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The lattice vibrations of the ß-rhombohedral boron structure group are investigated in detail by 
group theory. IR spectra of pure ^-rhombohedral boron as well as of B: Mn, B: Fe, B: Cu, and 
B: Cu/Al are presented and discussed. In comparison with boron carbide most of the absorption 
bands can be associated with certain vibrations. The vibration frequencies are determined by 
application of the phenomenological theory of Waser and Pauling, which thus yields a reliable 
estimation of the restoring forces ion these solides. 

Introduction 

After the a - rhombohedra l boron s t ructure g roup 
was treated in the first par t of this series [1] (below 
cited as I), the /^-rhombohedral bo ron s t ructure g roup 
is discussed in the present paper. Some supplementary 
results to I developed f rom compar ing discussions of 
bo th structure groups are included. 

/^-rhombohedral bo ron is the thermodynamical ly 
stable polymorph of this elementary semiconductor . 
Con t ra ry to the other modifications, which can only 
be obtained at lower temperatures under special re-
stricted condit ions [2], the ß - rhombohedra l modifica-
tion developes generally when the melt is cooled 
down. Therefore it is possible to grow single crystals 
f rom the melt according to the usual or related meth-
ods. The best, purest and largest single crystals were 
produced by the Wacker-Chemie, Munich [3], but 
these crystals, too, are not completely free of certain 
impurities, especially carbon, and of s t ructural defects, 
especially twins and stacking faults [4], which seem to 
be caused by a rather low energy of disorder [5]. In 
spite of these crystals thus having not reached the high 
quality of e.g. single crystalline silicon, they have been 
the prerequisite that at present the ^ - rhombohedra l 
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modification is by far the best investigated polymorph 
of boron (cp. e.g. [6]). 

Structure 

The first description of the crystal structure of pure 
^ - rhombohedra l boron is due to Hoard et al. [7], It 
was confirmed by Geist et al. [8] and determined by 
Callmer with high precision [9]. The most recent struc-
tural investigations were performed by Slack et al. 
[10-13], 

According to the model of Hoard et al., the 
unit cell ( rhombohedra l description: a = 10.145(15) Ä, 
a = 75° 17(8)'; hexagonal description: a = 10.944 Ä; 
c = 23.811 Ä; space group R 3 m) consists of 105 boron 
a toms occupying 16 independent positions, two of 
which are not completely occupied. Slack et al. [11] 
found four addi t ional partly occupied boron positions 
raising the number of B a toms per unit cell to 106.7. 
Then the X-ray density agrees with the pycnometric 
density. Some of these positions were already known: 
in solid solutions of Ni [14] or Ge [15] the same sites 
are determined to be occupied by these atoms. 

In a simple description of the unit cell, B 1 2 icosahe-
dra occupy the vertices and the medium points of the 
edges of the rhombohedra l unit cell. Additionally, on 
the principal cell diagonal coinciding with the c axis in 
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Fig. 1 a. B84-subunit of ß-rhombohedral boron. 

the hexagonal description of the structure, two aggre-
gates consisting of three intergrown icosahedra, each, 
are symmetrically arranged relatively to a single a tom 
in the center of the unit cell [16]. 

F o r symmetry and group theoretical considerat ions 
a different description is more useful. A B 8 4 giant unit 
of icosahedral symmetry is at tr ibuted to the vertices of 
the unit cell. It is formed by the central B 1 2 icosahe-
d ron being linked to 12 half-icosahedra radially ar-
ranged on its six five-fold rotat ion axes (Figure 1 a). 
The large octahedral holes remaining in this distorted 
close cubic packing of B 8 4 icosahedra contain two B 1 0 

units consisting of three condensed caps of icosahedra 
(Figure 1 b). Together with the central single B a tom in 
the unit cell they form a B 1 0 -B-B 1 0 chain on the prin-
cipal cell diagonal of the unit cell. This B 8 4 (B 1 0 BB 1 0 ) 
a r rangement exhibits the close symmetry relation to 
the B 1 2 (CBC) boron carbide structure. 

A somewhat different description is sometimes pre-
ferred: A B 4 8 unit consists of the central B 1 2 icosahe-

dron and only those six pentagonal B6 half-icosahedra 
on these five-fold axes which are determined by the 
polar a toms of the icosahedra and coincide with the 
edges of the rhombohedra l unit cell. The remaining 
a toms are a t t r ibuted to a symmetric B 2 8 - B-B 2 8 chain. 
These B 2 8 g roups consist of three condensed icosahe-
dra, each, sharing one face and one c o m m o n vertex 
with the bo th other ones. 

It must be kept in mind, however, that the B(13) 
sites in the B 1 0 respectively B 2 8 units are only occu-
pied with a probabil i ty of abou t 70%, and that there 
are several interstitial b o r o n sites. B 1 2 ( B 1 2 ) 3 B 2 8 B B 2 8 

is a more precise presentat ion f rom the crystallo-
graphic view point , because the icosahedron at the 
origin of the rhombohedra l unit cell is crystal lograph-
ically different f rom those three icosahedra located at 
the centers of the edges. 

Investigating the phase transi t ion f rom the a - rhom-
bohedra l po lymorph , R u n o w [17] has shown that the 
ß - rhombohedra l unit cell can be approximately imag-
ined to have been developed f rom eight a - rhombo-
hedral unit cells. Indeed the resulting unit cell contains 
only 96 a toms, but in spite of the deficiency of nine 
a toms the lattice spacings agree with perfect /?-rhom-
bohedra l boron. Especially there are no irregularities 
with respect to the B 8 4 subunit . 

In all these s t ructure descriptions the icosahedra are 
assumed to be regular. But in reality they are distorted 
in consequence of the Jahn-Teller effect reducing the 
symmetry of the icosahedral g roup Ih to the subgroup 
D 3 d , which corresponds to the space group 3 m [18,19]. 
Obviously this is the fundamenta l reason for the for-
mat ion of the rhombohedra l structures with space 
g roup R 3 m . 

The borides, which are isostructural to ^- rhombohe-
dral boron , form solid solut ions by interstitial doping, 
which is sometimes accompanied by the subst i tut ion 
of certain B a toms in the outer shell of the B 8 4 unit 
(Table 1). A previously assumed systematical substitu-
tion of bo ron a toms within the interior subunits of the 
unit cell by Al and Si a toms [20-23] seems not to be 
confirmed by the recent more accurate s tructure in-
vestigations. 

Besides, it can be expected that a subst i tut ional or 
interstitial doping with ca rbon a toms exists in most of 
the crystals available at present, because removing of 
ca rbon by the usual purif ication processes is very dif-
ficult and of low success in case of boron. The reason 
is that the solubility coefficients in the liquid and in the 
solid phase are nearly the same. 
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Table 1. Solid solutions of ß-rhombohedral boron and occupancy of the interstitial sites obtained from the references cited. 

Solid solution Occupation of interstitial sites3 B sites Ref. 
(%) 

partially substituted 
occupied 

6c 18 h 18 h 6c 18 g 36 i 18 h 18 h 36 i 
A(l) A (2) (D) (E) B(13) B(16) 
Me(l) Me(2) Me(3) 

ß-rh. B. 73.4 24.8 9 
Dopant 

Mg H L L 10 
Al L 10 
A1B31 Al(l) A12-2b A12-1 A12-3b 43 A1B31 

86 4 11 4 68.2 
Ga X X 10 
Si X X 10 
SiB*36 Si(l) Si (2) Si <-> B(l) 27 SiB*36 

46.4 4.8 73.9 13.3% Si 
Ge 
G e B a 9 0 Ge(l ) Ge(2) Ge(4) Ge(5) Ge(6) Ge(7) G e ^ B ( l ) 15 G e B a 9 0 

20.9 0.46 1.87 1.03 1.16 0.42 71.6 3.38% Ge 
Cu H L M 10 
CUB23 Cu(l) Cu(2') Cu(2")b Cu(3) 28 CUB23 

8 22 12 61 69 13 
C U B , 2 8 6.1 22 10.5 50.5 61 21 25 
Cu/Al H L b M L b 42 
CU2A12 7 B 1 0 4 42 25 32 
Sc H M L 10 
ScB^ 2 8 Sc (2) Sc(3) S c ~ B ( 4 ) 30 ScB^ 2 8 

31.4 72.7 61 6% Sc 
Ti X X 10 
Zr H L M 10 
ZrB^ 5 1 Zr(2) Zr(3) 31 Z rB^ 5 1 

27.9 18.1 53 14.5 
Hf H L M 10 
V L H H 10 
V B a 6 5 V(l) 

64.0 
V(2) 
5.3 74.6 

13 

V B a l 6 5 31.6 <2 .3 76.3 14.7 13 
Nb H L 10 
Ta H L 10 
Cr L H 10 
C r B s 4 1 Cr( l ) 

71.9 
Cr(2) 
18.0 72 

26 

Mn L L H 10 
M n B a 2 3 Mn(l ) 

25.6 
Mn(2) 
43.1 

Mn(3) 
66.2 65 

25 

Fe L H 10 
F e B x 4 9 Fe(l) Fe(2) 35 F e B x 4 9 

50.7 18.5 73 
Co X X 10 
Ni H L 10 
NiB4 8 .5 Ni(l) Ni(3) Ni(2)b Ni(4) 14 NiB4 8 .5 

44.67 1.78 8.99 0.58 67.1 18 

3 X: Occupied; L: Occupied at Low Concentration; M: Occupied at Medium Concentration; H: Occupied at High Concen-
tration. 
b Position 36 i. 
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Table 2. Voids in the crystal structure of ^-rhombohedral boron. Positions, coordinates, numbers and distances of neighbour-
ing boron atoms in the case of CrB a 4 1 [26]. 

Hole WyckofT- Hexagonal coordinates Number of boron neighbours and distances 
Position 

A(l), Me(l) 6(c) 0, 0, 0.135 12B, 2.15-2.19Ä 
A (2) 18(h) 0.108, 0.216, 0.100 12B, 2.06-2.14Ä 
A (3) 36 (i) 0.279, 0.248, 0.046 12B, 1.91 -2.20 Ä 
D, Me (2) 18(h) 0.205, 0.411, 0.174 IB, 2.01 Ä; 14B, 2.28-2.45Ä 
E, Me (3) 6(c) 0, 0, 0.245 15B, 2.28-2.45 Ä 
F(l) 18(h) 0.065, 0.130, 0.245 7B, 1.95-2.18Ä; 2B, 2.79 Ä 
F(2) 18(h) 0.117, 0.233, 0.252 3B, 2.12Ä; 13B, 2.39-2.66Ä 
G 18(h) 0.055, 0.109, 0.117 8B, 1.79-1.85Ä; 6B, 2.54-2.62Ä 

R 

and B10-subunits and A(l)(Mel) , D Me(2), E Me(3) and 
Si (2) positions. 

Coordinates Atoms Pos. 

• 0; 0; 0.135 A(l) Me(l) 6c 
o 0.245; 0.41; 0.17 D Me (2) 36 i 
• 0; 0; 0.245 E Me(3) 6c 

0.11; 0.89; 0.10 Si (2) 18 h 
@ 0; 0; 0.5 B(15) 3b 

A characterist ic feature of the crystalline boron 
structures, essentially consisting of three-dimension-
ally linked icosahedra is the ra ther open structure, 
which in the case of ß - rhombohedra l b o r o n is filled up 
by B a toms at only 36% (rB = 0.88 Ä) [24], Hence the 
boron f ramework contains several voids, which are 
large enough to accomoda te foreign a toms thus form-
ing the solid solutions with various elements [10-13 , 
2 5 - 3 5 , 42, 43], 

These voids at different posit ions in the unit cell (cp. 
Fig. 2 and Table 2) are different with respect to their 
size, shape, symmetry and to the number of the adjo in-
ing boron atoms. Besides, in a manne r not yet clarified 
systematically, the occupancies depend on size, bond-
ing propert ies and concentra t ion of the built-in a toms. 
Some more detailed knowledge is available on the 
most frequently occupied centers A ( l ) ( M e 1), D ( M e 2 ) , 
and E ( M e 3 ) . The occupancy of these voids is not 
independent of the remaining structure; metal a toms 
in the D ( M e 2 ) void dislodge B a toms f rom the B(13) 
site, and the occupancies of the A ( l ) ( M e l ) and the 
adjacent E ( M e 3 ) voids exclude on another . The 
D (Me 2) hole is very ill-defined, i.e. a toms have differ-
ent possible coordinates. Sometimes they are si tuated 
on the mir ror plane, sometimes the posi t ion is split 
into two fur ther holes, and in A1B31 there are one 
non-split and two split positions. In the Figs. 3 and 4 
the distances are indicated and exclude a simulta-
neous occupancy in the same unit cell. O n the o ther 
hand it can be obta ined f rom these figures that the 
distances are appreciable, and this accordingly repre-
sents a region of local disorder. The Ge(6) and Ge(7) 
a toms are at 0.78 Ä f rom each other, and it is not clear 
if they should be denoted as the same hole, a l though 
a s imultaneous occupancy in the same unit cell is 
excluded. Their distances f rom the D hole a tom Ge(4) 
are 1.369 and 1.12 Ä, respectively. F o r more details see 
e.g. [24], Table 1 shows the collected da t a on intersti-



1020 

Fig. 3. Structural surrounding of the B(15) atom as seen 
along the hexagonal c axis. The larger circles represent boron 
atoms, and the small circles designated by 1, 2 and 3 indicate 
the three-fold splitted D Me (2) position designated by Al (2-1), 
Al(2-2) and Al(2-3) atoms, respectively. The B(15) atom lies 
in the inversion center on the threefold axis [43]. 

Fig. 4. Splitting of the D-hole as it was 
found in the case of A1B31 (cp. Fig. 3). 
Additionally the B(17d) position par-
tially occupied at 8.5(9)% in pure crys-
tals [11] is marked by full circles. 

tially doping a toms and occupied sites taken f rom the 
literature. 

The following formal models of solid solutions will be 
considered below: 

MBX-1: only A ( l ) ( M e l ) occupied or only E ( M e 3 ) 
occupied. 

MBx-2: only D ( M e 2 ) occupied. 
MBx-3: A ( l ) ( M e 1) + D ( M e 2 ) occupied or D ( M e 2 ) 

+ E ( M e 3) occupied. 
MBx-4: A ( l ) ( M e l ) + D ( M e 2 ) + E ( M e 3 ) occupied. 

Since the sites A ( l ) ( M e 1) and E ( M e 3 ) are both posi-
tioned on the c-axis, each symmetrically to the central 
B a tom in the unit cell, their symmetry propert ies and 
their influence on the number of lattice vibrations is 
the same. Of course, this does not mean that the vibra-
tion frequencies, too, coincide. 
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Group Theoretical Analysis 

For the g roup theoretical analysis it was necessary to 
idealize the basic crystal s tructure of ^ - rhombohedra l 
boron: 
- Distort ions of the icosahedra were neglected. As 

already mentioned the icosahedron is distorted in 
principle by the Jahn-Teller effect. But since the 
reduction in symmetry corresponds to the space 
group R 3 m of the a- and ^ - rhombohedra l struc-
ture group, it is assumed that at least in first approx-
imation this distortion can be neglected with re-
spect to the lattice vibrations. This holds especially 
with respect to group theory, which only yields the 
number of vibrations and not their resonance fre-
quencies. 

- All the 16 independent B sites were assumed to be 
entirely occupied. This is incorrect with respect to 
B(13) (occupancy 74.5(6)%) and B(16) (27.2(7)%). 

- The occupancy of the four recently detected B sites 
[10] (3.7 to 8.5%) was no t considered in pure boron. 
These idealisations lead to 105 B a toms per unit cell 
of pure /^-rhombohedral boron. 

In case of the isostructural borides (Table 1) the pre-
cise knowledge of the differently occupied sites would 
be needed for the group theoretical de terminat ion of 
the lattice vibrations. As shown in Table 1, the voids 
A(l ) (Me 1), D (Me 2) and E (Me 3) are the mostly pre-
ferred ones for accomodat ing foreign a toms. There are 
2 A (1), 6 D , and 2 E equivalent crystal lographic posi-
tions in the rhombohedra l unit cell. The occupancy 
does not reach 100% in any case, which means that 
the sites are only statistically occupied, and that the 
occupations of different sites may not be independent 
from one another . For the symmetry considerat ions in 
group theory, it was therefore necessary to assume 
complete occupation. This means of course that the 
number of a toms per unit cell used for this calculation 
increases to values, which are not in agreement with 
the real structure. Nevertheless this incorrectness is 
expected to be of minor impor tance than to use the 
correct number of int roduced a toms at statistically 
occupied positions. Such a procedure would influence 
the long-range order of the structure essentially, and 
the symmetry of the complete unit cell would be 
strongly reduced. Hence the number of vibrat ions of 
the whole structure would become very small in con-
trast to the experimental results. O u r procedure corre-
sponds merely to a per turbat ion of the ideal structure, 
and the max imum number of the addit ionally induced 
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vibrat ions is obtained. Possibly not all of these vibra-
t ions will be found in the spectra, because the oscilla-
tor s t rengths of the vibrat ions depend e.g. on the num-
ber of vibrat ing centers, which is low in case of low 
occupancy. 

The numbers of vibrat ion species, which are to be 
expected in the main representative structures, were 
calculated according to the procedure described in I 
and [36], The first essential step is to determinate the 
a toms, which remain undisplaced during the different 
symmetry operat ions (Table 3). The accordingly de-
rived number s of vibrat ions in the ^ - rhombohedra l 
s t ructure g roup are listed in Table 4. 

It is obvious that an essential part of the vibrat ion 
spec t rum is determined by the B 8 4 unit. Therefore, to 
facilitate the interpretat ion of the spectra, in Table 5 
the split t ing of the corresponding vibration modes in 
the crystal field of the rhombohedra l lattice is indi-
cated in detail and compared with the vibrat ions of 
the B 1 2 icosahedron. The complex movements of the 
vibrat ing a toms in the different modes of the B 1 2 

icosahedron are described in [37], The symmetry in the 
B 8 4 unit is the same, and hence the vibrations of the 
central B 1 2 icosahedron can be transferred to the B 8 4 

unit. G r o u p theoretically, 8 IR active F l u modes are 
expected to split into 8 twofold degenerated Eu modes 
(E1 c) and 8 A 2 u modes (E || c). 

F o r the interpretat ion of the phonon spectra it is 
useful to distinguish between inner and outer vibra-
t ions of the structure g roups in the unit cell. The outer 
v ibra t ions are obtained according to the procedure 
described above, with the only difference that instead 
of the n u m b e r of undisplaced a toms the number of 
undisplaced structure groups is determined. Such 
s t ructure groups are B 1 2 , B, and C in case of bo ron 
carbide and B 8 4 , B 1 0 , B respectively B 4 8 , B 2 8 , B in 
case of ^ - rhombohedra l boron. The results for the 
related structures are listed in Table 6. While the re-
sults for translational motions are the same, the number 
of rotat ional vibrations of polyatomic structure units in 
/^-rhombohedral boron exceeds that one of boron car-
bide. The reason is obviously the three-dimensional size 
of the B 1 0 respectively B 2 8 arrangements. 

The g roup theoretical consideration of the solid 
solut ions in the preceding section is based on the as-
sumpt ion of modified fundamenta l structures. An es-
sentially different description would be to consider the 
metal a toms as weakly bonded single a toms in voids. 
In this case local vibrat ion modes would arise, whose 
intensity depends on the number of occupied sites, and 

Table 3. Number of undisplaced atoms u (<r) in the symmetry 
elements of the ^-rhombohedral structure group. 

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

f * 4 8 48 0 0 0 0 8 
B28-B-B,8 57 3 1 1 1 13 
B 8 4 84 0 0 0 0 12 
B10-B-B10 21 3 1 1 1 9 
B l 0 5 105 3 1 1 1 21 
MB, — 1 107 3 1 1 1 21 
MBX — 2 111 3 1 1 1 23 
M B . - 3 113 5 1 1 1 25 
MB t — 4 115 7 1 1 1 27 

whose vibrat ion frequencies are determined by the 
strength and the ionicity of bonding. Their anisotropy 
would depend on the voids and not on R 3 m. To 
decide this question, a quant i ta t ive interpretat ion of 
the spectra is necessary. 

Specimens 

1. Single crystal ^-rhombohedral boron: the samples 
were cut f rom "hyper-pure" single crystals (Wacker-
Chemie, Munich) claimed impuri ty 4 N 5 . Typical im-
purity analysis according to the producer: C: 50 to 
100 ppm; Si, Ca, Cu, Mg: < 1 p p m (cf. [38]). Split re-
flexes of Laue pa t te rns obta ined for orientat ion of the 
samples and electron microscope investigations lead 
to the assumpt ion of stacking faults and twins [4], The 
sample prepara t ion was performed according to [4]. 
2. B: Mn: The specimens with the nominal chemical 
composi t ions M n B 3 3 3 0 , M n B 7 1 3 , M n B 3 0 7 , M n B 1 1 6 , 
M n B 5 5 , M n B 2 2 were prepared by arc melting Wacker 
boron and freshly subl imated manganese (Highways, 
Baarn, The Nether lands; claimed purity 4 N ; Fe: 
< 1 ppm) and subsequent heat treating for 20 h at 
1470 K in BN crucibles in a high vacuum furnace. The 
composi t ions were determined as the averages of 
microprobe results and unit cell determinat ions 
(linear dependence of unit cell volume on M n con-
tent assumed between non-doped Wacker boron 
(V = 24 671.2 Ä3) and M n B 2 3 (V = 2508.6 Ä3) (for de-
tails, see [25, 39]). 

3. B: Fe (FeB 2 9 5 ) : This c o m p o u n d was the first n-type 
ß - rhombohedra l bo ron obta ined by definite doping 
[40], which result is of especial impor tance for the 
applicat ion of bo ron in semiconductor technology. 
The specimens are the same as investigated there. 
They were prepared f rom bo ron (Wacker-Chemie, 
Munich , see above and iron ( Johnson-Mat they Co., 
specpure) by arc melting under purified argon a tmo-
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Table 4. Number of vibrations in the ß-rhombohedral structure group. 

Symmetry 
type 

Degen-
eracy 

B 4 8 B 8 4 B 1 0 5 M B . - L M B x - 2 M B x - 3 MB 

1 15 24 31 32 33 34 35 

A2G 1 8 
1 

17 
1 

20 
1 

20 
1 

21 
1 

21 
1 

21 
1 

E g 2 23 
1 

41 
1 

51 
1 

52 
1 

54 
1 

55 
1 

56 
1 

ALU 1 9 18 21 21 22 22 22 
A2U 1 14 

1 
23 

1 
31 

1 
32 

1 
33 

1 
34 

1 
35 

1 
EU 2 23 

1 
41 

1 
52 

1 
53 

1 
55 

1 
56 

1 
57 

1 

Raman 

(rotation) 
Raman 
(rotation) 

IR 
(translation) 
IR 
(translation) 

Table 5. Number of vibration species of the icosahedral B12 and B84 units and splitting of the icosahedral symmetry types 
in the rhombohedral lattice. 

Ih (isolated) D3d (rhombohedral lattice) 

Symmetry Degen- Vibrations Activity Activity 
typ eracy 

B12 B84 

Number Frequency [cm - 1] Number Ir Raman inactiv Ir Raman inactiv 

theor. exp. 
[37] [51] 

Ag 1 1 772.8 4 \ Ai, 
Fis 3 0 

(1) 
4 

(1) 
fig . 
(rotation) 

EG . , 
(rotation) 

A2G 

F2* 
G* 

3 
4 

0 
1 625.2 

4 
8 

F2g 

Gg 

E g 
ALG + EG 

A2g 

A2g 

H, 5 2 858.8 
355.8 

12 Hg ALG + 2EG 

AU 1 0 1 AU AIU 
FIU 3 1 

(1) 
805.1 750 8 

(1) 
FIU 
(translation) 

A2U + EU 
(translation) 

F2U 3 1 406.8 7 F2U A2U + EU 
GU 4 1 860.5 8 GU A2U + EU AIU 
Hu 5 1 464.8 9 Hu 2EU AIU 

Table 6. Number of translational (nJ(tranS)) and rotation-
al («J(rot)) lattice vibrationes of /^-rhombohedral boron 
(B84(B10)B(B10) or B48(B28)B(B28)) in comparison with 
boron carbide (B12CBC). 

Symmetry «:(trans) n,.(roI) 
type B4C ß-rh.B B4C 

A.g 1 1 0 0 Raman 
A 
EG 

0 0 1 2 A 
EG 1 1 1 2 Raman 
A 0 0 0 1 
A2U 2 2 0 0 IR 
EU 2 2 0 1 IR 

sphere and subsequent heat t rea tment at 1300°C for 
48 h in a BN crucible under u l t rapure argon. F o r 
s t ructure data , see [35]. 
4. B: Cu(CuB 4 ) 2 ) : The specimen was prepared by 
arc-melting crystalline boron (Borax Consolidated, 
claimed purity 99.8%) and copper ( Johnson-Mat they 
& Co, claimed purity 99.9%) under an a tmosphere of 
purified argon (for details and s t ructure determinat ion 
see [24, 25, 28], 
5. B: Cu, Al (AI2 6 Cu, 9 B 1 0 5 ) : The specimens were ob-
tained by a solut ion-growth technique [41-43]. Ac-



H. Werheit et al. • Lattice Vibrations of Boron 1023 

"Wavenumber [ c m - 1 ] 
Fig. 5. Absorption index of ^-rhombohedral boron in the spectral range of lattice vibrations [28]. 

cording to prel iminary X-ray diffraction results the 
phase is assumed to have the same structure as 
CU2A12 7 B los synthetized by Mat tes et al. [32]. But the 
metal a toms are considered to be mixed in the 
A ( l ) (Me 1) and the D ( M e 2 ) sites. The E ( M e 3) site 
remains empty. 

Experimental Results 

F o r the optical measurements an IFS 113v Fourier 
t rans form spectrometer (Bruker, Karlsruhe, F R G ) 
was used ranging f rom about 15 000 to 4 c m - 1 with 
m a x i m u m resolution of 0.03 c m - 1 . Because of the 
high absorp t ion in the lattice vibrat ion range only the 
reflectivity spectra could be obtained directly, while 
the absorp t ion spectra were derived f rom them by 
Kramer s -Kron ig t ransformat ion using the according 
spectrometer software program. 

All the spectra presented in this paper correspond 
to the na tu ra l isotope distr ibution (B 1 0 : B n = 19:81). 
In isotope-enriched / i-rhombohedral boron the phonon 
frequencies are shifted without essential change of the 
oscillator s t rength and the a t tenuat ion [44], 

In Fig. 5 the polar isat ion dependent spectra of IR-
active optical p h o n o n s in pure single crystals [36] are 
presented as s tandards for the subsequent compar ison 
with doped material . 

Figure 6 shows the series of spectra of M n doped 
ß - rhombohedra l boron . In the M n concentra t ion 
range f rom pure jß-rhombohedral bo ron up to 
M n B 1 1 6 only some gradua l change of the spectrum is 
found. At higher concent ra t ions the band at 470 cm ~ 1 

is reduced while two addi t ional bands develope at 
abou t 340 and between 130 and 230 c m " 1 . 

The spectra of F e B 2 9 5 (Fig. 7) seem to indicate a 
certain similarity of the influence of Fe and M n on the 
IR p h o n o n spectra. Again the 470 c m - 1 band nearly 
vanishes and two addi t ional bands at 340 and 
208 c m " 1 arise; but these absorp t ion bands are dis-
tinctly sharper than in M n B x with comparab le metal 
content . 

As can be taken f rom Fig. 8, the influence of Cu 
a toms and of a Cu/Al mixture occupying voids in 
ß - rhombohedra l bo ron leads to distinctly different in-
fluences on the IR p h o n o n spectra. Indeed, contrary 
to the M n and Fe c o m p o u n d s the intensity of the 
absorp t ion band near 470 c m - 1 remains comparab le 
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Fig. 6. Absorption index of B:Mn versus wavenumber; pure ^-rhom-
bohedral boron for comparison. For clarity the spectra are vertically 
shifted relative to one another. 

• 
Fig. 8. Absorption index of B:Cu (CuB41 2) and B:Cu/Al 
(Al2 6CUi 9B1 0 5) versus wavenumber; pure ^-rhombohedral boron for 
comparison. For clarity the spectra are vertically shifted relative to one 
another. 
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Fig. 7. Absorption index of B:Fe (FeB29 5) versus wavenumber; pure 
^-rhombohedral boron for comparison. For clarity the spectra are 
vertically shifted relative to one another. 
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to pure boron, but in the case of interstitial Cu a toms 
the a t tenuat ion increases while in case of the Cu/Al 
mixture the a t tenuat ion decreases significantly and a 
splitting into two s h a r p bands is observed. 

In all the c o m p o u n d s investigated a distinct modifi-
cation of the p h o n o n spectrum in the range of the 
s t rong E u phonon nea r 1240 cm - 1 is observed. In case 
of the M n B j series the variation of the absorp t ion in 
this spectral range indicates that this absorp t ion can 
be taken easily as a high-sensitive indicator of intersti-
tial doping. 

Discussion of the Spectra 

a) Pure ß-Rhombohedral Boron 

According to Table 4, in case of pure ^ - r h o m b o h e -
dral bo ron 31 IR-active phonons of the type A 2 u and 
52 of the twofold degenerated type E u are to be ex-
pected. 23 respectively 43 of them are a t t r ibuted to the 
B 8 4 unit and the remaining ones to the B 1 0 - B - B 1 0 

structure unit. 
As already shown in [36] the n u m b e r of experimen-

tally found distinctly discernable vibrat ions is consid-
erably lower (about 24 A 2 u and 25 Eu), which could be 
caused by different reasons: 

1. Accidental degeneracy 
2. Essentially different oscillator strengths. 
Although in the case of such a great number of vibra-
tions in a limited spectral range the first point canno t 
be excluded, it is supposed that especially the second 
one is decisive. 

Since the inter- a n d the intraicosahedral restoring 
forces are not significantly different as in molecular 
crystals the inter- an d intraicosahedral v ibrat ions 
overlap in the spect rum and canno t be simply distin-
guished according to evidently separa ted spectral po-
sitions like in molecular crystals. On ly the well-known 
8 pm absorpt ion b a n d can be clearly a t t r ibuted to the 
stretching vibration of the central B a tom in the B 1 0 -
B-B 1 0 chain in /^-rhombohedral b o r o n analogously to 
the C-B-C chain in b o r o n carbide. Because of the low 
vibrating mass, in b o t h cases the vibrat ions are dis-
tinctly shifted towards higher frequencies. It was al-
ready shown in [36] tha t in the dispersion analysis this 
absorpt ion band c a n n o t be described by a single vi-
brat ion, but must be at t r ibuted to a double band . 
After in [44] the dependence of the p h o n o n frequencies 
of the mass of isotopes was determined, it is possible 
to a t t r ibute both p h o n o n s to the 1 0 B and n B isotopes, 
respectively: 

Attr ibut ing the main max imum of the 8 pm band (at 
123 K: 7 . 9 8 p = 1 2 5 3 c m " 1 [45]) to U B and the high 
frequency satellite max imum (at 123 K: 765 pm = 
1307 c m " 1 to 1 0 B [45]), the ratio of the absorp t ion in 
both separated bands meets the isotope distr ibut ion 
19:81 quite well, and the frequency shift 

v(1 0B): v ( n B ) = 1.044(4) 

agrees with the general isotope shift of p h o n o n fre-
quencies obtained in [44] (misprint in [44]: correct 
1.043 instead of 1.0043). 

Moreover the spectral posit ion of these vibrat ions 
can be estimated by using a bond theoretical consider-
at ion analogous to 3-atomic linear molecules [46], Af-
ter Waser and Pauling [47] the Badger rule of the 
relation between force constant and in tera tomic dis-
tance in diatomic molecules [48] holds in solids also, 
where in case of elements of one row in the periodic 
table universal interaction constants are valid. W h e n 
this conception is applied to boron carbide and ß-
rhombohedra l boron, f rom 

/c"^ = aij(d0 - bu) (au = 2.89; bu = 1.13 Ä) 

the restoring forces k can be calculated phenomenon-
ically using the nearest-neighbour distances in the 
crystals (B4C: (C-B-C chain): d 0 = 1.436Ä [49]; ß-
rhomb. B(B 1 0 -B-B 1 0 chain): d0(B(15)/B(13)) = 1.686Ä 
[9]): 

k{C-B-C in B 4 C ) = 1.45 • 103 k g s " 2 , 

/c(B1 0-B-B1 0 in ß-rh. B) = 0.241 • 1 0 3 k g s " 2 . 

If approximately it is assumed that only the central 
a toms of the chains move, the stretching vibrat ions 
(A2u) are obtained f rom 

V — 1 /2 71 yj kj B i g . 

For this vibration results in the case of B 4 C : 
v = 4.51 • 1 0 1 3 s - 1 ; X = 6.65 pm; v = 1503 c m " 1 , which 
value deviates f rom the real spectral spectral posit ion 
6.33 pm = 1580 c m " 1 by only 5%. 

In ^ - rhombohedra l bo ron it must be taken into 
account that the central a tom B(15) is octahedral ly 
sur rounded by 6 B(13) atoms. If this is considered by 
tripling the restoring force, 

v = 3.19 • 1 0 1 3 s " 1 ; X = 9.41 pm; v = 1 0 6 3 c m " 1 

is obtained, which deviates f rom the experiment (at 
room temperature 8.10 pm = 1234 c m " b y 16%. 
Nevertheless, this result, too, is ra ther satisfactory 
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with respect to the roughly estimated restoring force 
and the considerable deviation f rom linear central 
forces, on which the theory is based. 

Addit ionally to this stretching mode (A2u) of the 
central a t o m an IR-active bending mode (Eu) is pre-
dicted by g roup theroy. In this case the restoring force 
is assumed to be essentially determined by deforma-
tion of the bond angles. The according results on 
Y-X-Y molecules ([46], p. 172 ff) yield for the rat io of 
restoring forces the average value 

kjl1 (bending): k (stretching) % 27(3). 

Hence after [46] (equations 196, 197) the vibration fre-
quencies are related by 

^bending ~ \Z^/27 Vstretching = 0.27 Vs t re tchjng. 

Applying this value to our materials, f rom the experi-
mentally obta ined stretching vibrat ion frequencies 
can be estimated: 

v b e n d i n g (B 4 C) * 426 c m " 1 , 

v b e n d i n g ( iS- rh .B)« 333 c m - 1 . 

In boron carbide, accordingly the 410 c m " 1 phonon 
(recent precise determinat ion) can be at t r ibuted to this 
bending vibrat ion of the C-B-C chain respectively of 
its central a tom. The p redominan t E u character of this 
vibrat ion was already stated in [36] (spectral positions 
there less precisely assumed at 390 c m - 1 ) . 

In B 6 0 (see I, Figs. 2 and 3 or [50], Fig. 9), where, 
owing to the lacking central a tom in the chain, the IR 
active bending vibrat ion is missing, only a vibration 
with low oscillator strength, which in I was at tr ibuted 
to the F 2 u mode of the icosahedron, is found at the 
cor responding spectral position. Therefore we assume 
that in boron carbide the F2 u of the icosahedron and 
the bending mode of the central a tom of the chain are 
acc identa l ly degenerated. 

Because of the octahedral sur rounding of the cen-
tral a t o m in ^ - rhombohedra l boron , the stretching 
componen t acting on bonding in this formally named 
bending vibrat ion is not neglectable. Therefore the 
difference between both vibrat ion frequencies must be 
expected to be distinctly smaller than estimated 
above. Accordingly we at t r ibute at least a por t ion of 
the E u componen t of the 475 c m " 1 phonon to this 
bending vibration. 

N o w we try to apply these considerat ions to the 
vibrat ions of the icosahedron. The F l u vibration 
mode, which is the only IR-active one of the isolated 

icosahedron, can largely be described by the antisym-
metric brea th ing of two half- icosahedra vibrating 
against one ano the r [37], which leads to a reduced 
mass of 3 m B . Since in the B 4 C crystal the bonding 
between the equator ia l a toms and the intericosahe-
dral bonding along the vertices of the rhombohedra l 
unit cell are the essentially stressed ones, the corre-
sponding averaged a tomic distance 1.744 Ä is ob-
tained f rom [49]. Using this value, according to the 
procedure described above, we obtain 

k = 0.179 • 1 0 3 k g s ~ 2 ; 

v = 3.01 • 1 0 1 3 s _ 1 ; a = 9.97 pm; v = 1 0 0 3 c m " 1 . 

In spite of the rough est imation, this result deviates 
only by abou t 7.7% f rom the 1075 c m - 1 phonon at-
tr ibuted to the F l u mode of boron carbide in I. 

When in ^ - r h o m b o h e d r a l boron the overall aver-
aged B-B distance of 1.803 Ä [9] is used, the corre-
sponding results of the F l u vibration are 

k = 0.135 • 1 0 3 k g s - 2 , 

v = 2.612 • 1 0 1 3 s _ 1 ; A = 11.48 nm; v = 8 7 1 c m " 1 . 

To compare this value with the experimental spectra, 
one has to consider that contrary to b o r o n carbide, 
which conta ins only one icosahedron per unit cell, in 
ß - rhombohedra l bo ron several icosahedra per unit 
cell are coupled. 

According to Table 5 only 8 phonons of type A 2 u 

respectively E u result f rom the F l u v ibrat ion mode, the 
only IR active one of the free icosahedron, while the 
remaining p h o n o n s develope from initially not IR-ac-
tive modes by inserting the icosahedron in the crystal 
field of the rhombohedra l structure. Therefore it seems 
not to be devious to expect that the vibrat ions origi-
nat ing f rom F l u exhibit significantly higher oscillator 
strengths than the other ones and that the frequency 
splitting induced by reduct ion of symmetry (Ih - > 3 r a ) 
leads essentially to pairs of A 2 u / E u modes . Since the 
anisotropy of physical propert ies in ^ - rhombohedra l 
boron is k n o w n to be ra ther low, it is expected that the 
pairs are not significantly separated in the spectrum. 

Taking the simplified structure mode l used by 
Runow [17] into account , which a t t r ibutes approxi-
mately 8 unit cells of a - rhombohedra l bo ron to the 
unit cell of ^ - r h o m b o h e d r a l boron, one gets 8 icosahe-
dra per unit cell and hence by resonance (Davydov) 
splitting eight modes A 2 u an d E u , each, in agreement 
with group theory, when the vibrations of the B 8 4 unit 
are considered. Indeed in this compar ison is neglected 
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.calculated frequency 
exp. central frequency' 
free icosahedron [37] -

Fig. 9. Splitted IR active inner vibrations of the B12 icosahe-
dra in ^-rhombohedral boron. 

that the B 8 4 unit consists of seven icosahedra only. 
Since the foregoing calculation of the vibrat ion fre-
quency 871 c m " 1 of the F l u mode in ß - rhombohedra l 
boron neglected the coupling of the icosahedra, this 
value should be near the center of the Davydov-
splitted F l u modes. Besides, this value is in accordance 
with results of Becher [51] as well as of Weber and 
Thorpe [52], who a t t r ibuted the spectral range f rom 
abou t 500 to 1 1 0 0 c m - 1 to these vibrat ions. 

When this range is actually limited to abou t 650 to 
1100 c m " 1 , 8 more or less distinct v ibrat ions of A 2 u 

respectively Eu type are found allowing a largely cer-
tain correlation to one another , which is shown in 
Figure 9. 

F r o m the anisotropy of the absorp t ion edge [38] can 
be obtained that bond ing _L c is slightly s tronger than 
|| c. This coincides with the E u v ibrat ion modes origi-
nat ing f rom F l u being more displaced relative to a 
certain center value than the A 2 u modes . This center 
can be located at abou t 840 c m " 1 , which deviates only 
by 3.7% from the medium frequency 871 c m " 1 

derived above using the mean B-B distance. Accord-
ing to weaker bonding, this value is shifted less than 
the corresponding m o d e in b o r o n carbide f rom 
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805.1 c m " \ which value was calculated by Beckel and 
Vaughan [37] for the free icosahedron. Hence we allo-
cate the medium frequency of the F l u mode in ^ - rhom-
bohedral boron at 840 c m " 1 . Resonance (Davydov) 
splitting and anisotropy splitting of this mode can be 
obtained from Figure 9. 

According to this explanat ion it must be assumed 
that all the inner vibrations of the B 1 2 icosahedron 
not originating from F l u may only contr ibute to 
the integral absorpt ion in this spectral range, but 
cannot be singly distinguished in the spectrum. 
This conception is suppor ted by the results obtained 
in isotope-enriched ß - rhombohedra l bo ron [44]. 
The phonon frequencies shift in a certain depen-
dence of the average isotope mass, while oscillator 
strengths and a t tenuat ion remain largely unaltered. 
Hence these vibrations must be a t t r ibuted to arrange-
ments containing greater numbers of a toms, because 
only in such cases a medium atomic mass can realisti-
cally be employed for a statistical isotope distr ibution. 
Fo r the inner vibrations of the icosahedron, according 
to the results of Beckel and Vaughan [37] this assump-
tion is only realistic for the F l u mode, while in case of 
vibrating single a toms or small a tomic groups in the 
other modes the individual distr ibution of a tom 
masses leads to spreaded vibrat ion frequencies. As 
was shown, in case of the central a tom of the unit cell 
they are even discernibly splitted. 

In spite of this quite good qualitative and largely 
even quanti tat ive agreement between the measured 
phonon spectra and the vibrat ion behaviour esti-
mated by using the simplified Runow model of the 
unit cell, one must not overlook that the real s t ructure 
is more complicated. This may be at least one reason 
of the different size of the absorpt ion bands at t r ibuted 
to F l u and a certain splitting of bands, respectively of 
some phonons not considered in this explanat ion. 

In spite of a number of a rguments suppor t ing the 
preceding interpretat ion a different explanat ion of the 
spectrum of the inner vibrat ions of the icosahedron 
cannot be excluded at present. Besides the Jahn-Teller 
effect, a further reduction of symmetry could be 
caused e.g. by a statistical subst i tut ion of bo ron sites 
by C atoms. In this case the vibrat ions of the icosahe-
dron (3 A 2 u , 5 E u ; see Table 5) could become IR active 
in both orientat ions leading to the two times eight 
vibrations experimentally found in this spectral range. 

In the spectral range between 180 and 650 c m " 1 it 
is striking that the spectra | |c(A2 u) and J_c(Eu) are 
very similar. Apart f rom the s t rong absorpt ion band 
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Fig. 10. Outer vibrations of the B12 icosahedra in ß-rhom-
bohedral boron. 

apparent ly splitted with maxima || c at 440, 472 and 
497 c m " 1 (A2 u) and l c at 497 c m " 1 ( E u ) there are 
essentially 8 phonons , whose resonance frequencies 
agree exactly for bo th orientat ions (only the 236 c m " 1 

p h o n o n splits symmetrically into 235 and 243 c m " 1 ) 
(Figure 10). As in the case of the splitted F l u mode 
(Fig. 9) this number corresponds with the number of 
icosahedra in the simplified Runow model of the unit 
cell containing essentially 8 B 1 2 icosahedra. 

Est imating the vibrat ion frequency of the complete 
B 1 2 icosahedron against the rigid remaining structure, 
one obta ins according to the previous procedure 

v = 1.306- 1 0 1 3 s _ 1 ; k = 22.96 pm; v = 4 3 6 c m " 1 , 

which agrees satisfactorily with the center of these 
vibrat ions at 400 c m " 1 . 

Hence it seems reasonable that these vibrations are 
to be at t r ibuted to vibrat ion modes of bigger structure 
units, especially of the B 1 2 icosahedra splitted by res-
onance in the crystal field. Indeed our group theoreti-
cal considerat ion based on the description of the unit 
cell in T d symmetry according to [53] confirms that 
there exist IR active vibrat ions of the rigid B 1 2 icosa-
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hedron in the rhombohedra l structure, and this vibra-
tion is splitted according to the number of icosahedra 
in the unit cell. Because of the great number of differ-
ently directed bondings contr ibut ing to the restoring 
force the anyhow low anisotropy becomes averaged. 

The magni tude of the s t rong absorpt ion with center 
at 477 c m " 1 (A2u) and the corresponding single band 
absorpt ion at 477 c m - 1 (Eu) reminds of the strong 
absorpt ion in boron carbide at 400 c m " 1 . As was al-
ready shown, certain a rguments suppor t to at t r ibute 
the Eu por t ion of this band to the bending mode of the 
central B(15) a tom. In Table 6 was shown that 2 A 2 u 

and 3 E u modes result f rom the B 1 0 - B-B 1 0 arrange-
ment. Considering the stretching and the bending 
mode of the B(15) a tom, 1 A 2 u and 2 E u remain, which 
should be detectable in the spectrum because of the 
rather s t rong ionicity of the B 1 0 -B-B 1 0 (respectively 
B 2 8 -B-B 2 8 ) chain. We are convinced tha t this strong 
absorpt ion band is essentially caused by this subunit 
of the structure, but neither can the threefold splitted 
A 2 u por t ion convincingly be explained by the results 
of g roup theory, nor seems a degenerat ion of the re-
maining vibrat ions with the bending mode of the 
B(15) a tom very probable . As will be shown below, 
this absorpt ion band is significantly influenced by cer-
tain interstitial doping, but the results in the present 
paper are not sufficient for a final interpretat ion. Also 
the damping of this band apparent ly decreasing with 
decreasing averaged isotope mass [44] needs a careful 
verification. 

Fo r a final decision with respect to this absorpt ion 
band and for the in terpreta t ion of details of the spec-
t rum fur ther investigations are necessary. 

b) Solid Solutions 

The statistical occupat ion of lattice sites in crystal 
structures by foreign a toms disturbs the translat ion 
symmetry of the structure. This enlarges the phonon 
scattering and hence the damping of lattice vibrations, 
which can be obta ined f rom the absorp t ion bands 
being broadened. The same consequence is obtained 
by assuming the q = 0 selection rules to become re-
laxed and the light being able to interact with vibra-
tion modes of approx imate symmetry [54], 

In the solid solut ions of ^ - rhombohedra l boron 
only definite interstitial sites are occupied by foreign 
atoms. Nevertheless the same tendency of the increas-
ing damping can be observed more or less distinctly 
in their lattice vibrat ion spectra, too (Figs. 5 -7 ) . 

A , E 2u u 

•exp. central frequency 

1 i 1 i 1 i 1 i 1 i 1 i 1 i 
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By group theoretical calculations was shown that 
addit ional phonons are to be expected, when these 
interstitial sites are assumed to be completely occu-
pied (cp. Table 4). The quest ion arises, in how far these 
vibrations can be described by a modif icat ion of the 
initial crystal s t ructure or merely by localized 
phonons caused by the metal a toms essentially vibrat-
ing against the more or less rigid remaining structure. 

When the initial s t ructure is modified by interstitial 
metal atoms, on principle the following effects on the 
phonon spectrum are possible: 

1. The increase of the lattice spacing is correlated with 
an increase of the bonding distances and corre-
spondingly with a shift of the p h o n o n frequencies 
to lower values. 

2. The metal a toms can be assumed to be bonded in 
the voids of the s t ructure by sa tura t ing dangling or 
multiple-center bonds of bo ron a toms. By the 
charge transfer related dipole momen t s between 
the metal a toms and the boron s t ructure are in-
duced leading to the localized p h o n o n s mentioned. 
Depending on the a tomic surrounding, these bond-
ing forces may be distinctly anisotropic (cp. [24]) 
with a corresponding anisot ropy of the vibrations. 
Besides, this charge transfer may modify the charge 
distr ibution in the boron f ramework and the 
restoring forces as well, which leads to a frequency 
shift of phonons . 

3. Very s t rong influences are to be expected, when in 
case of high interstitial doping a direct or indirect 
exchange interact ion between these a toms arises. 
Such clusters were found by magnetical investiga-
tions on B : M n and B : F e [39, 55], 

Only a small number of the solid solut ions listed in 
Table 1 were at our disposal for the measurement of 
phonon spectra. Therefore the subsequent interpreta-
tion must be largely restricted to some characteristic 
tendencies and quali tat ive agreements, for which pur-
pose the c o m p o u n d s are filed according to different 
aspects: 

1. The series of M n doped samples reaches f rom 0.03 
to 4.35 a t .% Mn. Hence informat ion on the sys-
tematic changes depending on the metal content is 
expected. 

2. At high doping levels M n and Fe in M e ( l ) and 
M e (2) sites form magnet ic clusters. The influence 
on the p h o n o n spectra should be comparable . But 
it must be considered that the clusters are different 
in size and distr ibution, f rom which can be ex-

1 1 1 1 0 1 2 3 4 - 5 
a t . % 

Fig. 11. Frequency shift of the stretching mode of the central 
atom B(15) in ß-rhombohedral boron, depending on Mn 
content. 

pected that the influence of clustering in B: Fe will 
appear at distinctly higher metal concentra t ions 
than in B : M n [39, 55]. 

3. M n and Cu both occupy all of the three posit ions 
A( l ) (Me 1), D ( M e 2) and E ( M e 3), but the occupa-
tion density of Cu in A ( l ) (Me 1) is distinctly lower 
than that of Mn, while the occupat ion of the other 
sites is comparable, when the splitted Cu(2) posi-
tion is summarized. Hence the influence of the oc-
cupat ion of the Me 1 site may be obtained f rom the 
spectra. Clustering, which is evident in B : M n , 
seems to be possible in B :Cu , too, if C u 2 + or C u 3 + 

states are formed, but anyway it is expected to be 
appreciably weaker. 

4. In the solid solutions with Fe and Cu/Al the 
A ( l ) ( M e 1) and D Me(2) sites are bo th occupied at 
a comparable degree, while the E ( M e 3 ) site re-
mains empty. Hence in compar ison with B : M n 
and B : C u the influence of this site on the spectra 
may be discernable. 

Generally can be stated that the splitted vibrat ions of 
the icosahedron are progressively damped with in-
creasing metal content . Figure 11 shows the change of 
the stretching mode of the central B (15) a tom. Already 
at very low M n concentra t ions a small shift of the 
phonon frequency was found. But moreover , part icu-
larly shifted by about 60 c m " 1 , towards lower fre-
quencies, a second vibrat ion developes, whose oscilla-
tor strenghts increases with M n concentrat ion, while 
the initial one decreases. 

Obviously in unit cells, in which the D (Me 2) posi-
tion is occupied, the vibration frequency is reduced, 
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while it, besides of a certain shift caused by the in-
creased lattice spacing, remains unchanged in unit 
cells, where this site remains unoccupied. The occupa-
tion of the A( l ) (Me 1) position is assumed to be inef-
fective, because its distance from the B(15) atom seems 
to be too large. According to the results of ESR and 
magnetic susceptibility [39, 55], clusters between 
A( l ) (Me 1) and D ( M e 2 ) holes are formed already in 
the MnB 3330 composition. Hence the intensity of the 
vibration at 1166 c m - 1 seems to be immediately cor-
related with the number of clusters of this local type. 

An additional distinct change is seen between 0.8 
and 1.8 at .% Mn. Approximately symmetrically the 
initial vibration is shifted towards higher, the Mn in-
duced vibration towards lower frequencies. Obviously 
this change coincides with the inter-cluster interaction 
[39, 55] infringing the whole structure, which means 
the unit cells with local clusters and those without 
clusters as well. This seems to be induced merely by a 
charge transfer than by a change of the bonding dis-
tances. 

In any way can be seen that the bonding conditions 
of the B(15) atom are of different kind, when the 
D ( M e 2 ) position in a certain unit cell is occupied by 
Mn or not. The bonding conditions are additionally 
modified, when intercluster interactions take place. 
Hence the X-ray determination of atomic positions in 
such solid solutions must be assumed to have yielded 
average values of unit cells with occupied and unoccu-
pied voids, and the real structure deformation in the 
unit cells with occupied sites may be stronger than 
reported [39, 55], 

The measurements were performed on polycrystals 
and therefore the polarization dependence of the sec-
ond band could not be determined, but since the sum-
marized absorption of both vibrations remains essen-
tially unchanged, we assume it to be of A2 u type, too, 
and accordingly a strong bonding of B ( 1 5 ) ± c can 
largely be excluded. 

Considering that the vibrations of pure ^-rhombo-
hedral boron are damped in the case of high occupa-
tion densities of the voids, one expects that in such cases 
the local phonons of the metal atoms determine essen-
tially the spectrum. Indeed according to Table 5 in 
case of B: Mn 4 A2 u and 5 Eu modes are expected, but 
since three interstitial sites are occupied, the local 
phonons should be represented essentially by three 
anisotropic vibrations. 

In the spectrum of M n B 2 2 the absorption bands at 
484 and 551 c m - 1 are probably due to the bending 
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modes of the central atom, and we take them as a 
confirmation of the corresponding interpretation in 
pure boron. As was shown, the absorption bands be-
tween 600 and 900 c m - 1 can be attributed to certain 
less damped long wave vibrations of the icosahedron. 
Hence we attribute the distinct absorption bands in 
the spectral range < 4 0 0 c m - 1 to vibrations of the 
metal atoms. 

A different possibility is e.g. to attribute the three-
fold absorption band (644, 685, % 710 c m - 1 ) to the 
stretching mode and the broad band between 100 and 
250 c m - 1 to the bending modes of the metal atoms. 
For a final attribution series of other solid solutions 
are necessary, especially those, in which the different 
voids are distinctly differently occupied. From such 
measurements probably the contribution of the single 
occupied voids can be derived. 

Comparing the spectra of B: Mn and B: Cu at com-
parable concentrations, one sees that the damping 
of phonons in the spectral range between 650 and 
1100 c m - 1 is much stronger in case of B :Mn, where 
the A(l) (Me 1) site is occupied at a distinctly higher 
degree. Since this site is immediately neighboured to 
the B1 2 icosahedron at the vertex of the unit cell, the 
attribution of these vibrations to splitted F l u modes is 
confirmed. The strong band at 470 c m - 1 vanishes in 
case of B: Mn, while it remains essentially unchanged 
in case of B: Cu at a comparable metal content. This 
effect may also be caused by the significantly different 
occupation of the Me( l ) site. But in B:Fe with com-
parable metal concentration the band vanishes, too, 
and therefore in the same way the formation of mag-
netic clusters could be the reason. 

A certain common behaviour was observed de-
pending on the occupation of the E(Me 3) site. This is 
empty in case of B: Fe and B: Cu, Al, which obviously 
leads to weakly damped absorption bands of local 
phonons, while it is occupied in B : M n and B:Cu, 
where the phonon bands are broad with several peaks. 
Thus it seems that the occupation of the E ( M e 3) site 
causes a stronger coupling of the different elements of 
the structure, which leads to splitted vibrations. This 
conclusion agrees with the existence of cluster and 
intercluster interactions in B :Mn . A more precise 
knowledge of the occupation densities of the voids in 
B:Cu, Al would help to ensure this consideration. 

According to the present results the following pre-
liminary attribution of absorption bands to metal 
atoms in certain voids seems possible. In B :Fe and 
B: Cu, Al two distinctly separated groups of vibrations 
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are seen at lower frequencies: 

B : F e : 208 and 3 2 8 - 3 5 0 c m - 1 , 
B : C u , A l : 2 4 5 - 2 6 0 and 3 5 0 - 3 9 0 c m - 1 . 

The distinct splitting of these vibrations in B : C u , Al 
seems to be caused by the variety of sites which are 
available for the Al a toms. 

In B :Cu , where the M e ( l ) site is only weakly occu-
pied, the corresponding ranges are 

B : C u : 2 7 0 - 3 0 0 and 3 5 0 - 3 9 5 c m - 1 . 

The second range contains only a comparab ly weak 
absorpt ion, which could correspond to the M e ( l ) site 
in B : C u being weakly occupied. Therefore it seems 
possible to at t r ibute this absorpt ion range to the 
M e ( l ) site and the range at lower frequencies to the 
Me (2) site. Moreover this is in a rough agreement with 
the relative bonding distances because of the larger 
size of the Me (2) void compared with M e ( l ) (cp. 
Table 2). 

The bonding distances of the M(2) and the M e (3) 
sites are nearly the same (Table 2). This should cause 
that the corresponding vibration frequencies are close 

to one another , which would explain the b road ab-
sorpt ion band f rom 130-230 c m - 1 in M n B 2 2 , where 
bo th sites are occupied at a high degree. 

Fur the r investigations of series of interstitially 
doped ^ - rhombohedra l boron will give more reliable 
and more detailed insight into the influence of the 
different a toms on bonding. The X-ray determinat ion 
of the vibration ellipsoids like in [11] would suppor t 
the interpretat ion of the local phonons of interstitial 
a toms and their relation to the bonding forces. 
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