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On  the Structural Effbct of  the  Insertionof  CarbonAtoms  in ei2 Icosahedra
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X-ray difTk'actien of  P-rhornbehedraa boroti deped witli  up  to 1 at.%  carbgn  and  a model  catcuiation  of  the

anisotropic  clistortion of' the single  icosahcdron were  carried  oul.  The  carbon  atoms  substitute for boron in the polar
sites of the B12 icosahedra. The  carbon  atoni  is skifted b.v (}.E 1S A (6.59<}) towards  the center  ef  the icosahedron. In
boron carhide  the distortion of the unit  ccll of  boron carbide  lt c exccccis  that of  the icosahedron b}r far, whilc  for
the a axis  the distortions are  sjmilar  and  twice that of  the distortion in fi--rhembohedral boron, The  cfft)ct of

chaitiless elementary  cells on  the clistertion is evidenti  the  effect  ofaii  electroti-phosion  interactien seems  possible.
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l. gntroduction

 The  icosahedra are  responsib}e  for the basic propertaes of
the boron-rich solids. The  icosahedra are  not  rcgular  but
distorted in consequence  of the static Jahn-Teller etTbct,

",hich  modifics  thc electronic properties by splitting the
orbitals determining thc uppermost  valence  bandsi2-3).
     By  electron  dithaction on  gaseous 1.12-Dicaiba-cto-
so-Dodecarborane  with  tu,e carben  atems  en  oppositc  sites

jn the icosahcdron Bohn  and  Bohn4) showed  that the
dianietcr of tlie i¢ osahedron  between the diamctrally arfan-

ged carbett  atoms  is abo"t  10%) sliorter than between oppo-
site boron atems.  Based  Qn  thc mcanwhile  disprovcd model
of bipolarons in boren carbide  Howard et al.S>  calculated

that the carbon  atom  is sliified  towards  tl]e center  of  the
icosahedron b>, O.09 A (5.3%), Abbot and  Beckc16) calcu-
lated a radius  reduction  lj), IO%.
 According te4'6) not  inore  than one  carbon  atom  can

substitutc  for boron in one  icosahedron. Below. the ani-

sotropic  shrinkage  of  the Bi2 icosaliedra is cstimaied  from
the anisotropic  modifications  of  tlie unit  cell paranictcrs of

P-rhombohedral boron and  boron cnfoide.

2. Results

2,l Bi2icosahecbon

  In D]d symmetry  the icosahedra (approximatcly assumed

to be regular)  have three fivc-fold rotation  axes  determined
by thc polar atoms  of  the icosahedron. These  axcs  form
angles  of  rpp =  37,4 degrecs with  t{ie c axis  c.g in l3-rhotnbo-
hedral boron and  boron carbidc.  Thrce five-foid rotation

axes  determined by. the equatorial  atoms  incli'ned by IO.5
degrees against  the  planc formed by the a and  b  axes  of the

structurcs, and  the.v form nngles  of  cp. 
i-.
 79.5 degrees w･ith

thc c axis. Hcnce  anisotropic  changes  ef  the crystal  axcs  are

cxpectcd  to give evidcnce  of the preferentiai substitution  et-

polar or  cquatorial  sites of  the icosahcdra.We ignore distDr-
tiens of  the icosahedra ofothcr  kind. e.g.  by thc static  Jahn-
Teller efTbcti'3) and  assume  movcmcnts  of ncighbourcci

atoms  to bc of  seconclab,  erder  in agreement  with  thc

phenonspectra,

  Replacing Uie icosahedron approximately  by a sphcre,

thc cffkct  of this clistortion on  the c  axis  is proportienal to
cDs  rp. and  the effect  on  thc a  axis  proportional to sin cp.

Sincc onl}, one  atoJn  of  the polar triangle is substituted. the

eifectiyc change  or  the diameter, which  coincidcs  with  the c
axis is rclated  to the shift AR  ofthe  substituted  atom  b)'

              ( Ac )p (I., ) 
:=  AR  

Ce

 
S3PT

  For the eifect on  thc  a  axis  a-,eraged  according  to the
threefold syminetr.y onc  gets                           '

              (Aa)p (r.,.> 
=

 AR  
SIti(2)

and  an  irnproved medel  (see 7)) leads to

     (Aa)pu,..}=tXR(sin<p13)･cos15,20･cos2o.ssO

  Accordingly the relation AclAa  determined bs, the
anisotropic  effoct  on  thc cr",,stallegraphic  paratneters for the
substition  on  a polar site (rpi 

==
 37.40) y, ields:

      (AclAa), 
f,.,,

 
,
 =.- 1.31 (improved model  1.45) .

     For thc substStution  ofan  equatorial  sitc in the
icosahedK}n ((p2 

=
 79,50), one  gets

             (AC), g.,,) 
=  AR  'COS(P2!3

           (Aa), 
c[..)

 ='  AR  ' l!2 ' Sill cp?13

and  (br the improved  approximatien

   (Aa).a..) :AR'l12･sinp213･cesl5.20･cos2o.ssO

  Hence for thc substitulieii  Df carbon  for boron en  an

¢quatoriai site  ((p2 
=-:･･
 79.5e) ene  gets:

     (AcYAa).,,..,,) =  O,37  (improved model  o.41) ,

  If hypotheticalE}, all 12 sites  of  the icosahedron are

substituted  for b}' carbon,  thc tetal distortion would  be
isotropic (AclAa ==

 1), The  deviation of  16%, and  79()
respectivet},, for the Emproved  tnodea onlv  allows  to use  these
yalues  to check  the cxperimcntally  delermined unit  cell

parameters ef l3-rhombohedral boron and  boron carbide.

2,2 fi-rivonthohedi'aihoron
  In thc cTF,stal strticture  of  f3-rhotnbohcdral boron the efL

foct of  the  distortion of  the single  icesahedron on  the unit

cell parameters depends on  thc position of  the icosahedra in
the elementary  cetl anci  thc distribution ef  thc carbon  atonis
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on  the ciiflerent sites  within the  icosahedra. The  rcsujts  of

manm)'  medcl  caaculations7)  wcrc  compared  ivath  the experi-
mentalAy  measured  change  of  thc unit  cell  parameters
obtained  by X-rop, diffraction. From  Ref. g (figtire l) one

gcts for 1%p carbon  contenti

  Ac  
==

 
-

 o.e16(s)

  Aa  
==

 
-
 o.oles(gs)

(AofAa)p.,h B,..p)  
=  1-S2

The  best agreement  by, lar js based ott  the assumption  that
carbon  atoens substitute for boron in the palar sites of  the

four Bi2  icosahedra only. and  yieids

   (AefAa)p 
{p.,h

 
B,-2}

 =  1.3 1 (irnproved medel  l.45)

and  cortfirins  this carbon  distribution in P-rhombohedral
boron. Within the accuracy  of  the  madcl  calcugatien

estimatc  the  averaged  shift  AR  of  a carbon  atorn  towards the

center  of  an  icosahcdron of  l3-rhomtx)hedral boron is
estimated:

             AR=O,ll5(6)A

             AR/R  =  O. 067(3)

2.3 Jioron Carhide

 The seructurc  o'f boron carbide  contains  only  one  Bi2 ico-
sahedron  at  thc  vgrtex  ofthe  unit  celg. Thcrcforc thc distor-
tions of the icosahcdron can  be inmiediatcl}･ compared  with

the cEiange  of  thc unit  cell  parameters expeTimcntall.y･ de-
terinincd9,iO). It is necessa"'  to restrict tkese considcTation

to thc rangc  closc lo the carbon-rich  gimi't, whcre  the para-
metcrs  depend lineara}, on  the carbon  contcnt  and  are to be
related to an  cxcliange  of 43`Z) Bn  b},, BiiC  icosaedrali,i7).
or  ceurse  this is far from  the weak  perturbation in B-
rhetnbohcdrag  boren.
 Thc  relation  obtained  from  these data

          (ACIAa)h"tonce]bide(cxp) -  4 3g

shosvs, ghat in boron carbide.  too, the distortion paralicl to
lhc crystaliographic  c  axis  is prevailing, hencc on  the first
view  suggesting  that thc polar sites  of  thc icosahedra im
boron carbidc  are  preferably substituted  as u,cll.  (rDntran' te

il-rhoinboh[xlral boron. AclAn  cxceeds  the vaiuc  cxpcctcd

for the carbon  insenion in the  icosahedron bv, far. Howcver.
accerding  to the  crystallographic  data the sizc of thc icesa-
hedron in boro]i carbide  changcs  only  weakg}'  within  the

parl of  the homogcncity  range  censidcredi3,i4)  and  this is in
accordance  wiah  the small  shifts  of  ahe  }R and  the Raman
active inaraicosahcdral phenon  i'requenciesi-S). Hence it is
obs,ious  that the ma.ior part of  the anisotropic  change  of  the

unit  cciS  parameters in boron carbide  is induced frem
eutside  thc icosahedra. Of course.  thcrefore it is not  possible
to dergve AR  from the unit  cell parameters of  boroii carbide
reliably.

    Thc  x,alue  og{Ac)i..,.  is approximatel.y  the  samc  for ll
-rhombohectrni

 boron and  boron carbicie7), and  accordingly

"'e  takc  this for indjcation that the  substitution  of  caTbom  for
boron in the  icosahedra ot' boron carbide  takes place at the
paIar sitcs as  well,  Then  thc large distertiQn paralgel to the a

H.  WERHEIT  et  at.

axis  must  haN,v" othcr  rcasens  eutsidc  lhc  icosahedTa and

rnay  be caused  e,g.  b.v, the  exchange  of  CBC  b}' CBB  chains

and  in partictilar b},, the unit  celgs without  chains  at al1.

  For a  morc  detailcd discussioii of  the different eflbcls oii

the anisotropieal  change  of the unit  cell  paranieters and  en

the icosahedra in boren carbidc  see  7).

Acknowgedigenieeets

    TEie autliors are gratcfuI to Dr. K.A, Schwetz, ESK,
to Dr. D, Fistcr and  H. Neisius, H,C. Starck. for providing
speciniens,  and  to Mrs. A.-S. UllstrOin, Uppsala Univcrsiij'.
for assistance  with  s>mtheses.  Parts of  the invcstigations
zz,cr¢  supported  by the Ministry ef  Rcscarch and  Tcchnoiogy
of  the FRG  (contract Nr, 3l7-4003-0328845A),  Tkanks arc
aeso  due to the Su,edish Natural Science Research Council
for fimancial support.

Refercffces

g) R. Franz, H. Wcrhcit. Europhys. Lett, 9, 14S (I989).
2) M, Werheit, in/ R, Freer (cditor) The  Physics und

  Chemistry of  Carbides. Nitrides and  Boridcs, Kluwcr

  Acad. Publ. Dordrechl (1990) p. 677,
3) R, Franz, H. WerheiL  fVP  Coiif, Proc. 23fi, 29 ( 1990),
4) R.K, Bohn  and  M.D. Bohn, Inorg. Chem, 1(). 3SO

  (197g).
S) g.A. Howard,  C.L. Beckcl. D. Emin, Phys. Rev. B  35.

  2929  (1987). I.A. Howard,  C.L. Beckel, D. Emin,  Phvs.

  Rev. B  35, 9265  {g987). g.A, Howard  C,L. Beckel, D,

  Eniin, in D. Emin,  T.L. Asclage, C. Woed  (editors)
  Novel Rcfractory Semiconductors, MRS  Symp. Proc,

  Vol, 97  (l987). p. 39,

6) P.A. Abbott. C,L. Beckel. Vibrational Analysis ofB4C.

  In D. Emin,  T. Asclagc, A.C, Switendick, B, Morosin,

  and  C.L. Beckcl editors)  Boren-Rich  Solids. AIP Comt
  Proc. 231, 345 (] 990).
7) H. Werheit, U. Kuhlmanq  T. LundstrOm.  to bc
  published in j. Alloys (]omp.
8) H. Werheit. U. Kuhlmann.  M, Laux. T, LimdstrOm.  this
  conforcncc.

9) M.  Bouca ¢ ourt,  F. Thcvcnot. J. Less-(:onmion Mct. S2.
  227(g98i).
10) T.L. Aselagc, D.R. Tallant, J,H. Gieske, S.B. van

  Deusen. R,C, Tissot. PrepaTation and  Prepenies of

  1'cosalicdrai Berides. In R. Frccr (editor) The Physics
  and  Chemistny' of  Carbjdes, Nitrides and  Borides.
  KIuwer  Acad. Piibl, Dordrecht (l990) p. 97.
11) U. Kuhianann. H, Werheit. Solid State Comm,  83. 849
  (1992).
12) U, Kuhimann. H. Werhcit. K,A.  Schwetz. J. Allovs
  (]omp. g89. 249 (1992),
}3) T.L. Aselagc, D. Emin, Structural Modcl  of  the Boron
  Carbide Solid Solution. In see g9). p. 177,
14) A, Kirfe1. A. Gupta. G. Wilt, Acta Cr]t'st. B35.  r052
  (1979).
i5) U, Kuhlmann.  H. WerhciL  in preparation.

NII-Electronic  


