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General remarks on the structure and the lattice vibrations o f  the different structure groups o f boron 
and icosahedral boron-rich borides are made. In detail, the lattice vibrations o f  the alpha-rhombohedral 
boron structure group are systematically investigated by group theory. Reflectivity spectra o f boron- 
carbide o f different chemical com position and preparation and o f  B60  were measured in the MIR and 
FIR spectral range. These phonon spectra are analyzed in connection with previous experimental and 
theoretical results obtained by other authors. A proposal for the intercorrelation o f  the phonon spectra 
o f this structure group is derived. The plasma resonance spectra o f  boron carbide and B60  yield 
qualitative information on the dependence o f  electronic transport on material properties.

A) General Remarks

Introduction

T he  crystalline modifications o f  b o ro n  an d  o f  its 
boron-r ich  com pounds  exhibit a variety o f  in­
organic complex crystal s tructures, which is not 
kn o w n  from  any other element. This variety 
extends f rom  the a lpha-rhom bohed ra l  m odif ica­
tion  o f  elementary bo ron  with 12 B a tom s to the 
s truc tu re  type o f  Y B 66 with ab o u t  1600 B a tom s per 
un it  cell. M ost o f  these s tructure  types are related 
to  one ano ther .  They contain  nearly regular B 12 
icosahedra ,  whose high symm etry  is characterized 
by 6 five-fold, 10 three-fold and  15 tw o-fold  ro ta ­
tion  axes as symm etry  elements; a lp h a - rh o m b o ­
hedral b o ron  contains one, the unit  cell o f  Y B 66 
104 o f  them. These structures [1] characterized by 
B |2  icosahedra  are the object o f  the subsequent 
investigations, which means tha t  e.g. hexaborides 
an d  dodecaborides will not be considered.

In  spite o f  the obviously s trong bonding  within 
the icosahedra , the boron-type crystals are no t at 
all molecular crystals: 26 electrons occupy the 
strongly  bonding  orbitals within the icosahedron  
a n d  the remaining ten electrons are at the disposal 
o f  the linkage to o ther  icosahedra or  s tructure  
un its  [2]. This leads to a lack o f  two electrons per
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icosahedron . Nevertheless the ionic contr ibu tion  to 
the bond ing  with in  these structures is ra ther  low, 
which follows f rom  the oscillator strengths o f  the 
lattice v ibra tions (see below). The intericosahedral 
bond  strength  is assum ed  to be even higher than  
the in tra icosahedra l  one [3], which accounts  for 
high melting points ,  small extension coefficients, 
great hardness  and  related m echanical properties. 
The con tras t  to m olecu lar  crystals can clearly be 
seen in the p h o n o n  spectra, where internal and 
external v ibrations o f  the icosahedra  are superim ­
posed an d  not separa ted  like in m olecular  crystals.

Besides the icosahedra ,  fragm ents  o f  them and  
rela ted condensed  systems are found  in these struc­
tures. Periodical a r rangem ents  o f  icosahedra  or 
such rela ted po lyhedra  in chains, layers or three- 
d im ensional netw orks fo rm  the m ain  s tructures of  
these crystals. W ith in  these polyhedra l b o ron  net­
w orks rem ain  voids beeing large enough to ac­
c o m m o d a te  add i t iona l  single b o ro n  or  foreign 
atom s in periodical o r  statistical arrangem ents .  
M ost borides  and  solid solutions can thus be a t­
tr ibu ted  to  the m odif ica tions o f  e lem entary  boron , 
an d  hence an especially narrow  rela tionship  and 
systematic change o f  properties w ith in  these struc­
ture  families can be expected.

T hus  the m odif ications and  com pounds  o f  
b o ro n  o ffer  favou rab le  presuppositions to  in­
vestigate the properties  o f  com plex crystal struc­
tures, the influence o f  the degree o f  complexity 
and  the effects o f  substitu tional and  interstitial 
foreign a tom s on the  physical properties o f  such
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crystals. A  ra ther  im m ediate in fo rm a tio n  on the 
s tructura l properties o f  crystals and  their relation 
to  physical properties is ob ta ined  f rom  the lattice 
vibrations, whose IR active branches determ ine the 
optical absorp tion  an d  reflectivity spectra  in the 
M IR  and  F IR  spectral region. In the case o f  b o ron  
m odif ications and  com pounds ,  investigations o f  
this k ind were h i the r too  confined to particu lar  
materials; sometimes even in these cases only in­
com plete spectra are reported .  T here fo re  in a  series 
o f  papers the lattice v ibration  spectra  o f  the d iffe r­
ent structure families o f  bo ron  an d  its bo ron-rich  
com pounds  with icosahedral s tructures  will be in­
vestigated. G ro u p  theoretical determ ina tions  o f  
the lattice v ibrations were p e r fo rm ed  a n d  will be 
discussed in relation to experimentally  ob ta ined  
reflectivity and  abso rp tion  spectra in the M IR  and  
F IR  spectral range tak ing  into accoun t previous re­
sults.

Latt ice Vibrations Obta ined  by  Group  Theory

The fundam enta l  p rocedure  to determ ine the 
no rm al vibrational modes o f  m olecu lar  an d  crys­
talline structures is described in the li terature (cf. 
e.g. [4, 5, 6]). The expenditure increases with the 
num ber  o f  atom s (in crystals the n u m b e r  o f  a tom s 
per unit cell) to be considered, an d  hence in the 
case o f  b o ron  and  its bo ron-rich  c o m p o u n d s  it in­
creases especially with the degree o f  complexity.

F ro m  structure analysis the a tom  posit ions and  
sym m etry  groups needed for the g roup  theoretical 
investigations are know n. Then  the no rm a l  modes 
at q  =  0 in the center o f  the Brillouin zone are clas­
sified according to the symm etry  types o f  their 
sym m etry  group, which can be derived from  
stereo-chemical s truc tu re  models.

T he  num ber  o f  no rm al  modes a t t r ib u ted  to  the 
z'-th symm etry  type is equal to the d im ension  o f  the 
irreducible subspace. U t. These eigenfrequencies 
are A:-fold degenerated, when the co rresponding  
norm al m ode belongs to a / :-dim ensional sym ­
metry  type. Accordingly the nu m b e r  o f  symm etry  
types with different frequencies is

A2j=  Dim Uj/Xi fE)

with Dim (/,- =  ht/ h  X (er- 1 )* trace ( a ) ;  
hi'. D imension o f  the z-th irreducible represen ta­
tion, h: o rder  o f  the group , X\• i-th charac te r  o f  the 
group  and  trace (cr) =  u ( o ) * k ( o )

u (cr) =  num ber  o f  a tom s undisplaced during 
the sym m etry  opera tion .

k ( o )  =  trace o f  o  referring to one o f  the coor­
d ina te  systems undisplaced during the symmetry 
opera tion  o  (to be taken  f rom  tables in literature).

Accordingly, the m ain  fundam enta l  p rob lem  in 
perfo rm ing  the group  theoretical analysis o f  lattice 
vibrations proves to be the de term ina tion  o f  the 
num ber  u ( o )  o f  a tom s undisplaced during the 
symm etry  opera tions a.

The effect o f  the actual crystal field on the v ibra­
tions o f  s tructure  elements ( icosahedra or other 
subunits)  incorpora ted  in the structure is taken 
into consideration ,  whilst the irreducible represen­
ta t ion  o f  e.g. the icosahedral g roup  is reduced e.g. 
in the rho m b o h ed ra l  lattice. F rom  this p rocedure  
m oreover result the initial v ibrations o f  the struc­
ture elements f rom  which the IR active v ibrations 
o f  the final crystal s tructure  originate.

F ro m  the vibrations derived in this way the 
transla tions are to be eliminated as spurious. A c­
cording to M atossi [5], the ro ta t ional  vibrations 
are in te rpre ted  as l iberational v ibrations o f  struc­
ture groups.  Then , according to the selection rules 
the IR active and  the R am an  active vibrations 
result as well as their polarization . O f  course ideal­
ized structures are assum ed, which means tha t  the 
icosahedra  are taken  as undis torted  and  the posi­
tions o f  the single a tom s are assumed to  be com ­
pletely occupied.

U nfo r tuna te ly ,  the group  theory only yields the 
num ber  o f  norm al modes and  their polarization  
bu t not their frequencies. H ere to  detailed physical 
assum ptions  on the bonding  forces acting in the 
actual s truc tu re  are necessary. W ith  respect to  the 
boron-type  s tructures, at present only m ore or less 
pre lim inary  results are available [3, 7],

Experimental  Procedure

The ionicity o f  the chemical bonding  in the 
m odif ications and  boron-rich  com pounds  of  
bo ron  is sufficient to cause considerable ab so rp ­
tion o f  one-phonon  processes. Therefore  the direct 
determ ina tion  o f  the abso rp tion  coefficient can 
only be per fo rm ed  on very thin samples or on 
pow der pellets. But the prepara tion  o f  very thin 
polished plane-parallel plates is rather  difficult, 
and  quanti ta t ive  m easurem ents  on powder pellets
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are p rob lem atic  because the optical transm ission 
depends on  gra in  size an d  scattering.

F o r  these reasons our  optical investigations 
in the M IR  and  F IR  spectral range were largely 
p e r fo rm ed  by reflectivity m easurem ents ,  which 
require a co m p arab ly  simple sample prepara tion  
(one polished p lane surface only). They  yield a 
com plete  access to  the vibration  param eters ,  al­
though  every reasonab le  absorp tion  leads to the 
well-know n dispersion behaviour in the reflectivity 
spec trum , which aggravates the precise quan t i ta ­
tive eva lua tion  to  som e extend, since all the oscil­
la tor  p aram ete rs  m ust  be ob ta ined  by m athe­
matical fitting.

C rysta llographica lly  oriented single crystals 
facilitate the associa tion  o f  the experimentally ob ­
ta ined p h o n o n s  to the g roup  theoretical results, 
when m easured  with polarized rad ia t ion .  U n fo r t­
unately , we had  single crystals at our  disposal only 
in par t icu la r  cases; thus m ost o f  the measurem ents 
were pe r fo rm ed  on polycrystals o r  unoriented  
single crystals, an d  the evaluation  had  partly  to be 
limited to  a qualita tive  in terpretat ion .

T he  samples were mechanically g round  and 
polished using b o ro n  carbide powders and 
d ia m o n d  pastes (Elektroschmelzw erk Kempten) of  
subsequently  reduced  grain size.

B) A lpha-Rhom bohedral Structure Group

Structure

The m em bers  o f  this structure g roup  are iso- 
s truc tu ra l  to  the a lp h a - rhom bohed ra l  modification  
o f  elem entary  b o ro n ,  the vertices o f  whose unit cell 
(a =  0.5057 nm , a  =  58° 4') are occupied by one 
icosahedron , each, beeing insignificantly distorted 
in the direction  o f  the tr igonal axis. The icosa- 
hedral a tom s on the edges o f  the rhom bohed ra l  
unit  cell are  mainly  covalently bonded  to neigh­
boured  icosahedra ,  whereas the equato r ia l  atoms 
o f  the icosahedra  fo rm  three-center bonds. The 
s tructure  m ay be considered as a slightly deform ed 
cubic packing  o f  icosahedra  [8]. The space g roup is 
R 3 m .

T he  un it  cells o f  the isostructural borides con­
tain add it iona l a tom s symmetrically arranged 
a long  its m ain  d iagonal (Figure 1). Such structures 
with one, two or  three additiona l a tom s are known 
(see T ab le  1). T he  m ain  influence o f  these atoms

Fig. 1. Unit cell o f  the alpha-rhombohedral boron structure 
group.
O atoms o f the icosahedra located on the edges o f  the unit cell. 
® equatorial atoms forming three-center bonds in alpha- 
rhombohedral boron. They are saturated by chain atoms in the 
borides.
•  atoms located on the main diagonal o f the unit cell (trigonal 
axis o f the structure).

on bond ing  is the s a tu ra t io n  o f  the  three-center 
bonds  m en tioned ,  which stiffens the s tructure  and  
increases the hardness.

Isos tructura l  b o ron  carb ide is repor ted  to be 
existent in the large hom ogeneity  range between 
B4C and  a b o u t  B 10.6C [23, 24, 25]. S truc tural 
details, especially with respect to the  d is tribution  
o f  the C a tom s are still u nder  discussion. The m ost

Table 1. Structure group o f alpha-rhombohedral boron.

Chemical formula Structural formula References

B (alpha-rhombohedral) b ,2 [9,10]
b 12x b 12s b 12s [HI
b , 2 x 2 B3 _4  Si (B i2-/iS i„)S i2 [12]

b 6p b 1 2 p 2 [9, 1 3 -1 6 ]
B6 As Bj2 A.S2 [9, 1 3 -1 6 ]
b 6o B 1 2 0 2 [1 7 -1 9 ]

b 1 2 x 3 B4 C .. .B 1 0  6C (B12 — C2B (see [36] 
and ref. 
therein) 
[1 5 -2 0 ]

B |2 C 2  Al Bi 2C2 A.1 [1 4 -1 9 ]
B]2 C2Si [12, 15]
B4Si (B| | Si) Si2 B [21, 22]
B ,3P2 b 1 2 p 2b [10, 1 3 -1 6 ]
B ,3 A s2 B 1 2 A s2B [ 1 0 , 1 3 -1 6 ]
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Table 2. Number of undisplaced atoms u(a)  in the symmetry 
elements of the alpha-rhombohedral boron structure group.

Structure E  2C 3 3C 2 i 2S6 3<rd
type

Bl2 12 0 0 0 0 4
b ,2x 13 1 1 1 1 5
B12X2
b ,2x 3

,  ̂ 14 w(cr) 15
2
3

0
1

0
1

0
1

6
7

B12B4-1 20 2 2 0 0 6
B12B4-2 20 2 0 0 0 8

p robab le  assum ption  for  the carbon-r ich  limit o f  
the hom ogeneity  range seems to  be a B n C icosa­
h edron  connected  wtih a C -  B -  C chain. T ow ards  
the boron-rich  limit a statistical replacem ent o f  the 
C - B - C  chain by p lanary  B 4 a r rangem ents  is 
p roposed  [26, 27].

Similar hom ogeneity  ranges with varia tions o f  
s tructura l  details are  to be expected in the case o f  
the o ther  m em bers  o f  this s truc tu re  group , too, 
even though  not yet p roved, perhaps  ap a r t  f rom  
B - S i  com pounds  [28, 29, 30].

C o n t ra ry  to the B 12X 3 com p o u n d s ,  in some 
representatives o f  the B 12X 2 structures, as e.g. in 
B60 ,  the distance between bo th  X  a tom s seems to 
be too  large to assum e efficient bond ing  between 
them. T hen  these a tom s m ay only be particularly  
linked to  the icosahedral b o ro n  a tom s an d  sa tura te  
the three-center bonds  acting between them in the 
initial a lp h a - rh o m b o h ed ra l  structure .

Group Theoretical Analys is

T o per fo rm  the g roup  theoretical analysis, ideal­
ized s tructures had  to  be assum ed. This means

especially that the slight d istortions o f  the icosa- 
hed ra  obta ined by structura l investigations o f  the 
real structures were no t taken into considera t ion .

The  num bers o f  undisplaced a tom s in the d if fe r­
ent sym m etry  opera tions are listed in Tab le  2, and  
those o f  the vibrations accordingly derived for  the 
a lpha- rhom bohed ra l  structure family in Tab le  3. 
F ro m  the transfo rm at ion  o f  the v ibra t ion  species 
o f  the free icosahedron to those o f  the icosahedra  
incorpora ted  into the actual a lp h a - rh o m b o h ed ra l  
s tructures one can conclude which original v ib ra ­
tions the IR-active vibrations orig inate  f rom  
(Table 4). For the present in te rpre ta t ion  o f  IR ac­
tive v ibrations, especially the A 2u m o d e  ( i i | |c )  an d  
the E u m ode ( E _ lc )  are im portan t .  F ro m  Table  4 
results that additionally  to the IR active F lu m ode  
o f  the free icosahedron also IR inactive m odes lead 
to IR active vibrations o f  the crystal structures.

It was especially problem atic  to ad a p t  the s truc­
ture proposal o f  Yakel [26,27] for  boron-rich  
borides to the sym m etry  requirem ents  in g roup  
theory  providing qualita tive accordance  to  the ex­
perim enta l spectra. According to Yakel two atom s 
o f  a p lanar  B4 a r rangem ent replace the term inal 
a tom s o f  the C -  B -  C chain bridged by two b o ron  
a tom s located on a tw ofold  axis perpend icu la r  to  a 
vacant central a tom  site. In one var ia t ion  o f  the 
d iffe rent models p roposed , the p lan ar  a r ran g e ­
m ent leads to a lowering o f  the space g roup  o f  
sym m etry  by el imination o f  mirrors  (R 32) or  tw o ­
fold axes (R 3m).

F o r  our  g roup theoretical cons iderat ion  we as­
sumed these bridging a tom s to be located  on C 2 
axes (model B 12B4-1) or  on the sym m etry  planes <7d 
(model B 12B4-2). T o  save the C 3 sym m etry  axes o f  
the b o ro n  carbide s tructure , m oreover the resulting

Table 3. Number of vibrations n, in the alpha-rhombohedral structure group.

Symmetry Degen- B12 B12X B12X2 B12X3 B12 B4-l B12B4-2 Activity 
type eracy

A lg 1 4 4 5  5 6 7 Raman
A2g 1 1 1 1 1 3  2

1 1 1 1 1  1 (rotation)
Eg 2 5 5 6 6 9  9 Raman

1 1 1 1 1  1 (rotation)
A lu 1 2 2 2 2 3 3
A2u 1 3 4 4 5 6 6 IR

1 1 1 1 1  1 (translat.)
Eu 2 5 6 6 7 9 9 IR

1 1 1 1 1  1 (translat.)
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Phonon
frequencies
[cm- 1 ]

Free icosahedron Alpha-rhombohedral 
structure group

theor. exp. IR- Raman- inactive IR- Raman inactive
[7] [32] active active active active

860.5 Gu A2u + F u Aiu
858.9 Hg A ]g + 2 E g
805.1 750 Flu A2u + Eu
772.8 Ag A ,g
625.2 Gg A-ig + Eg A2g
464.8 Hu 2E,J A-iu
406.8 f 2u A2u + Eu
355.8 Hg A )g + 2E g

Rotation (Fig) (Eg) (A2g)

Table 4. Transformation of 
the vibration species 
(symmetry types) of the 
icosahedron in the alpha- 
rhombohedral structure 
group.

three pairs  o f  equivalent sites in bo th  models were 
taken  as completely occupied. This leads to a 
fo rm al increase o f  the nu m b e r  o f  bridging a tom s

0 4 00  800  1200  1600 2000

V [c m '1]

Fig. 2. MIR and FIR optical transmission and reflectivity 
spectra of representatives of the alpha-rhombohedral boron 
structure group, a) Bl2: Transmission of alpha-rhombohedral 
boron (after Golikova et al. [31]. b) B12X2 : 1. Transmission of 
B12P2 (after Becher and Thevenot [33]. 2. Reflectivity of B60 . 
c) B)2X3 : Reflectivity of boron carbide (B12C3, coarse crystal­
line); for deviating results at low wavenumbers see Figure 6.

per un it  cell to six, while in the real s tructure  the 
equivalent sites o f  b ridging a tom s are  statistically 
occupied with only two o f  such bridging a tom s per 
unit cell. Table  3 shows tha t  only the num ber  o f  
R a m a n  active v ibra tions enables to  decide between 
bo th  models,  while the n u m b e r  o f  IR active modes 
is the same.

Experimental  Results

Figure 2 shows the best available M IR  and  FIR  
optical spectra  o f  the representatives o f  the alpha- 
rho m b o h ed ra l  s truc tu re  g roup .  Besides the new 
reflectivity spectra  o f  BgO (com pact-grained , hot-  
pressed) an d  several b o ro n  carb ide samples o f  dif­
ferent com posit ion  an d  p rep a ra t io n  (app rox im a te ­
ly B 13C 2 an d  B 12C 3, coarse  crystalline, m olten; a p ­
p roxim ately  B 12C 3 » com pac t  grained, sintered), for 
a better  synopsis an d  com par ison  the transm ission 
spectra o f  a lp h a - rh o m b o h ed ra l  b o ro n  according to 
G o likova  et al. [31] (earlier results o f  Becher [32] 
show fewer details) a n d  B 12P 2 a f te r  Becher and  
T hevenot [33] are  show n. Results on  B 12A s 2 are 
m en tioned  by Becher an d  T hevenot [33], but 
w ithout publishing the spectrum .

O u r  reflectivity m easurem ents  were perfo rm ed  
on m echanically  g ro u n d  an d  polished samples by 
using a Fourie r  t r a n s fo rm  spectrom eter  (Bruker, 
K arlsruhe, FR G ). Since the surfaces were not 
ideally p lane because o f  the sam ple consistency, 
due to  intensity loss by surface scattering the 
abso lu te  values fo the reflectivity m ay be uncertain  
by several percent.  T h e  relative accuracy is much 
higher, ap a r t  f rom  noise in the F IR  range.
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Table 5. Fitting parameters of the dispersion analysis of B60 .

V [cm'1 ]

Fig. 3. Better resolved part of the reflectivity spectrum of 
B6Oshowing the weak lattice vibrations at 1250 and 1400 cm ” 1. 
The ribble at higher frequencies is caused by noise.

W ith  respect to  the strong v ibra tions,  the results 
on B 120 2 are consistent with the qualita tive  t ran s ­
mission m easurem ents  on  pow der  pellets by Becher 
and Thevenot [33]. But a better  reso lu tion  exhibits 
an addi t iona l  weak b and  at a b o u t  1500 c m -1 
(Figure 3).

For  b o ro n  carbide the better reso lu tion  o f  weak 
bands com pared  with earlier m easurem ents  [34] is 
im portan t .  A n  add it iona l  weak b an d  was dis­
covered at 1400 c m - 1 . The  spectra  o f  samples o f  
d ifferent chemical com posit ion  an d  material 
prepara tion  allow for  a prelim inary  in te rp re ta t ion  
o f  the influence o f  such param ete rs  on  ph o n o n  
spectra and  free carriers . Som e in fo rm a tio n  on the 
polarization  dependence o f  the p h o n o n s  can be ob ­
tained from  qualita tive m easurem ents  on  single 
crystals [34].

For  B 120 2 a dispersion analysis was per fo rm ed  
by fitting the dielectric function  by superim posed  
suitable oscillators (cf. e.g. [34]):

A e
e(v)  =  £oo X ---------------- r

J W v / V / o )  - i ( y / V j 0) ( v / v j 0)

ex : optical dielectric cons tan t  (con tr ibu tion  o f  
bonded  electrons),

A ej: oscillator s trength (con tr ibu tion  o f  the y-th 
oscillator),

v: frequency in wave num bers  (in c m - 1 ), 
v7q: resonance frequency o f  the sustained oscil­

lator,
y: frequency independent dam ping  constan t .

a) Phonons: b) Plasma
Resonance Oscillator Attenuation vibrations
frequency strength constant
[cm- 1 ] [ c m '1]

1056 0.327 50 Plasma reso­
885 0.035 15 nance
784 0.012 12 frequency:
715 0.012 10 1.3 • 1014 s - 1
409 0.027 11 Collision 

frequency: 
1 • 1015 s ' 1 
Optical di­
electric 
constant: 
4.35

The increase o f  reflectivity tow ards small wave 
num bers  is a t tr ibu ted  to strongly a t ten u a ted  
p lasm a oscillations and  fitted by a Drude te rm  (cf. 
e.g. [34]).

The fitting param eters fo r  the B £ )  reflectivity 
spectrum  are listed in Table 5, and  the accordingly 
calculated spectra o f  the refractive and abso rp t ion  
index are shown in Figure 4.

Interpretat ion o f  the Phonon Spectra

The lattice vibration spectra  of  the alpha- 
rh o m bohed ra l  bo ron  s tructure  family are expected

V [ c m '* ]

Fig. 4. B60 : Refractive and absorption index, calculated by use 
of the fitting parameters listed in table 5 and obtained by a 
dispersion analysis of the reflectivity spectrum.
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to be m uch  simpler than  those o f  the o ther  s truc­
ture  families o f  b o ron  insofar  as the unit cells con ­
tain only one icosahedron  and, besides o f  alpha- 
rh o m b o h ed ra l  b o ron  itself, only one additiona l 
s truc tu re  element.  Therefo re  no resonance splitting 
is to  be expected but only systematic shifts o f  the 
resonance frequencies o f  the original v ibrations o f  
the icosahedron  depending on the actual crystal 
s tructure .  These frequency shifts may be an iso­
tropic ,  bu t for  symm etry  reasons, in the idealized 
s truc tu re  the vibrations o f  type A 2u (-Elk) are 
single while those o f  types E u ( E l c )  are tw ofold  
degenerated  and  hence exhibit double intensity 
w hen m easured  with unpolarized light or  on 
polycrystalline material.  Po lar ization  dependent 
results were ob ta ined  only in case o f  b o ron  carbide 
[20] with limited accuracy because o f  the very 
small samples investigated. Nevertheless, these 
results yield valuable support  for the subsequent 
in te rp re ta t ion  o f  the spectra.

A ccord ing  to the group-theoretical analysis, in 
the a lp h a - rh o m b o h ed ra l  bo ron  structure family 
the following IR active ph o n o n  spectra are to be 
expexted:

-  in a lp h a- rh o m b o h ed ra l  bo ron  itself, eight 
p h o n o n s  arise, which are to be a t tr ibu ted  to  the 
icosahedron  in the rhom bohed ra l  crystal s tructure .
-  in the borides  B 12X and  B 12X 2 the additiona l 
a tom s a r ranged  on the tr igonal axis generate two 
add i t iona l  phonons ,  one o f  types A 2u ( i i | |c )  and  E u 
( f l i c ) ,  each.
-  the borides B 12X 3 exhibit in com parison  to 
a lp h a - rh o m b o h ed ra l  bo ron  two additiona l p h o ­
nons o f  types A 2u and  E u , each,
-  bo th  versions o f  the structure  B 12B4 (p lanar B4 
a r ran g em en t  in boron-rich  bo ron  carbide) lead to 
three add i t iona l  phonons  o f  type A 2u and  o f  E u .

Reference quan t i ty  o f  the IR active v ibrations in 
the d iffe ren t s tructures is the fundam enta l  IR ac­
tive p h o n o n  frequency 7 5 0 c m -1 o f  the free icosa­
hed ron  derived by Becher [32] from  the absorp tion  
spectrum  o f  the (B 12H 12) _ _  ion. This three-fold 
degenerated  v ibration  was calculated by Beckel 
an d  V aughan  [7] som ew hat deviating to 805.1 
c m ' 1 by considering only nearest neighbours 
bond ing  represented  by 30 identical H o o k e ’s law 
springs. Nevertheless, this ra ther  good agreement 
allows to  consider the o ther  vibration  frequencies 
calculated  by these au tho rs  and  especially the

sequence o f  these v ibrat ion  frequencies within the 
subsequent in te rp re ta t ion  o f  the spectra.

Besides the spectra  o f  the fu r the r  representatives 
o f  this s tructure  g roup ,  a lready  the transm ission 
spectrum  o f  a lp h a - rh o m b o h ed ra l  bo ron  experi­
mentally  ob ta ined  by G olikova  et al. [31] exhibits 
six d iffe rent ab so rp t io n  bands ,  which are to be 
in te rpre ted  accord ing  to  the eight p h onons  group- 
theoretically expected. This m eans tha t v ibrations 
orig inating  f rom  IR-inactive v ibrations o f  the free 
icosahedron  are s trong  enough to  becom e experi­
m entally  detected, co n tra ry  to the assum ption  o f  
Becher and  T hevenot [33]. All v ibrations which are 
im p o r tan t  in connect ion  with the in te rp re ta t ion  o f  
the optical p h o n o n  spectra  are listed in Table 4.

T he  varia tion  o f  the R a m a n  active vibration  
frequencies with b o n d  s trength  calculated by 
W eber an d  T h o rp e  [3] exhibits only few crossings. 
A  similar behav iour  shou ld  be expected for the IR- 
active p h o n o n  frequencies, too .  Hence the 
sequence o f  frequencies derived in [7] for the free 
icosahedron  should  be essentially the same in the 
crystal structures o f  the a lp h a - rh o m b o h ed ra l  struc­
ture g roup .  A ccordingly  we a t t r ibu te  the strongest 
v ibration  at higher frequencies, which is found  in 
all representatives o f  this s truc tu re  g roup  at nearly 
the sam e spectral posit ion ,  to the initial F lu mode.

A n  add i t iona l  s trong  a rgum en t  to  a t t r ibu te  these 
v ibrations to the F lu m ode  o f  the free icosahedron 
is the M I R /F I R  ab so rp t io n  spectrum  o f  am o r ­
phous b o ro n  (see [34] and  [36]), which is know n to 
consist largely o f  B 12 icosahedra  statistically 
bonded  to  one an o th e r .  The  b ro ad  absorp tion  
band  in the lattice v ibrat ion  range o f  this d isor­
dered icosahedral s truc tu re  peaks at 1080 cm _1,
i.e. exactly at the sam e frequency.

This m ode  splits accord ing  to Table  4 into one 
A 2u and  one E u m ode. As was already  shown, the 
spectra  themselves respectively their dispersion 
analysis confirm  the ap p ro x im a te  degeneracy o f  
this v ibra tion .  M oreover,  the polarization  
dependent m easurem ents  on  b o ro n  carbide single 
crystals [34] suppo r t  this conclusion; the intensity 
rela tion 1 :2  for  A 2u: E u corresponds  to the one to 
be expected in case o f  degeneracy. F or  bo ron  
carbide it was show n in [35] tha t  the param eters  o f  
this v ibration  depend  on the chemical 
com posit ion ,  which led to the conclusion that in 
ca rbon-r ich  b o ro n  carb ide  ca rbon  a tom s substitute 
bo ron  sites within the icosahedron .
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In the same way the lowest resonance frequency 
o f  considerable s trength in the IR spectra  o f  all 
representatives o f  this s truc tu re  g roup  is assum ed 
to originate from  the F 2u m ode having the lowest 
frequency o f  the free icosahedron . A gain  the 
polarization  dependent results o f  b o ro n  carbide 
[34] (A 2u: E u ~ 1 :2 )  con f irm  the degeneracy o f  this 
v ibration .

A fter  these main  associa tions, as shown in 
Fig. 4 the rem aining ones are  m ore  or  less inevita­
ble. S tarting  at low frequencies, there are two 
branches with nearly identical behav iour  th ro u g h ­
out the whole s truc tu re  g roup ,  suggesting to 
a t tr ibu te  them  to the sam e sym m etry  type, which is 
the H u m ode according to  the o rder  o f  frequencies 
o f  the icosahedron . A t  least in one  o f  bo th  
branches, the E u charac ter  accordingly  d em anded  
is in agreem ent with the po la riza t ion  in b o ro n  
carbide. The  high a b so rp t io n  o f  these v ibrat ions in 
a lpha- rhom bohed ra l  bo ron ,  which led Becher and  
Thevenot [33] to a t tr ibu te  them  to  the F lu m ode , is 
striking. M oreover  the considerably  decreasing 
oscillator s trength corre la ted  with an  adequa te  
reduced resonance frequency  within the b ranch  is 
no teworthy .  A pparen t ly  there is a considerable 
ionicity in the icosahedron  in troduced  by the struc­
ture o f  a lp h a -rh o m b o h ed ra l  b o ro n ,  which de ter­
mines the resonance frequencies an d  the  oscillator 
strengths o f  these v ibra tions as well. This ionicity 
seems to rem ain  app rox im ate ly  unchanged  when 
two separated  atom s, as in BgO, sa tu ra te  the three- 
center b ond  between the equa to r ia l  a to m s  o f  the 
icosahedra, but becomes considerab ly  reduced by 
linear chains with inner bond ing  as in b o ro n  
carbide an d  B 12P 2. U n fo r tu n a te ly  it is not possible 
to localize this ionicity within the icosahedron  
because the atom ic m ovem en t o f  this v ib ra t ion  is 
rather  com plicated  [7].

To classify the rem ain ing  two sequences o f  
v ibrations experimentally  ob ta ined , there are  only 
the two vibrations orig inating  f rom  the  G u m ode 
left at disposal. This a t t r ib u t io n  d em an d s  the only 
crossing o f  states within this m odel.  T he  type o f  
the lower frequency sequence seems to  be A 2u, 
when generalizing the po lariza t ion  in b o ron  
carbide. This m ode seems to  split in the case o f  
boron  carbide and  beyond th a t  in B 12P 2. Since ac­
cording to [7] ra the r  small regions o f  the icosa­
hedron vibrate against one an o th e r  in this m ode , it 
seems possible that local systematic subst i tu t ion  o f

foreign a tom s therein, or  systematic d is tortions o f  
the icosahedron  may cause these additiona l m odes 
respectively this splitting. The upper  b ranch  co n ­
tains only very weak vibrations, which are d is t inct­
ly detected only in case o f  a lp h a -rh o m b o h ed ra l  
b o ro n  and  b o ron  carbide. A dditionally  there seems 
to be a corresponding  very weak v ibration  at a b o u t  
1250 cm _1 in B60 .  The spectrum  o f  B i2P 2 [33] does 
not cover this spectral range.

Besides these sequencies o f  icosahedral v ib ra­
tions there is a rather  s trong vibration  o f  A 2u type 
in b o ro n  carbide. This v ibration  corresponds  with 
a v ibration  in be ta -rhom bohedra l  bo ron ,  whose 
sym m etry  is closely related to tha t  one o f  b o ron  
carbide [34, 36, 37]. In case o f  b o ron  carbide this 
m ode  is to be a t tr ibu ted  to the stretching v ibra t ion  
o f  the C - B - C  chain. H ence for  sym m etry  
reasons, in case o f  BgO and  B 12P 2 this v ibration  
should  be absent.  But the weak vibra tion  in BgO at 
a b o u t  1500 cm ~ 1 indicates that there must be som e 
d is turbance o f  symmetry.

Accord ing  to g roup  theory , in case o f  carbon-  
rich b o ro n  carbide there are two vibrations o f  the 
chain. Besides the stretching v ibration ,  an  IR-ac- 
tive de fo rm at io n  m ode is expected at low frequen ­
cies. But in the spectra there is no  evidence o f  this 
m ode.

As show n by g roup  theory, for  the B 12B4 s truc­
ture models o f  boron-rich  b o ron  carbide a d d i­
tional phonons  are expected and  the param ete rs  o f  
the chain v ibrations should  change. W ith in  the 
part o f  the hom ogeneity  range investigated ( B 13C 12 
to B 12C 3) we did not find distinct ab so rp t ion  
bands ,  which could be assigned to the p lanary  B 4 
a r rangem ent .  Possibly samples which are nearer  
to the boron-rich  limit o f  the hom ogeneity  range, 
are m ore  promising. Nevertheless, the oscillator 
strength o f  the 1 580c m -1 p h o n o n  decreasing with 
ca rbon  conten t [36, 37] points  tow ards a s tructura l  
varia tion  with respect to the C -  B -  C chain.

As show n above, there is some evidence in the 
lattice v ibra tion  spectra o f  the a lp h a - rh o m b o ­
hedral s tructure  group  to assume deviations f rom  
the idealized structures like d efo rm ations  o f  s truc­
ture  elements or substitu tion  o f  sites. Sterzel [38] 
has show n tha t such s tructural defects can cause 
the selection rules o f  lattice v ibration  m odes to 
becom e violated. Hence it canno t be excluded tha t 
some weak vibrations in bo ron  carbide and  B öO  
orig inate from  R am an  active or  inactive v ib ra­
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be adap ted  by the D rude  theory .  T he  results rough­
ly agree with those reported  in [34]. In spite o f  the 
low num ber  o f  samples investigated, a qualita tive 
systematic in terre lat ion  with the sam ple  properties 
seems to be obvious:

The collision frequency o f  carriers in com pact-  
grained b o ro n  carbide is considerab ly  higher than  
in coarse crystalline m ateria l o f  the sam e chemical 
com position ,  while the carrier  concen tra t ion  de­
creases. T hus  the electronic t ran sp o r t  properties in 
com pact-gra ined  materia l (grain-size < 1  urn) are 
not only determ ined  by the vo lum e properties  but 
also by the grain size or by the grain  boundaries ,  
which conclusion agrees with the accord ing  com ­
parison o f  static m easurem ents  o f  electronic 
t ranspo r t  [40, 41].

5.05 5.15 5 25
a [A]

Fig. 5. Coordination of the phonons within the alpha-rhombo­
hedral structure group and attribution to the vibrations of the 
free icosahedron. The phonon frequencies are plotted versus the 
lattice constant of the rhombohedral unit cells.

tions. Accordingly  we assume tha t som e vibrations 
in the R a m a n  spec trum  o f  boron carb ide  a t tr ibuted  
to ca rb o n  c o n tam in a t io n  by Shelnutt et al. [39] are 
ra the r  to  be associa ted  with the s trong  IR-active 
v ibrations,  which a re  a t exactly the same frequen­
cies.

V [cm-1]

Fig. 6. Boron carbide: Reflectivity in the FIR spectral range 
(plasma edges). Sample properties: 1 composition = B13C2 
(coarse crystalline); 2 composition = B12C3 (coarse crystalline); 
3 composition = B ]2C3 (compact-grained, grain size <1 um, 
sintered).

Plasma Resonance

In Fig. 6 the F IR  reflectivity spectra  o f  boron  
carb ide sam ple o f  different com posit ion  and  
p repa ra t ion  are show n. As already discussed in 
[34], the distinct increase o f  the  reflectivity 
tow ards  low frequencies can be at tr ibu ted  to 
p lasm a v ibrations o f  free carriers in b o ron  carbide. 
A  similar behav iou r  is found in BgO, too. The 
dependence o f  reflectivity on frequency can easily
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