbCs obtained by Rietveld fitting of the X-ray

Spectrum at 300 K. The Debay-Waller factor of carbon is U(C);,,=0.009 A2

For rubidium

U(Rb)ise=0.021(1) A? and the occupancy factor is 0.90(1). The parameters of the

crystalline lattice are a=14.217(4) A, »=9. 100(3) A and ¢=10.113(3) A.

Atom Coordinaté;
X/a Y/b o Zlc

Cl -0.040(1) 0.407(5 d 0.052(1)
C2 0.122(1)  0339(1)  -0.0262)
C3 -0006(2)  0329(1)  0.181(1)
Ca 0153(1)  0293(2)  0.097(2)
C5 0.087(1)  0296(2)  0.206(1)
C6 0.155(1)  0.251(2) -0.137(1)
C7 0.077(1)  02642) 024902
C8 0209(1)  0.157(2)  0.108(1)
C9 0.103(1) _ 0.158(2) 0.290(2)
Clo  [0217(1)  0133@2)  -0.113(2)
CIT |-0073(1) 0.1z 0.320(1)
Cl2  [0240(1)  0077(1)  0.002(2)
CI3  [0.023(1)  0065(1) 032901
Cl4  [0172(1)  0.080(1)  0.221()
Cls  [-0218(1)  0.000(1) _ 0.199(])
Cil6  [-0.1312)  0.000(1)  0283(2)




|

Table 3. The deformation displacements of carbon atoms determined in the framework

of the model E.
Atom |AX,A |AY,A |AZ A
Cl 0.10 | 023 |00l
C2 009 [006 |-001
C3 001 |-003 |-0.01
ca 01 [o07 [004
C5 004 [010 |00l
C6 009 [002 003
C7 o o010 o1z
C8 005|001 |-010 '
C9 005|002 0.02
Cl0 [001 [004 [0.07
Cll__ |-003 |-001 |O0.5
Ciz | 006 |-003 |-005
C13  |-003 |[-013 |-012
Cl4 |-011 |003 |-012
Cls |03 000 |-007
Cl6 |-002 |000 |-0.17

In Table 3 deformation displacements (in Angstr'dms) of carbon atoms in the Ceo
molecule obtained by the proposed method are given. The rotation angle of the Cqo
molecule about a two-fold symmetry axis coinciding with the polymeric direction in the
crystal is 47.0(3)° (see also paper [2]). |

Thus, on the basis of the symmetry theory [2,3] of fullerene molecule strain at the

orientational phase transition in ACgo crystals it is possible to obtain deformational
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displacements of carbon atoms in the Csy molecule in diffraction experiments. Double

N
bond lengths of strained C¢o molecule range from 1.37 A to 1.55 A and single bonds lie in
the interval from 1.18 A to 1.59 A. The length of a broken double bond in the molecule is

1.55(2) A and the distance between the carbon atoms of two nearest molecules is equal

to 1.69(1) A.
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Axkcenos BJL. u np. | E14-2000-20
HNecopmauus Monekyinsl Qywiepeda B RbCy,

Mertonom nuppakuuy peHTIeHOBCKHX JIy4eH BIEpBble onpeneneHsl aedopma-
LIMOHHbBIE CMELLEHHs aTOMOB yriiepona B Mosiekyie Cg, ¢pymnepuna RbC,, B daze
Prnrnm. JniHa MOMUMEPHOM CBSI3U MEXIy aTOMaMH yrjliepoaa ABYX OMXaHuIux Mo-
nexkyn Cg, paBHa 1,69(1) A, a yron BpalueHHs MOJIEKY/Ib OTHOCHTEILHO Halpasiie-
HUS TOJIMMEPHOH cBsizd — 47,0(3)°.

Pabora BeinonHena B Jlaboparopuu HeitpoHHOH ¢uzuku uM. U.M.®Ppanka
OMSIN.

[Ipenpuut OOBEAHHEHHOrO MHCTHTYTA AOepHBIX HcclaenoBaHui. dybna, 2000

Aksenov V.L. et al. E14-2000-20
Fullerene Molecule Strain in RbC,

Strain displacements of carbon atoms in a C, molecule in the Pnnm phase of
the RbC, fulleride are first determined by X-ray diffraction. The measurements
show that the polymeric bond length between carbon atoms of two nearest mole-
cules Cg, is equal to 1.69(1) A, the rotation angle of the molecule about the poly-
meric direction is 47.0(3)°.

The investigation has been performed at the Frank Laboratory of Neutron
Physics, JINR.
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