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tion of these bonds is 0.0033 A. According to Cruiek- 
shank (1949), if the difference between two bonds is 
more than  three t imes the s tandard  deviat ion of the 
distance, this difference is real. I t  is therefore con- 
cluded tha t  the difference in the As-As bond lengths 
is s tat is t ical ly significant. This a l ternat ion of bond 
lengths in chains of like atoms is not unusual .  I t  has 
been observed in m a n y  al iphat ic  carbon compounds 
and in the sulfur chains of Cs2S ~ (Abrahams & Grison, 
1953). The As-As distances are close to the single 
bond distances found in the crystall ine element  (Neu- 
berger, 1933) and in As 4 vapor  (Allen & Sutton, 1950). 

One can th ink  of the l i th ium atoms as being in 
spirals coaxial with the arsenic spirals, with the spiral 
rotated approx imate ly  90 ° and the spiral radius some- 
what  larger. Each atom has six neighbors of the other 
k ind at  the corners of a deformed octahedron. The 
average of all twelve Li -As  distances is 2.78 /~. Lil  
has eight l i th ium neighbors at  distances ranging from 
3-00 to 3.78 A for an average of 3.49 A. Li 2 has seven 
l i th ium neighbors at  distances ranging from 2.99 to 
3.78 /~ for an average of 3-39 /~. The average non- 
bonded As-As distance is 4-03 A. 

The chemical bonding in LiAs appears to be a 
combinat ion of covalent  As-As bonds and metal l ic  
Li -As and L i -L i  bonds. The As-As bonds in the spiral 
chain are cer tainly covalent single bonds. The presence 
of metal l ic  bonds are indicated by the physical  

properties. The crystals have a metall ic  lustre and a 
large piece of LiAs showed electrical conduct ivi ty  in 
a qual i ta t ive  test. 

I wish to thank  R. E. Tate and F. W. Schonfeld for 
supplying the LiAs crystals and  R. B. Roof, Jr . ,  for 
drawing Fig. 4. Various portions of the necessary 
comput ing were done on the IBM CPC, IBM 704, 
Maniac I and Maniac II.  I am indebted to m a n y  
members  of the LASL computer  groups for pro- 
t r a m m i n g  assistance. 
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The crystal structure of NaSb has been determined by single crystal methods and found to be 
isostructural with LiAs. The dimensions of the monoclinic cell are a ---- 6.80±0.02, b = 6-34±0.02, 
c = 12.48±0-04/~, and fl ---- I17.6±0.2 °. The parameters were determined by least-squares refine- 
ment of the hOl and Okl zones with all cross-products included. An interesting feature of this struc- 
ture is that one of the !kla-Na distances is 3-44± 0.09 ~, significantly shorter than in metallic sodium. 

Introduction 

The compound NaSb has been described by  Zintl  & 
Dullenkopf  (1932), who reported it  to be monoclinic. 
However, they  did not  give the cell dimensions. The 
present s t ructure de terminat ion  of NaSb was under- 
taken in the hope tha t  i t  would be isostructural  with 
LiAs (Cromer, 1959), as indeed it  is. Knowledge of the 
sodium positions in NaSb would have been useful in 
placing the l i th ium atoms in LiAs, but  because the 

* Work done under the auspices of the U.S. Atomic Energy 
Commission. 

LiAs structure was f inal ly  de termined on the  basis of 
its diffraction da ta  alone, the NaSb structure is being 
reported separately.  

Exper imenta l  

A specimen of NaSb was prepared in the following 
manner .  A stoichiometrie mixture  of sodium and 
an t imony  was placed in a silica tube which was 
evacuated and then  filled with dry  argon. The tube 
was heated to 650 °C. and slowly cooled. Then the  
tube was opened in a dry  box filled with dry  ni trogen 
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Table 1. Resul t s  o f  least-squares re f inement  o f  NaSb 

x y z(hO1) z(Okl) z (uverage) 
S b  1 0.30764-0-0010 0.8994-t-0"0007 0-29514-4-0-0005 0.29564-0-0005 0.2954-t-0.0004 
Sb z 0-29324-0"0010 0.1599+0"0008 0.10564-0"0006 0.1047+0"0005 0"1051+0"0004 
Ne h 0.2108±0"0069 0.38924-0.0055 0.32124-0.0036 0.32744-0.0028 0"3251-t-0.0022 
Nag. 0.21794-0.0070 0-67254-0.0056 0.03994-0.0039 0.04144-0-0027 0.04094-0.0022 

and the  compound removed.  Microscopic examinat ion 
of the compound tha t  had  been formed revealed the 
presence of only a single phase. Needle-like single 
crystals were obtained and were sealed within thin- 
walled glass capillaries. Mineral oil was used to moisten 
the crystals so t h a t  they  would adhere to the  walls of 
the  capillaries. Before removing the capillaries from 
the drybox their  open ends were sealed by touching 
them to an electrically heated  wire. The metallic 
luster of these crystals and their  good cleavage parallel 
to the needle axis as well as their equally good cleavage 
on any  of a number  of hO1 faces were characterist ics 
similar to those of LiAs crystals. NaSb crystals were 
mounted  so t ha t  they  could be ro ta ted  about  the needle 
axis, and zero-level Weissenberg photographs  were 
taken.  These photographs  had the same pseudo- 
s y m m e t r y  possessed by hOl Weissenberg photographs  
of LiAs and showed the two compounds to be iso- 
s tructural .  The space group is P21/c  with 

a = 6.80+0.02, b = 6.34+0.02, c = 12.48+0.04 A; 
= 1 1 7 . 0 4 - 0 . 2  o . 

The dimensions a and c were determined from resolved 
a l ,  c~ doublets on zero-level Weissenberg photographs  
(Cu K a  1 Z = 1.5405 A). The b axis was measured on 
a precession photograph  (Mo K ~  2 = 0.7107/~). The 
densi ty  of NaSb  was not  exper imental ly  determined 
bu t  eight formula  units  per unit  cell were assumed 
because of its relat ion to LiAs. The calculated densi ty 
is 4.03 g.cm. -~. 

For  in tens i ty  measurements  Mo K a  radia t ion 
was used and  a crystal  having the dimensions 
0 .04×0 .08×0-34  mm. was selected and mounted  so 
t ha t  the  long dimension was parallel to the ro ta t ion 
axis. The hO1 intensities were measured with a Geiger 
counter a t t achmen t  on a Weissenberg camera (Evans,  
1953). The 0/el intensities, from the same crystal ,  were 
es t imated  by  eye from a series of t imed exposures 
made  with a precession camera.  For  the precession 
da t a  the  L p  corrections of Waser  (1951) were applied. 
The 100, 002, and 102 reflections were not  recorded 

with the  Geiger counter because they  were obscured 
by the beam trap.  

D e t e r m i n a t i o n  o f  t h e  s t r u c t u r e  

Fourier  projections on 100 and 010 were computed.  
Phases from the corresponding LiAs s t ructure  factors 
were used. Resolution was complete in the  100 projec- 
t ion and the  sodium atoms were clearly visible. There 
was some overlap in the 010 projection but  the sodium 
atoms were again visible. 

Ref inement  of these projections was made  by least- 
squares, and the 010 projection was refined first. 
Included as parameters  were the  scale factor,  an iso- 
tropic t empera tu re  factor  for each chemical species, 
and the eight atomic coordinates. All cross-products 
were included in the eleven pa ramete r  problem. The 
final t empera ture  factors were B ~  = 2.20+0-60 and 
Bsb = 1.34+0.09 j~2. The results for the  atomic co- 
ordinates are given in Table 1. 

For  the 100 projection the form factors were first  
modified by the t empera tu re  factors which had  been 
determined from the hO1 zone. Only the scale factor  
and the eight atomic coordinates were included as 
parameters .  These results are also given in Table 1. 
With  the exception of z~al the agreement  between 
independent  determinat ions  of the  z paramete rs  is 
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Fig. 1. Projection of NaSb on 010. The zero contour is dashed. 
The contours are at equal intervals of 10 e.A -2. 
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Fig. 2. Projection of NaSb on 100. The zero contour is dashed 
The contours are at equal intervals of 10 e./k -~. 
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h k 1 Fobs. Fcalc. 
0 4 8 0 24 
0 5 8 65 -- 60 
0 6 8 54 57 
07 8 0 --6 
01 9 0 1 
0 2 9 51 -- 55 
0 3 9 59 -- 61 
0 4 9 45 -- 46 
0 5 9 54 58 
0 6 9 0 23 
0 7 9 26 36 
0 0 10 141 143 
0 1 10 37 --36 
0 2 10 0 --4 

Table 2 (cont.) 

h ~ 1 Fobs. F~Ic. 

0 3 10 28 --30 
0 4 10 79 --84 
0 5 10 0 16 
0 6 10 0 4 
0 1 11 31 32 
0 2 11 0 8 
0 3 11 42 --45 
0 4 11 61 69 
0 5 11 0 7 
0 6 11 0 -- 16 
0 0 12 61 --67 
0 1 12 59 --60 
0 2 12 0 -- 11 
0 3 12 17 -- 19 

h k l Fobs. Fcalc. 
0 4 12 33 40 
0 5 12 37 42 
0 1 13 0 6 
0 2 13 68 --72 
0 3 13 28 20 
0 4 13 0 5 
0 0 14 37 --25 
0 1 14 0 13 
0 2 14 31 31 
0 3 14 31 32 
0 1 15 45 --53 
0 2 15 28 33 

excel lent ,  and  the  difference be tween  the  two values 
of z ~  is no t  s ta t i s t ica l ly  signif icant .  

F o r m  factors  were  t a k e n  f rom the  Internationale 
Tabellen (1935). The  a n t i m o n y  form factor  was re- 
duced  by  1.2 e lect rons  to correct  for anomalous  dis- 
pers ion  (James ,  1948). For  t h e  hOl zone R = 8 .9% 
and  for t he  Okl zone, R = 8.3%, where  t e rms  wi th  
Fobs. ---- 0 have  been  o m i t t e d  in b o t h  cases. All observa-  
t ions  were  g iven  equal  weight .  The  observed  and  
ca lcu la ted  s t ruc tu re  factors  are g iven  in Table  2. 

A few of the  s t ruc tu re  factor  signs of NaSb  differ 
f rom those  of LiAs. The  two Four ie r  p ro jec t ions  were  
therefore  reca lcu la ted  wi th  all signs t a k e n  f rom the  
leas t -squares  r e f inement .  C o m p u t e d  ampl i tudes  of t he  
100, 200 and  102 ref lect ions were inc luded  in the  010 
projec t ion .  These  Four iers  are shown in Figs.  1 and  2 
and  coordina tes  t he re f rom are g iven  in Table  3. 

Table  3. Atomic coordinates of NaSb .from 
Fourier projections 

x y z(hOl) z(Okl) 
Sb 1 0.3052 0-9016 0-2935 0.2948 
Sb~. 0.2936 0-1586 0.1066 0.1057 
Na 1 0.2210 0.4048 0.3227 0.3309 
Na 2 0-2190 0.6680 0.0346 0.0397 

P e a k  posi t ions were d e t e r m i n e d  by a leas t -squares  f i t  
of t he  e lec t ron  densi t ies  near  the  peaks  to  a 6 para-  
m e t e r  Gaussian func t ion  (Shoemaker  et al., 1950). 

Accuracy of the l eas t - squares  re f inement  

The s t a n d a r d  dev ia t i on  of a var iable  in a leas t -squares  
r e f i n e m e n t  can be expressed  as 

[2:(AF) ~ D.]  ~ 
~(Z~) = L ~ - - ~  

where  Dii is t he  i t h  d iagonal  e l e m e n t  of t he  ma t r i x  
which  is inverse  to  m a t r i x  M of the  coefficients of the  
no rma l  equa t ions ,  m is t he  n u m b e r  of observat ions ,  
s is t he  n u m b e r  of var iables  and  A F  has its usual  
significance. This  expression was used in these  prob- 
lems. 

I n  m a n y  leas t -squares  r e f inemen t s  of crystal  struc- 

tures  the  a s sumpt ion  has been m a d e  t h a t  off-diagonal  
t e r m s  can be neglec ted ,  pa r t i cu la r ly  for p roduc t s  
invo lv ing  d i f fe rent  a toms  and  even  for p roduc t s  in- 
vo lv ing  t he  same a t o m  if t he  cell is or thogonal ,  or 
near ly  so. W h e n  all t he  coefficients of t he  normal  
equa t ions  h a v e  no t  been  calcula ted  one canno t  use t he  
inverse  m a t r i x  to d e t e r m i n e  the  error. I t  is c o m m o n  
prac t ice  (for example ,  see S h o e m a k e r  et al., 1950) to 
m a k e  the  a s sumpt ion  tha t ,  because the  off-diagonal  
t e rms  are re la t ive ly  small,  the  d iagonal  t e rms  of D 
are a p p r o x i m a t e l y  equal  to  the  reciprocals  of t h e  
diagonals  of M. A di f ferent  approach  to th is  problem,  
which  is appl icable  where  one of t he  a toms  is con- 
s iderab ly  heav ie r  t h a n  the  others,  has  been used  by  
B l a c k m o r e  & A b r a h a m s  (1955). 

:Now we m a y  tes t  t he  va l id i ty  of this  a s sumpt ion  
on a pract ical  example .  For  the  0kl zone, which  is an 
o r thogona l  pro jec t ion ,  t he  a p p r o x i m a t i o n  1/Mii to  t he  
t rue  inverse  Di~ was found  to be accura te  to  b e t t e r  
t h a n  1%. For  the  hO1 zone, which is non-or thogona]  
(fl = 117-6°), t he  a p p r o x i m a t i o n  u n d e r e s t i m a t e s  the  
s t a n d a r d  dev ia t ions  of t he  a tomic  coordina tes  by  12 
to 22%.  Hence ,  t he  a p p r o x i m a t i o n  appears  ful ly 
jus t i f ied  for an or thogona l  sys t em bu t  i t  is no t  neces- 
sari ly t rue  t h a t  t he  above  results  can be appl ied  to  
o the r  s t ructures .  They  do suggest,  however ,  t h a t  one 
should  increase the  a p p r o x i m a t e  s t a n d a r d  dev ia t ions  

Table  4. Interatomic distances in NaSb 

The standard deviation for Sb-Sb distances is 0.014; 
for Na-Sb distances, 0.06, and for Na-Na distances, 0-09 :-~ 

d d 
Sbl-Sb2(~- ) 2"857 A Nal-Na a 3.71 A 

-Sb a 2.845 -Na 7 4-45 
Nal-Sb 1 3.36 -NAT(+ ) 3-85 

-Sbl(-- ) 3.23 -Na 6 4-21 
-Sb a 3.52 -Na 5 4-10 
-Sb 5 3.13 -Nas(-- ) 4.10 
-Sb 7 3.29 -Na 2 4-00 
-Sb~ 3.38 -Na 9 4.14 

Na2-Sb ~ 3.33 Na2-Na 5 4.21 
-Sb~(+) 3.17 - N ~  3-44 
-Sb~ 3.26 -Nal0 4.45 
-Sb 4 3.39 -Nal0 (+)  3.85 
-Sbl0 3.42 -Na 4 3-71 
-Sb 1 3.28 -N%2 4.14 
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Fig. 3. Projection of the structure of NaSb on 010. 
The y coordinate is given beside each atom. 

by  a factor  vary ing  from 0% for fl = 90 ° to about  
25% for fl = 120 °. 

D i s c u s s i o n  of the  s t r u c t u r e  

The general features of the s t ructure  are essentially 
the same as those described for LiAs. The atomic co- 
ordinates differ very  little in the two compounds. 

The various in tera tomic  distances are t abu la ted  in 
Table 4 in the  same form and order in which those of 
LiAs were tabula ted .  The s t ruc ture  in projection on 
010 is shown in Fig. 3. The average  of the  twelve 
N a - S b  distances is 3.31 A. Na  1 has eight sodium neigh- 
bors a t  an average dis tance of 4-07 /~ and Na  2 has 
seven sodium neighbors a t  an average distance of 
3-97 A. 

An interest ing feature  of this s t ruc ture  is the close 
approach between Na  2 and :Na 9 through the center of 
symmet ry .  This distance is 3.44 A and is significantly 
shorter  t han  the  smallest  in tera tomic  distance of 
3.71 /~ in metallic sodium. With in  the  accuracy  of 
this analysis,  the  two Sb-Sb  bonds are of equal length 
and compare favorab ly  with the  shortest  Sb-Sb  dis- 
tance of 2.87 /~ in metallic Sb (Wyckoff,  1948). 

The least-squares ref inements  and initial Fourier  
projections were computed on Maniac I. The IBM 704 
was used to compute  a final set of s t ruc ture  factors 
and the final Fourier  projections. 

I wish to t h a n k  Mr A. E. Gorum for prepar ing the  
crystals of NaSb,  and Mr R. L. Bivins for assistance 
in coding the least-squares problems for Maniac I. 
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