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On the Structural Effect of the Insertion of Carbon Atoms in B,y Icosahedra
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X-ray diffraction of f-rhombohedral boron doped with up to 1 at.% carbon and a model calculation of the
anisotropic distortion of the single icosahedron were carried out. The carbon atoms substitute for boron in the polar
sites of the B,, icosahedra. The carbon atom is shifted by 0.115 A (6.5%) towards the center of the icosahedron. In

boron carbide the distortion of the unit cell of boron carbide

| ¢ exceeds that of the icosahedron by far, while for

the a axis the distortions arc similar and twice that of the distortion in B-rhombohedral boron. The effect of
chainless elementary cells on the distortion is evident; the effect of an clectron-phonon interaction seems possible.
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1. Introduction

The icosahedra are responsible for the basic propertics of
the boron-rich solids. The icosahedra are not regular but
distorted in consequence of the static Jahn-Teller effect,
which modifies the clectronic propertics by splitting the
orbitals determining the uppermost valence bands!-2-3).

By electron diffraction on gaseous 1,12-Dicarba-clo-
so-Dodecarborane with two carbon atoms on opposite sites
in the icosahedron Bohn and Bohn® showed that the
diameter of the icosahedron between the diametrally arran-
ged carbon atoms is about 10% shorter than between oppo-
site boron atoms. Based on the meanwhile disproved model
of bipolarons in boron carbide Howard ct al.®) calculated
that the carbon atom is shified towards the center of the
icosahedron by 0.09 A (5.3%). Abbot and Beckel® calcu-
lated a radius reduction by 10%.

According 10*% not more than one carbon atom can
substitute for boron in onc icosahedron. Below, the ani-
sotropic shrinkage of the B, icosahedra is estimated from
the anisotropic modifications of the unit cell parameters of
f-rhombohedral boron and boron carbide.

2. Results

2.1 B,,icosahedron

In Dy 4 symmetry the icosahedra (approximately assuined
to be regular) have threc five-fold rotation axes determined
by the polar atoms of the icosahedron. These axes form
angles of ¢ = 37.4 degrees with the ¢ axis ¢.g in B-rhombo-
hedral boron and boron carbide. Three five-fold rotation
axes determined by the equatorial atoms inclined by 10.5
degrees against the planc formed by the a and b axes of the
structures, and they form angles of ¢, = 79.5 degrees with
the ¢ axis. Hence anisotropic changes of the crvstal axes arc
expected to give evidence of the preferential substitution of
polar or equatorial sites of the icosahedra. We ignore distor-
tions of the icosahedra of other kind, ¢.g. by the static Jahn-
Teller effect!™3) and assume movements of ncighboured
atoms to bc of sccondary order in agreement with the
phonon spectra.

Replacing the icosahedron approximately by a sphere,
the cffect of this distortion on the ¢ axis is proportional to
cos ¢, and the cffect on the a axis proportional to sin .
Since only one atom of the polar triangle is substituted, the

(&7

cffective change of the diameter, which coincides with the ¢
axis is related to the shift AR of the substituted atom by

AR SOSP,
(AC)]) (leos) - AR 3 -

For the effect on the a axis averaged according to the
threefold symmetry one gets

(Aa) sin¢,

AR

p (Ieos) =
and an improved model (see 7)) leads to

(Aa) = AR(sing/3)-cos15.2° -c0s20.85°.

p (Teos)

Accordingly the relation Ac/Aa determined by the
anisotropic effect on the crystallographic parameters for the
substition on a polar site (¢, = 37.4°) yields:

(A(:/Aa)p (1eos; = 1:31 (improved model 1.45).

For the substitution of an equatorial site in the
icosahedron (¢, = 79.5°), onc gets

(Ac)
(Aa\)C

e (loosy = AR -COSP, /3
= AR-1/2-sing, /3

(lcos.)

and for the improved approximation

(Aa) = AR-1/2-sin@,/3-c0s15.2° -cos20.85°.

& (lcos.)
Hence for the substitution of carbon for boron on an
equatorial site (¢, = 79.5°) onc gets:
(Ac/a), . =0.37 (improved model 0.41).

If hypothetically all 12 sites of the icosahedron are
substituted for by carbon, the total distortion would be
isotropic (Ac/Aa = 1). The deviation of 16%, and 7%
respectively for the improved model only allows to use these
values to check the experimentally determined unit cell
parameters of f3-rhombohedral boron and boron carbide.

2.2 p-rhombohedral boron

In the crystal structurc of f-rhombohedral boron the cf-
feet of the distortion of the single icosahedron on the unit
cell parameters depends on the position of the icosahedra in
the elementary cell and the distribution of the carbon atoms
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on the different sites within the icosahedra. The results of
manny model calculations”) were compared with the experi-
mentally measured change of the unit cell parameters
obtained by X-ray diffraction. From Ref. 8 (figure 1) one
gets for 1% carbon content:

Ac=—0.016(5)
Aa=—0.0105(15)
(AC/Aa){3~IJL B (exp.) =152
The best agreement by far is based on the assumption that
carbon atoms substitute for boron in the polar sites of the
four B, icosahedra only, and yiclds

{(Ac/Aa) =131 (improved model 1.45)

p (B-th. B/BI2)
and confirms this carbon distribution in (-rhombohedral
boron. Within the accuracy of the model calculation
estimate the averaged shift AR of a carbon atom towards the
center of an icosahedron of (-rhombohedral boron is
estimated:

AR = 0.115(6)A

AR/R = 0.067(3)

2.3 Boron Carbide

The structure of boron carbide contains only one B, ico-
sahcedron at the vertex of the unit cell. Therefore the distor-
tions of the icosahedron can be immediately compared with
the change of the unit cell parameters experimentally de-
termined”-19). It is necessary to restrict these consideration
to the range closc to the carbon-rich limit, where the para-
meters depend linearly on the carbon content and are to be
related to an exchange of 43% B, by B, ,C icosacdra'-12).
Of coursc this is far from the wecak perturbation in -
rhombohcdral boron.

The relation obtained from these data

(AC/ Aa )bomn carbide (exp.) =4.38

shows, that in boron carbide, too, the distortion paralicl to
the crystallographic c axis is prevailing, hence on the first
view suggesting that the polar sites of the icosahedra in
boron carbide are preferably substituted as well. Contrary to
}~rhombohedral boron, Ac/Aa cxceeds the value expected
for the carbon inscrtion in the icosahedron by far. However,
according to the crystallographic data the size of the icosa-
hedron in boron carbide changes only weakly within the
part of the homogeneity range considered!* 14 and this is in
accordance with the small shifts of the IR and the Raman
active intraicosahedral phonon frequencies!®. Hence it is
obvious that the major part of the anisotropic change of the
unit cell parameters in boron carbide is induced from
outside the icosahedra. Of course, therefore it is not possible
to derive AR from the unit cell parameters of boron carbide
reliably.

The value of (Ac), is approximately the same for 3
-rhombohedral boron and boron carbide”), and accordingly
we take this for indication that the substitution of carbon for
boron in the icosahedra of boron carbide takes place at the
polar sites as well. Then the large distortion parallel to the a
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axis must have other rcasons outside the icosahcedra and
may be caused e.g. by the exchange of CBC by CBB chains
and in particular by the unit cells without chains at all.

For a more detailed discussion of the different effects on
the anisotropical change of the unit cell parameters and on
the icosahedra in boron carbide see 7).
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