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BULK PROPERTIES OF MnCeso DOPED SOLIDS
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The model calculations are presented for potassiubridium
and cesium dope@so solids formed by exohedral doping in pure
Cseo solid. The molecular formula nCso, M is the alkali metal
(K, RbandCs) andn takes integer values 1, 3, 4 and 6. The C
molecule is modelled as a uniform spherical shallifg surface
density of carbon atoms. Part of the electronsssld by ionized
alkali atoms distributed on thes€molecule making it an anion,
while the rest (say) are assumed to form a delocalised electron
gas. This electron gas screens the Coulomb interabetween
the various anion and cations. With these assumgtithe total
cohesive energy is calculated taking into constileravVan der
Waals and screened Coulomb interaction betweeardiif ions.
We found that the total charge transfer from catmranion is
favoured. Thus ionic character of alkali dop€e solids is
established on the basis of the model. The lattioestant,
cohesive energy and Bulk modulus for these system@n good
agreement with other calculation or experimentaeotations.
We make some remarks on phase stability of thdisso
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7NTRODUCTION

he Cso molecule is a cluster of 60 carbon atoms, in witatbon atoms are located at

the equivalent vertices of truncated icosahedrde. ifiteraction between twiso molecules is
purely van der Waals type. Ti@&o molecules condense into &t solid, similar to the inert
gas atoms. Because of the large size of fullereakeaules, the interstitial cavities inGyo
lattice are large too, and can accommodate vagoest species. When the p@g solid is

doped with alkali meta¥InCso compounds are formed, wherean go up to six [1].

The model calculations for alkali metal dop@g solids to find their cohesive energy and
the ionic state ofCso molecule have been presented. Wide disparity mesiwe/Madelung
energy calculations has made it an interestinglpnolj2-7]. In fact Schulte and Bohm have
objected to the possibility of complete transfecbérge and thus to the formationkafCso as
an ionic solid. But various experiments have vedfsCs as a stable ionic system [8-9]. Not
only KsCs but total charge transfer takes plac&iCso also [10]. The calculations for K, Rb
and Cs dopedCqgo solids to inquire the ionic state 6%, molecule and other bulk properties
been performed. The atomic size of rubidium anducess comparable to that of potassium,
so the structure of Rb and Cs doped solids is dlthessame.
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%ODEL AND CALCULATIONS

un our model, we consider van der Waals and Couldype interactions as the

interaction between various constituents of thediels The structure of dope@so solids,
determination of van der Waals parameters, eledfinity of Cso and on shell Coulomb
repulsion have been discussed.

To calculate the potential energy of a system, oeeds to take into account various
interactions between constituent ions/atoms and sthectural configuration. Among the
dopedMnCso (M denotes alkali metalk; RbandCs), the structure o€so sublattice changes
from fccto becasn increases. Fam =1 to 3, the structure is found to foe and forn = 4 and
6, body centerd tetragondidf) and body centred cubibdc) respectivel{fl. The dopant alkali
ions occupy interstitial positions tetrahedral amthhedral in thes€g lattices. The unit cell
of each of these is shown in Fig. 1. In our caltoies, these experimentally observed
structures enter as input in lattice sums.
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Fig. 1. Unit cells of alkali dopedCso Solids. The squares show various relevent crossetiens parallel tox-y
plane. Open circles represenCeso ions and solid circles are alkali ions.

In the pureCso solid, the intermoleculaiCso—Cso) interaction is described well byG-C
potential of 6-exp form given by Kitaigorodsky [11]
r)= _A +Bexp(-ar
(r)=——+Bexp(-ar) L
We have shown that th&o molecule can be replaced by a spherical shelhy @6tcarbon
atoms uniformly smeared over the shells. This miflke computation easy. The 6-exp part of
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the potential of the interaction potential is imetgd over the surface of twi@o molecules to
get:

(ijl—Z(RB/R)2+8/3(RB /R

U (Lo i
_—B exp(-a R)[%;BRQ) {1+%?[ 1_%]}

whereR s the distance between the centers of the twoybheaks, andRs is their radius. The
numerical value used in our calculations is 3.5%#uilarly, the potential energy arising from
vander Waals interaction between an alkali metal and a G molecule separated by a
distance is given by :

6

|y

UVdW(I’) —

£OBOHA_Bo cos(a) o L sinfRea) - 0

The vander Waals interactions between two alkaliairiens is of the same form as Eq.
(2).

The vander Waals interactions between two carbomsatare widely used in literature
and whether one is using 6-exp or 6-12 potentia,darameters are readily available. Those
for interactions betweel® and alkali atoms are, however, not readily avédlafdo find
parameters for interaction betweeiCatom and an alkali ion, we make use of alkalideli
parameters [11-12]. For these pairs, we observe,

LZ ~0.0165¢ 102 erg 2372.99k cal/mc ... (4a)

1/
(212,)
whereZ is the number of electrons in the interacting aftation/atom. However, for carbon,
Z =6 and if we consider the value of param&sgjiven by Kitaigorodsky foC-C interaction,
we find:

B

)1/2

= 0.0487 108 ergs 7000k cal/mc ... (4b)
(212,

which is at variance with the value (Eq. 4a) fokadil halides. This is because electron
distribution in aC-atom is quite different from an alkali or halideni(where it is inert gas
configuration). On the other hand, C atoms canrksipned to be like alkali or halide ions for
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this purpose, provided we attribute an effectivarge,Zes = 17.7 to them. Using thi&« we
getB values forK-C interactions. FoK-K interaction, Eq. 4(a) may be used directly.
Second parameter ¢ The relation between radii of two ions argandr, and repulsive
range parameter is:
1
L +ry

al

... (53)

For alkali halides, using the known radii and valoéa for these ions, we find:

a ™t =0.11r +r,) ... (Bb)
Radii for Rb andCs are 1.52 and 1.67 A respectively using which wiiotoww [13].
We obtainamc as the harmonic mean @fc andamwv in accordance with Eq. (3).

The third parameteh is not that important because madelung energy datesnvVan der
Waals interaction energy. For completeness we mhéted A for K-C interaction as the one
giving best fit to lattice constant data wiBhand a fixed as obtained above. FinallK
interaction parametekis fixed from the criterion [14]:

Avc 08776 Ay Aec)’? ... (6)

In this way, we have estimated various parameterb1fM andM-C interactions and are
given in Table 1. It may be mentioned that the patersA, B a for M*-M* interactions

have no major role in the determination of cohesiviergy of doped & systems, as
interactions between these cations are dominatéZblojomb interaction.

Table 1 : Interaction parameter

Atom-Atom A (k([:::f/g ole) B (kcal/mole) a (A
Cc-C 358 42000 3.58
K-K 171 49138 3.62
K-C 235 28370 3.50

Rb-Rb 233 76628 3.43
Rb-C 458 31283 3.32
Cs—Cs 495 114942 3.04
Cs-C 680 38314 3.12

When alkali atoms are diffused into the pure s@id (fcc lattice), they start taking up
positions at the interstitial void sites-tetrahédig), of which these are 8 per unit cell, or
octahedral @), of which these are 4 per unit cell. They alsbigeized, becoming N while
the Go molecules acquire the electrons becoming aniohs.Jso molecule, on acquiring
extra electrons, becomes a large anion. The enexgyired to put one additional electron,

which goes in the lowest unoccupied molecular atlfitUMO), is generally accepted to be
—2.65 eV [15].
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Addition of still more electrons, however, invol&ulomb repulsion between them.

Thus, the energy required to addelectrons on &s molecule may be taken to be of the
form:

m(m-1)
E, = mEg+ U——

. (7)

whereU is an average pairwise Coulomb repulsion parameter.

We use values din = — 2.65 eV andJ =1.3 eV in our calculations [16].

In the system under consideratiomjn Eq. (7) can go up to 6 so the Coulomb energy of
the anion can become large. It may be energeti€aligurable for the solid to retain part of
charge (out of electrons iMMnCso) in the vicinity of the catiome., in thes-band. Thus, there
is distinct possibility of incomplete charge traarsfWe therefore look for the possibility of
fractional charge state of the anion in our modet.n — xbe the charge (number of electrons)
on eachCso shell. Then, the total energy of anion and caliecomes, for th#1nCso System:

®n =(n-X) EA+Uw2n_X_l)+(n—>§ B ... (8)

where E| genote the ionisation energy of the alkali atom M. Eq) {fves energy peMnCso
molecule excluding the interaction between theowaricharged species of ions.

Hence, the inter-ionic interaction must be of theeened Coulomb type rather than pure
Coulomb, where the screening is due to the elestpyasent in the-band & electrons per
cation). These electrons still localised around the*Mites, must exist in theband. The
system is now supposed to consisCef (n — ¥ and M. ions withx electrons pe€eso forming
a free-electron gas. While determining the electtensity of this electron gas, the volume of
the Go molecules is excluded, as it is quite large and Wwewn that there is virtually no
electronic charge density in the interior of thieftene cage.

The screened Coulomb potential between twd ddtion is that between two point
charges.e.,

URS (R)=(¢ /1 Rexp(- RA) .. (9)

The screened Coulomb potential betweenNteand Cso~ ™ ~ 3 anion in our model is
obtained by the appropriate integration over thes@iell and obtain:

Ui (R):—ez(+)oexp(—R/)\){ sin{ B A) { B M)} .. (10)

whereR s the distance between the pdifit cation and centre of spheric, anion.

Similarly, performing the integration over the surés of two bucky balls ¢g @~ %)
having 1 — X electrons on its surface, for screened Coulontbrpial, we get:
& (n-x?

USS (R) = exp(-RA){sin{ B A) (R M) .. (11)
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These expressions are obtained assuming that tkeensmg is due to a gas of free
electrons, wherg, the screening length is, of the free electron igas

-1/2
At :(Gnno e2/s,:) ... (12a)
whereng is the electron density anrd is free-electron Fermi energy. This gives:
At o273 Y8 .. (12b)

%UM ERICAL CALCULATIONS

aking into account all the interactions, the tatathesive energy and bulk modulus for
all MyCeo systems under consideration have been calculated.
3.1 Cohesive energy

The intermolecular contribution to total potentedergy® can be obtained by carrying
out the lattice sums, knowing the positions ofithes/atoms in the lattice. Combining Egs. 2,

3, and 8-11, we express the total potential enefgymonovalent atom-dopedd3olid in the
following form:

= %I’k%k ,[U i +Upe J +Djopy - (13)
The summation is over all pairs of lattice pointithim the chosen volume. The
summation over van der Waals term in Eq. (13) isp&& and converges after a few lattice
distances taken into account. The screened Coutemt is however not convergent if we
make a straight forward sum; so we use Evjen’s atkth calculate Coulomb contribution to
the cohesive energy [17]. Thus, the total endrgyg expressed as a function of parameters,
(fraction of electron forming gas) amd(cubic lattice constant). F®4Ceso, Which is the only
non-cubic system out of those considered, it isnetion ofx, a andc. The equilibrium lattice
constantap (or ap and ¢ for M4Cso) andx is obtained by minimizing cohesive energy with
respect to all these parameters.
3.2 Bulk modulus

We plot cohesive energy as a function of volume famdl the second derivative of the
curves at their minima (equilibrium). This is usedevaluate bulk modulus, which is given

by:
2
5=y U2 .. (14)
V2|,
]

The lattice constant, cohesive energy and bulk husdcorrespond to complete charge
transfer to anion. Hence, all these dofgglsolids are ionic solids.
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2ESULTS AND DISCUSSION

irst of all we look into the possibility of fractial charge transfer oBso molecule so

that we can decide what interaction is approprieteconsideration. We assume, omly- X
electrons transferred on eaCky, molecule, withx electrons contributing to a free electron gas.
We calculate cohesive energy with different valeéscharge § — X transferred toCeo
molecule keeping other parameters constant. Thiatwar of cohesive energy with-x is
shown in Fig. 2. The cohesive energy is maximumatieg (maximum cohesion) for
vanishingx, which implies complete charge transferGg molecule in allk,Cso systems. In
case of rubidium and cesium, doped solids intezagiarameters are changed. The Coulomb
contribution to the cohesive energy remain unchdnge one can consider these systems as
ionic also. From this analysis, the complete chdrgasfer or full ionic character iN,Cso
solids has been established.
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Fig. 2. Total cohesive energy versusx for K nCeo System&*
Once the cohesive energy has been calculated,ssecalculate lattice constarap) and
bulk modulus. Figures 3 and 4 show the variatioriotél cohesive energy with respect to

volume peRCeo in the vicinity of minima. The detailed calculat®for KnCeo solids have
been reported in our earlier work. Ce.Ceo solids, we do observe well defined minima in

cohesive energy as seenRmCso Systems. It is worthwhile to mention that there awo
curves in Fig. 3, which correspond two possiblefigomations of RbiCso. The lower one
corresponds to octahedral doping site of Rb andh@none to alternate tetrahedral site. From
this, it is clear that octahedr®bCso (Iower curve) is more stable than tetrahed®BICso,
which is in agreement with experimental results][¥8Cso andCs,Ceo also favour the same
structural configuration. We have summarized oguite in Table 2.

Looking at lattice constant values of all systenmslar consideration in Table 2, our
calculations are in good agreement with othersZ@P-However f. structure ofCsCeo is not
stable. Cohesive energy has been compareld flmped systems with Friedbezgal [21].
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Fig. 3. Variation of total cohesive energy with vaime per RbxCeo, RbzCso and RbsCoso. Volume is in A3
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The data for Rb and Cs doped systems is not aluilalhe literature. According to band
calculation¥!, bulk modulus forKsCso is 28 GPa, which is in good agreement with present
calculations. From Table 2, it is observed tNMaCso compounds have larger equilibrium
value of lattice constant, compared to other systeith same alkali meta¥l. In obtaining
the equilibrium value of lattice constant minimipat of total energy has been done, which
has various components. It seemsNCso repulsion due to electron transfer frivinatoms is
marginally larger compared to other systems. Frald 2 and Figs 3 and 4, we observe that

volume peMnCso Not a monotonically increasing quantity with

Table 2 : Bulk properties of MnCgg solids

Lattice constant(A) M=K, Rb and Cs Cohesive endedy) Bulk modulus (GPa)

K Rb Cs K Rb Cs K Rb Cs

Presen Others Presen| Others Presen| Others Presen Others Presen| Presen| Presen| Presen| Presen|
work work work work work | work | work | work | work

1| 13.94| 14.0¥| 13.94| 14.08 | 140 | 14.1%" | -3.63 | -0.48| -3.85 | -4.07| 18.4| 18.8 16.7

2| 14.24 14.50, 15.1 -8.08 -5%¥1-8.05| -7.70| 16.2 12.4 7.5
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3| 14.11| 14.28| 14.27| 14.38%| 14.86 -14.34 13-145 -14.55| -14.10| 23.9 20.7 14.2
4] 11.6* [11.89°| 11.6 | 11.96%| 12.0 | 12.05%¥| -21.81 -21.87(-21.22| 31.8 28.2 20.0
5| 10.6$| 10.7¥#| 11.0 | 11.02%| 11.5 | 11.44%

6| 11.06| 11.3%| 11.06 | 11.548| 11.61| 11.790| -43.25 -43.21| -41.75| 61.0 52.5 38.2

(oncLusioN

Eome remarks may be made here about the phasatgtabillifferent MnCso Structures

on the basis of cohesive energies. From Table Zegethat the sum of cohesive energies of
M1Cso andMsCqo exceeds twice that of cohesive energWie€so. Thus,M2Cso would tend to
separate intdM1Ceo and MsCso. Therefore M2Ceo is an unstable system from our (cohesive
energy analysis) point of view. In the literatun®, experimental data is available fdsCso
solids. It seems this phase for these alkali m@alRb and Cs) doped solids has not been
observed. Specificallyk,Cso system has not been found to be a stable sitewhich is in
agreement with our theoretical prediction on thsibaf cohesive energy. The bulk modulus
of MxCeo solids is less thamiCso and MsCeo. It means in the same host lattidd,Cso
separates intM1Cso andMsCso, Which are more rigid and have more cohesion. Szonkl be
said abouMsCeo separating intd1.Cso andM4Ceo; but here the host lattices are different. It is
clear that these systems are ionic, so Coulombribatibn to cohesive energy dominate.
From Table 2, it can be seen that the cohesiveggrisralmost independent of alkali atom
type for particulaMnCso solid. As more and more alkali metal atoms areedoijm Cso the
cohesion increases and solid becomes more and intmepressible. However, it decreases
with increase in the size of alkali atoid (0 Cs) for a particular value af in MnCso, Which
means as the size of alkali metal increases thersysecome more compressible. Therefore,
ionic type calculations with shell model describellwstructure, bulk properties and ionic
character of alkali dope@so solids.
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