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Note added in proof. ~ The writer  regrets having 
overlooked a paper  by Chandrasekhar  (1960), in which 
it is correctly s ta ted (equation 9) tha t  the proper 
procedure for handling extinction is to take the mean 
integrated reflection for parallel and perpendicular 
components. Thus equation (9) gives the correct for- 
mula for the symmetr ical  Bragg case. 
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Be2BOa(OH ) is orthorhombic with four molecules in a cell of dimensions a = 9.755 A, b = 12.201 /~, 
c =4.426 A. The space group is Pbca with all atoms in general positions. 

The structure has been redetermined with high precision (R =0.04). Bond lengths are: 

B e - 4 0  = 1.633 A, B - 3 0  = 1.367 /~, H-O =0.93 A, H -  . .  O = 2 . 0 4 / ~ .  

Refractive indices calculated from the structure agree well with measured values. 

Introduction 
The approximate crystal structure of the mineral 
hambergite, Be2BO3(OH), was reported thirty years 
ago (Zachariasen, 1931). The original intensity data 
were crude. As a consequence the results as to bond 
lengths were quite inaccurate, and the position of the 
hydrogen atom was assumed rather than deduced 
from experiment. 

It seemed desirable to make a precise determination 
of the hambergite structure using modern techniques 
to measure intensities. In the first place it was of 
interest to obtain accurate values for the Be-O and 
B-O bond lengths. Second, infrared studies had 
indicated a bond angle for hydrogen considerably 
smaller than the 180 ° usually found in the O-H • • • O 
bond. Third, an accurate knowledge of the structure 
could be used to calculate the birefringence of the 
crystal in a situation where the anisotropic com- 
ponents were not all parallel. The results of the 
refinement of the structure are presented in the 
following, together with results of a calculation of the 

refractive indices of the crystal from the refined 
structure. 

The essential features of the 1931 structure deter- 
mination have been confirmed; but there is consider- 
able difference in detail. 

T h e  r e f i n e m e n t  of the  s t r u c t u r e  

New values for the cell dimensions are 

a = 9.755 +_ 0-001, b = 12.201 _+ 0.001, 

c--4.426 _+ 0 .001 /~ .  

The cell contains four molecules, the  space group is 
Pbca, and all a toms are in general  positions. 

The intensit ies were measured with  an  incident 
beam of unpolarized Cu K s  X-rays ,  a proport ional  
counter,  and a crystal  (selected from the original 
Madagascar  material)  shaped into a perfect  sphere of 
radius r - -0 .0314 cm, corresponding ~ r = 0 . 6 9 .  All 
reflections HKO, HK1, HOL, H1L, H2L, OKL, 1KL 
were measured.  

I t  was quickly found there was considerable 
secondary extinction in the  specimen, in spite of 
surface grinding and thermal  shock t r e a t m e n t  in 
liquid nitrogen. In  the early ref inement  stages only 
the weak reflections were therefore used. Since one 
of the objects of the s tudy  was the direct location of 
the hydrogen atom, it  became essential to make  
corrections for secondary ext inct ion in subsequent  
refinements.  I t  was then  found t h a t  the  commonly 
used correction formula was in error (Zachariasen, 
1963), and the  revised equat ion was used in the  
u l t imate  least-square refinement.  

The Busing-Levi IBM-704 program was used with 
the f curves (for neutra l  atoms) given in the Interna- 
tional Tables for X-Ray Crystallography. The init ial  
atomic coordinates were those of the  1931 paper  with 
the  hydrogen a tom placed midway  between two Oiv 
atoms. An isotropic t empera tu re  factor,  with B =  
2-0 •2, was assumed for the hydrogen atom. In  the  
last  ref inements  all (24) position parameters ,  42 
anisotropic the rmal  pa ramete rs  (for all bu t  the  
hydrogen atoms) and 4 scale factors were var ied  
simultaneously.  Only the  final ref inement  included 
extinct ion correction in accordance with the  t rue  
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theore t i ca l  formula ,  a n d  i t  gave  m a r k e d  i m p r o v e m e n t  
in  precision.  The  resul ts  p r e sen t ed  in  the  fol lowing 
are those  of t he  u l t i m a t e  r e f i n e m e n t  which  was based  
on 437 ref lect ions  and  gave  a conven t iona l  R index  
of 0.041 ( including the  'zeros').  Tables  of e x p e r i m e n t a l  
a n d  ca lcu la ted  F values  wil l  be o m i t t e d ;  bu t  t h e y  
are avai lable  on reques t .  

Resu l t s  

Since the general features of the structure are the 
same as reported in 1931 a detailed description can 
be omitted. 

Table  1. Position parameters 
( x 104) 

x a y a z a 
Bei 0029 4 1882 3 2600 10 
Bell 2375 3 0676 3 2775 8 
B 1059 3 1072 2 7719 8 
OI 0377 2 1875 1 6199 4 
OII 1013 2 1029 1 0815 4 
OIII 1867 2 0346 1 6181 4 
OIv 3399 2 1729 1 2956 5 
I-I 3117 38 2170 33 4554 99 

Table  2. Thermal parameters flil 
( X 10 4) 

flll fl29. fl83 fl12 fl13 fl28 
]3ei 18-+2 13-+2 104-+17 1-+2 --4-+7 15-+7 
Bell 18-+3 14-+2 80-+15 2-+2 --8-+8 --1_+7 
B 13_+2 11_+1 118_+15 --3_+2 --16_+7 --5-+6 
Oi 21-+2 8 _ + 1  48-+ 9 3-+1 --9_+5 --7-+3 
OII 17-+2 11-+1 72_+10 4-+1 --4-+4 6_+4 
Oii I 19_+2  11_+1 51_+ 9 5_+1 1 2 _ + 4  --2_+3 
OIv 14-+1 14_+1 107_+10 --3-+1 3__+4 --13_+4 

Table  3. Bond lengths (in h.) 

OI OII OIII 
13ei 1.629 1.621 

1.673 
Beii 1.644 1.612 

1.638 
B 1.362 1.372 1.367 

OIv 
1.619 

1"629 

0"93 
2"04 

The values of the positional and thermal parameters 
are shown in Tables 1 and 2, while Table 3 gives 
the bond lengths. The standard errors for the inter- 
atomic distances are as follows: 0.002 A for O-0, 
0.004 ~ for Be-O and B-O, 0.04 ~ for H-O. 

The oxygen triangle about boron is nearly perfect 
(edges 2.365, 2.366 and 2.371 ~), and so is the oxygen 
tetrahedron about the Bell atom (edges ranging from 
2"651 to 2"671 ~). There is some distortion of the 
BelOa tetrahedron with edges varying from 2.601 to 
2.743 A. 

The mean bond lengths are Be-40=1.633 A and 
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B - 3 0  = 1"367 ~ ,  t he  m e a n  t e t r a h e d r a l  edge 2.665 A 
and  t he  m e a n  t r i angu la r  edge 2-367 _~. 

The  h y d r o g e n  a t o m  is b o n d e d  to  an  O~v a t o m  
(as sugges ted  in  1931) to  form an  OH group,  bu t  
t he re  is also a weak  bond  H • • • Oiv  so i t  is jus t i f i ab le  
to refer to a group O ~ v - H ' "  Oiv. The  sepa ra t ion  
O i v - O i v  = 2.905 + 0.002 A, H - O i v  = 0.93 + 0.04 A, 
H . . . O ~ v = 2 . 0 4 + 0 " 0 4  A, w i t h  the  h y d r o g e n  dis- 
p laced  abou t  0.3 A f rom the  O i v - O i v  connec t ion  l ine.  
This  d i s p l a c e m e n t  can be a t t r i b u t e d  to  H - B e  repul-  
sion. The  ac tua l  d i s tances  are H - B e I = 2 . 1 2 + 0 . 0 4  A, 
H - B e I I  = 2.11+_ 0"04 A. Were  t he  h y d r o g e n  a t o m  
s i t u a t e d  on the  o x y g e n - o x y g e n  connec t ion  l ine,  t he  
H - B e I  d i s t ance  wou ld  be s ign i f ican t ly  r e d u c e d  a n d  
t h e  H - B e I I  sepa ra t ion  co r respond ing ly  increased.  

Vergnoux  & Ginouv~s (1955) h a v e  s t ud i ed  a c rys ta l  
of h a m b e r g i t e  in  the  near  infrared,  and  r eached  t he  
conclus ion f rom the i r  d a t a  t h a t  t he  h y d r o g e n  a t o m  
was cons iderab ly  d i sp laced  off t he  O i v - O i v  connec- 
t i on  line. T h e y  d e t e r m i n e d  t he  d i rec t ion  of t he  O i v - H  
b o n d  in  the  s t r uc tu r e  a n d  gave  - -0 .31 ,  0-29 a n d  
0.9 h for t h e  c o m p o n e n t s  of t he  b o n d  a long t he  
X,  Y, Z axes (assuming 1.00 A for t he  length) .  These  
va lues  shou ld  be c o m p a r e d  wi th  t he  c o m p o n e n t s  
- 0 . 2 7 ,  0.54, 0.70 A found  in  the  p resen t  paper .  
The  X - r a y  work  does, indeed ,  conf i rm t h a t  t he  
h y d r o g e n  a t o m  is d i sp laced  in  t he  m a n n e r  d e d u c e d  
from the infrared data. 

Table  4. Thermal data 
i A~ (A) a fl r 

BeI 1 0.076+0-014 0.29 --0.68 0.68 
2 0.095_+0.007 0.96 0.24 --0.16 
3 0.120_+0.009 --0.07 0.69 0.72 

Bell 1 0.080_+0-013 0.68 --0.21 0.69 
2 0.095_+0.011 --0.48 0.59 0.64 " 
3 0.108_+0.008 0.54 0.79 --0.31 

B 1 0.061 -+ 0.013 0.81 0.41 0.42 
2 0.098-+0.007 --0.41 0.91 --0.07 
3 0.116_+0.008 --0.42 --0.10 0.91 

OI 1 0.059 _+ 0-009 0.10 0.50 0.86 
2 0.079 + 0.007 -- 0.48 0.78 -- 0.39 
3 0.109_+0.004 0.87 0.34 --0.33 

Oii 1 0.067 -+ 0.008 0.56 -- 0.62 0.56 
2 0.091 + 0.006 -- 0-50 0.29 0.82 
3 0-102--+0-005 0.67 0.73 0.14 

Oiii 1 0.056-+0-010 --0.50 0.34 0.78 
2 0.087 -+ 0.006 -- 0.36 0.74 -- 0.56 
3 0-111 _+ 0.005 0.78 0.57 0.24 

O1v 1 0.078 _+ 0.006 0.82 0.50 0-28 
2 0.088-+0.007 --0.53 0.48 0.69 
3 0.121_+0.006 --0.23 0-72 --0.67 

Table  4 gives t he  d a t a  of Table  2 in  t e r m s  of t h e  
root  m e a n  square  amp l i t udes  A~ a long pr inc ipal  axes  
and  t he  d i rec t ion  cosines of t he  pr inc ipa l  axes in t he  
X YZ  sys t em of the  crystal .  The  t h e r m a l  a m p l i t u d e s  
are small ,  as was to  be e x p e c t e d  f rom the  g rea t  
ha rdness  of t he  crystal ,  and  the  an i so t ropy  is mode ra t e .  
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The normal  of the BO~ tr iangle has direction cosines 
a1=0"793, a2=0"605, a8=0"070, and i t  is seen from 
Table 4 tha t  the three oxygen atoms have their  
largest ampl i tude  near ly  paral lel  to this  direction. 

The  refract ive  indices  

I t  m a y  be assumed, as a very  good approximation,  
t ha t  the oxygen atoms are ent i re ly  responsible for 
the optical re f rac t iv i ty  in the visible region. Let 
(~ be the polar izabi l i ty  of an  isolated oxygen atom. 
Since the atomic positions of the oxygens are known 
to great precision, i t  should be possible to calculate 
the  refractive indices for the substance if ~ is known 
or t reated as an ad jus tab le  constant.  

The oxygen atoms, O~, OH, O m  form a h ighly  
anisotropic configuration about boron while O~v is in 
near ly  isotropic surroundings. Accordingly i t  will  be 
assumed tha t  Oiv has the normal  polar izabi l i ty  
for any  direction of the electric vector. The polariza- 
b i l i ty  per stoichiometric molecule is ~(1 +3q), where 
q is an anisotropy factor for O~, OH, O m  which depends 
upon the  direction of the  electric field. In  order to 
calculate q, dipole-dipole interact ion will be considered 
only between oxygens of the same BOB group. The 
manner  in which such calculations can be performed 
has been described by  Bragg (1924), and by this 
writer  (Zachariasen, 1933). 

When the  electric vector is normal  to the BO3 group, 
one has (see the references) 

q± ~ 1/(1 + 2~/r 3) 

where r is the 0 - 0  distance, and for the electric 
vector lying in the plane of the t r iangle 

q. _~ (1 + 55/3r3)/(1 + 5/r 3) . 

A value 6=1 .350  × 10 -2a will  be assumed. Sett ing 
r=2 .367  A, the result  is q±=0-831 and q ,=1.062.  
The corresponding values for the polar izabi l i ty  per 
stoichiometric molecule are thus:  2Y5±=4-713 × 10 -24 
for normal  and 2~,1 = 5.652 × 10 -24 for paral lel  electric 
vector. 

The direction of the normal  to the B03 group in 
the structure is u = 0-793i + 0.605j + 0.070k. Let a, fl, 7 
denote the values of the refract ive index when the 
electric vector is along the X, Y, or Z direction of 
the crystal.  The values of the  polar izabi l i ty  per 
molecule in these directions are 

6~ = 0.3712:6, + 0-629 2:6± 

6, = 0.634Z6,,+O.366X. 6 l 

(~ = 0"995 •6,, + 0-005 ~YS±, 

and the refractive index a is given by  

a 2 = 1 + 4 ~ N ~ / ( 1 - 4 ~ N ~ , / 3 )  

with analogous expressions for fl and 7, where N is 
the number  of stoichiometric molecules per cm 3. 

The calculated and observed values (for Na light) 
are given below: 

calculated observed 

a 1.557 1-560 
1.59o 1-591 

7 1.638 1.631 

The value of the single parameter ,  ~ = 1.350 × 10 -24 
was chosen so as to give the best fit, but  otherwise 
only the s t ructural  informat ion was used. The agree- 
ment  is remarkable  in view of the s impl ic i ty  of the 
theoretical  model. 

The authors  are indebted to the staff of the IBM 704 
computer  at Argonne Nat ional  Labora tory  for help 
with the least-square refinements,  and to the Advanced 
Research Projects Agency for par t ia l  support  of the 
work. 
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