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is less and not greater when unjustified assumptions 
are made. 

The difference between the standard deviation 
0.035 J~ and tha t  obtained by Carpenter, 0.017 A, 
must  be at t r ibuted mainly to the different method of 
calculation used. The accuracy of the determinations is 
approximately equal; in the present work more struc- 
ture amplitudes (87 compared with 62) were used and 
more independent values for each observation were 
obtained; on the other hand the value of R is larger, 
being 0-142 compared with Carpenter's 0.110 for the 
same planes. Choice of weighting factor can provide 
only a partial  explanation for the discrepancy; the 
ratio between the standard deviation obtained by the 
approximate Fourier method and by the method of 
least squares with Carpenter's weighting factor is 
1:0.92. I t  seems likely tha t  the larger value of the 
s tandard deviation gives a true picture of the accuracy 
obtainable in this structure analysis; this view is con- 
firmed by Carpenter's s tatement tha t  movement of the 

nitrogen atom b y  0.05/~ produced a barely perceptible 
change in the agreement index. 

The author would like to thank Prof. E. G. Cox 
for his interest and criticism, Dr D. W. J. Cruickshank 
for many helpful discussions and Dr G. B. Carpenter 
for informing her of his results before publication. 
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The structure of titanium monoboride has been determined by single-crystal and powder methods 
to be of the FeB-type. The dimensions of the orthorhombic unit cell are ao = 6.12, b0 ---- 3.06 and 
co -~ 4.56/~. As in other borides of composition MB, the boron atoms form zigzag chains through 
the lattice. Short interatomic distances indicate a higher-than-normal valence for the titanium 
atoms, when calculated by application of the Pauling equation, D(n) ---- D(1)--0.6 log n. 

Introduction 

Two borides of t i tanium have been reported by  Ehr- 
lich (1949) as a result of his examination of the ti ta- 
nium-boron system: TiB 2, a hexagonal phase with the 
A1B~ structure, and TiB, a cubic phase of the zinc- 
blende type. The lat ter  structure appears unlikely, as 
pointed out by Andersson & Kiessling (1950), who 
have suggested instead a NaCl-type structure. A more 
reasonable explanation (Brewer, Sawyer, Templeton 
& Dauben, 1951) of the cubic pat tern  obtained by  
Ehrlich is tha t  it  represents TiN. Consequently, there 
exists doubt as to the existence of the compound TiB. 
In  any event, it has been concluded (Kiessling, 1950) 
tha t  t i tanium does not  form a boride wherein there 
occur chains of boron atoms, such as is characteristic 
of other transition metal  borides of formula MB. 

We have found tha t  a boride of composition TiB 
exists and that ,  furthermore, it  is of the FeB type  
(BjurstrSm, 1933) containiug boron chains. 

Experimental  

The material  used in this investigation was obtained 
from Dr F. H. Horn of the Physics Division of this 
laboratory, who prepared it  by arc-melting a mixture 
of powdered boron and t i tanium of high purity.  An 
excess of t i tanium was used (77 atomic %) and the TiB 
formed by  reaction occurred as needles embedded in 
the excess t i tanium. Preferential solution of the ti ta- 
nium by hot  sulfuric acid allowed the needles to be 
collected and examined. Many of the needles were 
found to be single crystals. 

The empirical formula from chemical analysis was 
TiB m. :No reliable experimental density could be 
obtained from the small amount  of material  available. 

The X-ray data  were obtained with Cu K~ (nickel 
filtered) radiation both from a single crystal (approxi- 
mately  0.1 mm. in diameter and 1 mm. in length) 
and from powdered specimens. Weissenberg photo- 
g raphs  were obtained for the equator and first layer 
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T a b l e  1. Observed and calculated structure factors f o r  hO1 data 
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T a b l e  2. Powder pattern 
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B denotes considerable broadening of the line. 
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w i t h  t h e  n e e d l e  ax i s  as  r o t a t i o n  axis .  I n t e n s i t y  m e a s u r e -  

m e n t s  w e r e  m a d e  b y  v i s u a l  c o m p a r i s o n  w i t h  c a l i b r a t e d  

i n t e n s i t i e s  on  a s t r i p  of f i l m  f o r  b o t h  W e i s s e n b e r g  a n d  

p o w d e r  d a t a .  

U n i t  c e l l  a n d  s p a c e  g r o u p  

B y  m e a n s  of L a u e  p h o t o g r a p h s  i t  w a s  e s t a b l i s h e d  t h a t  

t h e  L a u e  s y m m e t r y  w a s  m m m .  P r e l i m i n a r y  cell  d i m e n -  

s ions  w e r e  o b t a i n e d  f r o m  t h e  W e i s s e n b e r g  a n d  r o t a t i o n  

p h o t o g r a p h s  a n d  t h e n  w e r e  r e f i n e d  w i t h  t h e  u s e  of  
p o w d e r  d a t a .  T h e s e  w e r e  d e t e r m i n e d  t o  be :  

a o = 6 . 1 2 ± 0 . 0 1 ,  b o = 3 -06±0 .01 ,  c o = 4 . 5 6 ± 0 . 0 1  A .  

T h e  n e e d l e  axis" is b. 

T h e  s e l e c t i o n  ru l e s  g o v e r n i n g  s y s t e m a t i c  a b s e n c e s  

w e r e  f o u n d  t o  be :  
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Okl: absent for k + l  = 2n+  1 ; 
hOl: no systematic absences; 
hkO: absent for h = 2n + 1 ; 
hkl: no systematic absences. 

Accordingly, the possible space groups are Pnma-  
D ~  or, with a transformation of axes, Pna-~v ,  the 
former being considered as more probable from this 
investigation. 

I t  was assumed tha t  Z = 4 to conform to the space- 
group requirements. The volume per t i tanium atom 
(21.5 A a) then is reasonable when compared with the 
corresponding values for TiB~ (25.5 A a) and Ti (17.5/~a). 
The calculated density for TiB is 4.56 g.cm. -a. 

Determinat ion  of the s tructure  

Assuming the centrosymmetric space group Pnma, the 
four t i tanium atoms are required to be in the special 
positions 

4(c): x, ~, z; 7, ~, ~; ½-x,  ~, ½+z; ½+x, ¼, ½-z. 

(Note tha t  the same positions for Ti atoms would 
hold in the space group Pna.)  Consequently, the loca- 
tion of t i tanium atoms could be obtained from hO1 
data  alone. 

Approximate x and z parameters for the t i tanium 
atoms were obtained from a Patterson projection on 
(010) followed by a Fourier projection on (010), both 
effected with an optical synthesizer. Packing con- 
siderations on the basis of probable atomic radii in- 
dicated tha t  there was only one set of four positions 
where boron atoms could be placed without making 
absurdly short interatomic distances. These positions 
are the centers of trigonal prisms formed by six 
t i tanium atoms. They also would be in 4(c) locations 
of Pnma. 

A Fourier projection on (010) was then computed 
with Beevers-Lipson strips and is shown in Fig. 1. 
Considerable diffraction effects are evident, as would 
be expected from using data  only to the Cu K s  limit, 
but  the second highest peak is of the appropriate height 
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Fig. l .  Project ion of electron densi ty on (010) for TiB. 

relative to the t i tanium peak for a boron atom. I t  is in 
the position predicted. 

The parameters from the calculated projection, un- 
corrected for lack of convergence, are: 

for Ti: x = 0.177, z = 0.123; 
for B: x = 0 . 0 2 9 ,  z = 0 . 6 0 3 .  

Structure factors calculated from these parameters 
were in good agreement with the observed values, as 
shown in Table 1. The boron contribution iq significant 
for abouV one-third of the reflections. 

Since the x and z parameters of the boron atoms 
correspond to the values for projections of the centers 
of trigonal prisms of neighboring t i tanium atoms, it 
appears very likely tha t  the boron atoms are at  these 
centers, with y - - ¼ ,  as has been inferred for FeB 
(BjurstrSm, 1933)and similar borides (Kiessling, 1950). 
No a t tempt  was made to refine the y parameter  for 
possible small deviations from the value of ¼. How- 
ever, measured intensities of a powder photograph 
were compared with those calculated assuming the 
space group of higher symmetry  Pnma, for which 
y = ~ for boron (see Table 2). The agreement is judged 
satisfactory for indicating the essential correctness of 
the parameters proposed, despite limitations on the 
accuracy of the measured intensities. The extreme 
hardness and needle-like nature of the crystallites 
made it difficult to avoid slight orientation effects. 
Also, no absorption correction was applied, since it 
did not seem warranted for measurements made by 
comparison with a calibrated film strip. 

Discuss ion  of the structure 

TiB is another boride of the FeB-type, characterized by 
zigzag chains of boron atoms parallel to the b direction, 
each boron atom lying at  the center of a trigonal 
prism of six t i tanium atoms. The arrangement is 
shown in Fig. 2, and nearest neighbors for both the 
t i tanium and boron atoms, with interatomic distances 
listed, are shown in Fig. 3. 

Comparison of TiB with monoborides of the same 
type reveals tha t  the expansion of the lattice to 
accommodate the larger t i tanium atoms is less than 
one would expect from a consideration of the radii 
of the metal atoms. For example, ratios of axial lengths 
of TiB to those of FeB are: 

WmB/aFeB = CTiB/CFeB = 1"12, bTm/bFeB = 1"04. 

While the expansion along the a and c axes is almost 
as large as one would predict (~  1.14) from atomic 
sizes, along the b axis (the boron chain direction) it is 
much less. Consequently, there are abnormally short 
Ti-Ti  and Ti-B distances. This is reflected in the 
results obtained when an application of Pauling's 
(1947) theory of metal  bonding is made to all of the 
known monoborides. Values of boron and metal 
valences obtained using the formula 
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Fig. 2. The arrangement of atoms in TiB. 
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Fig. 3. Nearest neighbors for Ti and B atoms, and interatomic distances in the crystal TiB. 

D(n) = D ( 1 ) - 0 . 6  log n 

are given in Table 3. Al though the  boron valence is 
high in some cases, the meta l  valence is in essential  

Table 3. Calculated values of valence for monoborides, 
using Pauling' s theory 

Pauling valence 
MB B M for M 

CbB 3.0 4.9 5 
TaB 3" 1 5.4 5 
MoB 4.0 5.4 5-78 
WB 4.0 5.6 5.78 
FeB 4-3 5.5 5.78 
CoB 4.3 6.i 5.78 
l~nR 3.9 4.9 5.78 (also 4.16) 
CrB 4.0 4-9 5.78 
TiB 3.4 5.6 4 

agreement  wi th  or less t h a n  the  Paul ing valence for all 
compounds except  TiB, where the  value of 5.6 is 
much  higher  t h a n  the  normal  valence of 4. Such a 

# 
value can ha rd ly  be t aken  l i teral ly as the  t rue valence 
for t i t an ium and this result  m a y  represent  the  in- 
adequacy  of the  Paul ing  theory  for this  compound.  
Empir ical ly ,  however, i t  can be in terpreted as a re- 
flection of the  much  t ighter  b inding  in  TiB t h a n  for 
the  other borides. 

The authors  wish to t hank  Mrs _Ann S. Cooper for 
her  able assistance in  all  phases of this  s tudy.  
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