PHYSICAL REVIEW B, VOLUME 63, 085407
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Lattice dynamical calculations of the phonon density of states of external modes are reporte€dor K
Rb;Cqp, and RRCg, using three different models of transferable interatomic potentials. On comparison with
the experimental reported data, an interatomic potential consisting of Coulomb and short range interactions has
been found most suitable to explain the phonon density of states of the systems studied. Calculations using the
rigid molecular ion model have enabled assignment of various important features in the experimental phonon
spectra in terms of the vibrations of different species.
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[. INTRODUCTION cancies of the host lattice. The local structure and dynamics
of the alkali-metal atoms in REg,, K,RbGs, etc., have
Since Krastchmeet al® produced macroscopic quanti- been studied by extended x-ray-absorption fine-structure
ties of fullerene, knowledge of the molecular and solid statespectroscopyfEXAFS).*® In MCqo, the M atoms are lo-
chemistry of Gy has had rapid growth. Solidsgis a van der  cated at distorted tetrahedral sites such that eaghisGur-
Waals bonded molecular crystal having a close packed faceeunded by 24M atoms®
centered cubic structure at 300%R. Alkali metals can be In this paper, we report lattice dynamical calculations of
doped into the g lattice to formM,Cg, compounds, where the external vibrations for Ry, K3Cgp, and RRCqg, in
x=1-6. Reports of superconductivity at 19 K and 29 K inthe external mode approalhin this approach, the well
potassium and rubidium dopedg{Cmotivated intense re- bound cluster of 60 carbon atoms, i.e., thg @olecule, is
search toward understanding these matetf8li§our distinct  treated as a rigid body capable of both translation and rota-
crystalline phases have been identified, namely] ¥dor the  tion. Coupling is then allowed between the vibrations of this
parent phase witk=0, fcqll) for x=3, a body centered rigid body and those of other units and translations of the
tetragonal phase witk=4, and a body centered cubic phase metal ions. The modes thus obtained are the external modes.
with x=6.%® M,Cq, forms polymer chains that show dra- The external modes extend up to about 15 meV while the
matic changes when compared to pur@.éc) internal modes of g, are seen above 30 meé?. So they are
Among the four distinct crystalline phases of the dopedwell separated, and it is a reasonable approximation to ignore
fullerenes, the metallic character is greatest at the composihe coupling between the external and internal modes. Ren-
tion M3Cqp.% The symmetry oM ;Cgo is Fm3m where the  ker et al®® previously reported lattice dynamical calcula-
Cso molecules are distributed between two equally populatedions in K3Cgp and RRCgq, using electrostatic and Lennard-
orientations with little residual disorder of thg{attice, as  Jones type potentials in the external mode approach.
shown by the low value of the Debye-Waller factor of the Different potential parameters were employed for the metal
carbon atom$® Cy; doped to saturation withl atoms form- jons in different environments. We have now used lattice
ing MeCqp is found to be nonsuperconducting. These aregynamical models based on transferable interaction poten-
body centered systems with space grom3 with Cgo mol-  tials suitable for the three systems f&f,, K3;Cqy, and
ecules orientationally orderé® RbsCeo, Where identical potential parameters are employed
It is of considerable interest to understand the kind offor the same atomic pairs in the different systems. This po-
interatomic binding force existing in such samples, which intential may be further extended to explain the dynamics of
turn might help in understanding the occurrence of supercorsystems like NgRbCyg.%©
ductivity in M3Cgq Systems. The inelastic neutron scattering Three different types of model have been used: a simple
technique is used to obtain information on the vibrationalvan der WaalgvdW) potential (model ); a van der Waals
properties: Phonon dispersion measurement on dopgg C potential with an electrostatic interaction includéuodel
requires single crystals of these compounds, which has nat); and finally a screened Coulomb potential along with the
yet been possible. Neutron scattering experiments on pristinean der Waals potentidmodel I1l). Comparison of the cal-
polycrystalline samples have been carried out after attainingulated results and the various structural and dynamical data
a high level of purity. indicates model Il to be the most suitable. We have also
When alkali-metal atoms are intercalated into thg&t-  calculated the partial phonon density of states due to the
tice, they occupy the large interstices, i.e., the octahedral angarious constituents in the unit cell that contribute to the total
tetrahedral voids in the lattice. The translational motions arelensity of states, which also helps in identifying the contri-
stiffened a little; also the rotational hindrance potential isbutions from each one of the species to the various peaks in
increased. As a result, librational frequencies are distincththe observed phonon spectra. Our aim in doing these calcu-
higher than in pure g. The intermolecular distances are lations has been to study the changes in the density of states
also expanded slightf§®® In the case ofM;Cqy, the M due to intercalation, and to formulate an interatomic potential
atoms occupy all the available tetrahedral and octahedral vde explain these features.
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Il. MODELS OF NONBONDED INTERATOMIC TABLE I. Potential parameters used in the rigid molecular ion
POTENTIALS model calculations. Ac.c=387.87 kcal/mol; R¢=2.2 A; Rgy,

. . . ) =26 A; R.=1.75 A.
The various calculations to interpret the dynamics of

doped fullerenes were done in the external mode apprdach. K3Ceo RbsCeo RbsCeo

This is justified since there is a large gap between the exter

nal and internal modes. The;gmolecule was considered to Am-c (kcal/mol)

be a single rigid unit, capable of both translation and rotaModel | 2300 5050 5050

tion; hence the rigid molecular ion model was used. CouModel II 2000 4900 4900

pling is allowed among the rigid fullerene molecules and theModel IlI 2250 5050

alkali-metal atoms. The force constants between the coupled Zy

vibrational degrees of freedom are calculated using modelsiodel Il 0.5 0.5 0.75

of interaction potentials. Here we are interested only in theviodel I1I 1.0 1.0

interactions between nonbonded atoms, i.e., those between Experimentala (A)

carbon atoms belonging to differenggdnolecules, between 14.24 14.42 11.54

carbon andM atoms, and between twil atoms. Intramo- Calculateda (A)

lecular interactions within £ contribute to its internal vibra-  pjogel | 14.26 14.45 11.80

tions, which are not considered here. Model 1i 14.29 14.42 11.55
Model 11l 14.26 14.43

A. Model |

Initially a simple vdW type model was used. The form of B 6
the interatomic potential between any two atoms of species Vi(N=—A;/r*+Bexgd —Cr/(Ri+R;)]
andj separated by a distancen model | is +Z,Z; exp(— kor )€/ (4me), ?)

Vij(r)=—A /Ir®+B exd —Cr/(Ri+R))], (1) where, Kk, is a screening paramet%?[his screening param-
eter was calculated in the Thomas-Fermi formalism to be
whereB=1822 eV, andC=12.364 ij denotes the inter- ko=1 A~* assuming three conduction electrons in the
action between various species of atoms, i.e., C-C of twgrimitive cell of M3Cq for both potassium and rubidium
different Gy, rigid units, M-C, and M-M interactions.R; systemé’.However, we have carried out the calculation for a
denotes the radius associated wihand carbon of the rigid range ofk, values from 0.1 to 1 A%
Ceo Unit. The values oA for the carbon atom was taken
as in previous studies on organic molecules aggl. CThe lIl. CALCULATIONS
value of Ay, was assumed to be zero, i.e., no short range
attractive interaction was assumed between the alkali-metal The calculations of the external modes of vibration for all
atoms. the models were undertaken using the computer program
piIsPrRY The values of the potential parameters were deter-
mined so as to reproduce the experimental volume and the
overall phonon spectra. As the structureNd§Cg, involves
In the second model, electrostatic interactions were intwo equally likely orientations of the ggmolecules, we have
cluded in the interatomic potential. The form of the potentialchosen only one of the orientations for the lattice dynamical

B. Model Il

in model Il is calculations. The potential parameters used for the various
models are given in Table I.
Vii(r)=—A; /r®+Bexd —Cr/(R;+ R)] The phonon density of states is defined as
+2Z,Z;€°l(4megr), (2)
g(w):NLz; 8l w—w;(g)]dg, (4)

whereZ; is the dimensionless number indicating theom’s

fractional charge and is the electronic charge. . o
: : . . where N is a normalization constant such thfg(w)dw
The Coulomb terms in the dynamical matrix for the vari- _ " . .
+1; w;(q) is the phonon frequency of thjeh normal mode

ous translational-translational, translational-rotational, ano(l)f the bhonon wave vectar. Comparison with experimental
rotational-rotational coupling elements were rigorously cal- P . P P

culated by the Ewald technigde. data is (_10ne by computing the neutron weighted density of
states given by

C. Model llI 47b2
g(E)=AZ 4 9(E), ®)

M ;Cqp are metallic systems, whereas purg &d RRCs,
are insulating in natur®.Owing to their metallic nature, a
screened Coulombic potential was used KbsCgo Systems  where A is the normalization constant, arg,, M,, and
as given by o«(E) are, respectively, the neutron scattering length, mass,
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Energy (meV) FIG. 2. The experimental phonon densities of states (&r

‘ ) K3Cso (Ref. 5 and (b) Rb;Cqp (Ref. 5. The open and full circles
FIG. 1. Neutron weighted phonon density of states calculate¢orrespond to measurements with different resolutiér)sThe ex-
Using various models: model I, dashed Iine; model ”, Straight |ine;perimental neutron Spectrum for mo (Ref 1])
model I, dotted line k,=0.22 A~1). The spectra have been

broadened with a G i f full width at half i 1.0 meV. .
roadenedwith a aussian of full width at hall maximum 2.5 mev. ¢ ko for both the systems showed very small differences,

indicating negligible contribution from the screened Cou-
fomb interaction. Sincé/ «Ceo is found to be insulatin§,no
screening is involved; therefore only models | and Il have

and partial density of states of the constituent species. Th
values of 4rb2/M for K, Rb, and C are 0.0434, 0.0743, and
0.4625 b/amu, respectively.

been used.
The experimental reported spectra are shown in Fig.
IV. RESULTS AND DISCUSSION 25@.11 calculations using the different models enumerated

above show good agreement with the reported results. The
The phonon densities of states obtained are given in Fig. principal features of the density of states ofCGg,, i.e., a
for K3Ceo, RB;Cqo, and RRCqq using the three models dis- shoulder around 3 meV, the peaks at 4 meV, and 7 meV, and
cussed above. In the case of model Ill, the calculations broad peak at 13.5 meV, and of &, i.e., peaks at 3.5
shown were done usinky=0.22 A~1. To start with, calcu- meV, 4.8 meV, and 6.5 meV and a broad peak around 11
lations were done frorkp=0.1 A *toky=1 A~ which  meV, are brought out well in all three models, although the
is the maximum possible value for screening foyd§, and  contribution at the highest energy has been overestimated by
Rb;Ceq. Comparison of the data for the two extreme valuesabout 2 meV in comparison with the experimental results.
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FIG. 4. Partial phonon density of states ingRk, using model
II. The rubidium Rb1 at the octahedral site behaves differently from
nth and Rb3 at the tetrahedral site.

FIG. 3. Partial phonon density of states igQy using model I1.
The potassium K1 at the octahedral site behaves differently fro
K2 and K3 at the tetrahedral site.

Hence it can be concluded that model Il explains the density
We may note that the difference in the environments of thef states of all three systems satisfactorily.
two metal ions leads to a large gap in the density of states in The partial densities of each constituent of the three sys-
the case oM 3Cqp, While no such gap occurs MgCgpas all  tems K;Cqy, Rb;Cqo, and RRCyo using model 11, i.e., the
the metal ions are in identical environments. model with the electrostatic interactions included, are shown

All the models bring out a phonon density of states inin Figs. 3, 4, and 5, respectively. It can be seen that, of the
good agreement with the reported experimental data. In thghree alkali-metal atoms iM;Cqg, in Figs. 3 and 4 the two
case of KCqy, the three curves due to the various modelsat the tetrahedral sites behave differently from the one at the
are almost superimposed except for the high energy band. loctahederal site. From EXAF®) the value of the local De-
the case of R{Cq, the three curves fall on top of each other bye temperature associated with the Rb atom at the tetrahe-
within a very narrow band of 0.5 meV. In the case ofRf,  dral site in RRCqy, was obtained ag, =165 K. This value
the structure of the density of states obtained is same for bothppears to be consistent with the corresponding calculated
models | and Il, although the peaks shift toward higher enpartial density of states in Fig. 4, which peaks at 14 meV.
ergy in the spectra as we go from model | to model Il. TheThe partial densities of states are used to calculate the ther-
main librational peak in model | is at a lower value of 5.2 mal amplitudes or the temperature factors of the various at-
meV, while the same peak occurs at 6.6 meV in model Il,oms. Table Il gives a comparison between the calculated and
which is closer to the experimental peak value of 6 M&¥.  experimental values of the temperature factors for alkali-
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TABLE II. Comparison of the isotropic temperature factors at
0.2 Rb 300 K, B=(872/3)[{u?(x))+(u(y)) +(u?(2))1(A?), for KsCe,
Rb;Cqp, and RRCy, systems as derived from experime(®ef. 13
and our calculations using model M =K,Rb.

0.1
Experimental Calculated
C M C M
0.0
. KBCSO
C,, - Translational 12405 6.5-22 16 1.6
16+6" 15.6°
Rb;Cso
1.0=0.3 2.0£0.52 1.6 1.52
15+3° 12.3°
RbsCgo
0.7+0.2 1.1+0.2 0.5 0.9

C,, - Librational

&Tetrahedral site.
0.4 bOctahdedral site.

The experimental data in Ref(& show that the libronic
peak shifts toward higher energy as we go from pristigg C
to metal doped . As seen in Fig. 2, this shift further
Total increases with increase in mass of the dopant and also with
increased doping. The libronic peak ing®;, is centered
0.1 around 4 meV; in R§Cq it is centered around 5 meV. By
this notion the libronic peak of REg is expected above 6
meV. This reflects a stronger potential due to the ionic char-
acter of the fullerides. This observation holds good for the
4 3 12 16 20 calculated results also. Libronic peaks ofCg, and RRCq
occur around 4 meV and 5 meV, respectively, as seen in
Figs. 3 and 4. The libronic peak of KRB is centered around

FIG. 5. Partial phonon density of states ingR, using model 6.5 meV as seen in Fig. 5. We also note that both the experi-
Il. All the Rb here are in an identical distorted tetrahedral environ-mental spectra and the calculationshiiyCg, systems show
ment. that the contribution above 10 meV due to rubidium in

_ Rb;Cgq Occurs at a lower energy as compared to that due to
metal atoms and carbon in thgddnolecule. In the case of potassium in KCeo.

the doped fcc systems, the alkali-metal atom at the octahe-

dral |r_1ter§t|t|al void has greater space avallab_le to it, owing V. CONCLUSIONS

to which its thermal amplitude is greater and it gives a con-

tribution in the lower energy range as against the other two In this paper, we have reported lattice dynamical calcula-
alkali-metal atoms occupying the tetrahedral voids. The largéions to explain the density of states in doped fullerene sys-
thermal amplitude of the atoms at the octahedral site is cortems. We have used three different types of interatomic po-
sistent with the x-ray diffractiof and EXAFS tential. From calculations with model I, it appears that
experimentS® An analysis of these experimem$!® as  screening does not play any vital role, since reducing the
well as our calculations does not show evidence of any statiscreening parametéq, to about one-tenth of its maximum
site disorder at the octahedral sites, and therefore the olvalue does not cause any perceivable change in the calcu-
served thermal amplitudes are believed to arise only frontated density of states. Although model I, the simple van der
lattice dynamics. From Figs. 3 and 4, it can be seen that th&/aal's interaction, gives a result in good agreement with
alkali-metal atom K1 at the octahedral site contributes aexperiment for metallidvi ;Cqp, the expected strong peak for
around 4 meV, while K2 and K3 at the tetrahedral sites conRb;Cgy does not come out at the right energy using this
tribute at around 16 meV in the case of®;y; similarly, in ~ model. Model Il involving both the van der Waals and elec-
the case of RICg,, Rb1 contributes at around 3 meV, while trostatic interaction gives a good fit for all three systems.
Rb2 and Rb3 contribute at around 14 meV. In the case oThis model also substantiates the notion that the libronic
RbsCqo, all the Rb atoms are equivalent as expetfetiand  contribution shifts to higher energy with increased doping as
contribute identically as given in Fig. 5. one goes from pure g to alkali-metal doped systems.

0.0

Partial phonon denslty of states (meV)"

0.0
0

Energy (meV)
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