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or boron—hydrides. There is a strong indication that: 1) electrons on the
boron ; I to f luS it the  v e r t i c e s  are p a r t  Lii ly t r a n s f e r r e d  ( app rox .  1 .3  e l e c t r o n s )
t o  the  boron a t o m  at  the  c e n t e r  of the t r i ang le  in Li 5B4 ; and 2)  the amount
of e l e c t r o n  t r a n s f e r  increases  w i t h  t e m p e r a t u r e  r i se .

L i t h i u m  atoms , Ofl the  othe r hand , cluster in a bitetrahedral form (two
t e t r a h e d r o n s  sha r ing  a conmion f ace )  w i t h  f i v e  l i t h i u m  atoms occupy ing  the
vertices. Til ls  l i t h i u m  atomic  ar rangement  is in par t  s imi la r  to the  hexagonal
St r u i t t u r e  of  .1 i t h i u m  at low temperature.
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L i t  t II’ is  k n o w n  a b o rt  t he  p h m s e  e q u i l ib r i u m  d i a g r a m  of  t he  Li —B
em ( i i u n s m ’ n  s A - ~J er k o , 1 o ) 5 ~~1 ; El ] i o t , ]965~~; ~‘h u nk , l~~h 9  I ; h a n d b o o k
t ~ m t  k t Ic ‘, st ~. ~s , 1 I )  6 1 )  i s  ot  t h i s  ~N i  i t i na  Al t h o ug h

sevcu.m 1. e~u r  l v  a t  t o r i  i t  s ,\ or e  made  ( A n d r i e u x  ~. Ba rb et t  i , 1 932
‘-~- m r ~~0\’ 5 k i i  & K or , l r , i s h e v , 19 d 7 ° ; M e i s s a r i , ] 8 9 2~~) t o  i -~~~ i - a r c  boriaes of
, m L k a l i  r e L m i s , i t  w a s  n o t  u n ’ , t l  l d h 3  t h a t  the  existence of N ,mB 6 was
e st  a m  l i s~~~-J t h1a c i m r i u ~’l l e r , l~ih 3~~) ; and m year later , Li 134 was claimed

(“conch t ’ a t l - n t  ( 1 - ’ r e i i c l i  P , m t - : m t , 1965 1 ). (i i’ , the other h a n - i , t h e
XiSt~~flct’ of L~ ‘e m s  s u g uj u ’ s t , ’.’d ( R ie s s l in q ,  1950 1 0 ) a nd  m o re  r o ce n tl

Cefl’, rilil ’Lj - I 1~ ‘O i l ’ S , 1 9 7 3  I I expel imcnta llv . The comt o r n ds ,
L i  B t  and  l , m  l~ , h m ’ .:i ’ been p r ep a r e d  un d e r  p r e s su r e  and  it  t e r i per ~i t ures
i f i  i ’ X C C S S  o~ 1~100~~C ( S c h L m d t , 1976 1 

~
) . I t  a l s o  h a s  l oo t ’ ,  r ep o r t e d

(2 e, ’r i r t  ~ C d i  H i s , 1~O ,2 I 
~; 

19 1u 7 1 I )  t h a t  a compound ex i s t s  i n  t he  L i — h
s~ ’ s t e t t i  ~u t  ,L ;o ut  32 ~~ . % L i .  Tj c compounds i t i o n t i f i c ’ d t h u s  t a r  in t he
L i—B svsti ’m are ,ul 1 l i l a - k m  sli p ow d e r s  ex c ep t  L id  ~It1d  L i B 6 w h i c h  , m r e

oh t o  Lie  u~ o i l e n — v e l  low and b luu sh—b I ick (~~chmidt , 197612 ) j~
a p p e a r •m n c i ’ r e s pec t  iv o l ’’ . H o wev e r , m e c h a ni c a l l y  t h e y  ar e  a l l  b r i t t  I c
and  o t  a b l e  i n  a i r .

H a n s e n  , ~~~~. m n d  A n d er k o  , 
-- 

N., “Con st it ut i on o B i n a r y  A l l oy s ,
N ’  ;r ,iw— hl i l l  Book ‘o t m p a n v  , 1 15 8

2 . E l l i o t  I., H . F” ., •‘ I ’o n s t i t u t  100 ot B i n a ry  A l  l ovs , F i r s t  S u p p l em e n t , ”
N’ r v—l i ii I Book C cii i 1 tm y, 1) h 5 .

3 . t- N m i i n k , I ’ . •- \ .  , ‘ m.’o r i ~~t t u t i o n  o f  l 3 L n a r \ ’  Al  lov s , t~iocond  Supp l ~‘;n en t  ,
Mc r O\ — I i i  1 Book C o m p a n y ,  i n  ~

1 . i i a :m d l - o o k  of l3 i !~~m r y  ~l ’ t a 1 l  Lc  ~;y s t e n is , ‘t’ r m n s l a t e d  f r om  R u s sj . n  t

S cm i i n o r~ik , T . , I T  ~~~~~~ d ep a r t m e n t  of  ~~ o m mer c e , 1 9 h ( .
n . A n d r i ’ u x , J . L.  ,m;i ~I B a r b e t t i , B . ,  Compt  .r o n ’.1 , t)4 , 1 d7 3 ;  1° 32 .

I~~~ ~H r k o v s k i  1 , 1.. ‘m a ,  and N o n l r , c s h cv , ‘i’ m : .  B . ,  ‘ l mr . N eo r n .  K m .  2 , 34 ,
3

7. ‘lossan ii., C o t c ’ t . i on d , 1 1 4 , 3.1 ); 1m ?2 .
8. Ilalu leiLn ’,I) l ler , -

- 

. , Com~ t . r e n d , 257 , 12 3 4; ii)n3 .
Ij e ct  r i ‘ h u i ~i u ’ l ; ’ ,’, t ’r L  K o m p t o n  P . m . B . i i .  , F ren c h  P i t  o u t  N o . 1 , 4 i t  , 57 8 ;

1 , 1 5

t O .  K j i ’ s s lj i  ‘ , R . ,  - ‘mOl t C l ’ , t : i . d~’ m n d . 1 , 2 0 ) ; 19 50 .
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i - I  . :N’cr i t , I) . H . , P . Air , Ci ’  r . Soc.  r i O , 5 2 0 ;  1 ‘)  n 7
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The 1 i 5 B 1 i ’cr pound—alloy studied here is dramatically different
t o m  those p r ”~’ious1 y investigated in that it is ductile , malleable
and ha -; i metallic luster similar to that of lithium metal. The
c ’I u l p o u n d — a l l o v  i s  susceptible to chemical attack by air as is lithium -

‘:ui,,- t , m I , alt hou ch the reaction is somewhat less intense. In fact, the
t ’lo~’tro-chemica1 potential of the lithium—rich Li 5B4 compound-alloy

m , m s  i o n  shown t i. be quite close to that of Li metal (James and
DeVries 1 ) )  , Nevertheless , the melting t e m p e r a t u r e  of Li 5B4 is in the
n e i jh b rhood of 1000°C compared to 182°C for Li metal . The electrical
c ( ) m ’ , L l U c t  ivi t characteristic of the compound—alloy is metallic with a

: ‘ , - : ; m ’ t  ivity at R.T . (room temperature) in the range , 7 X 106 (..m) —l
“ i i t C l ’ , i i l l  amid Sutula , 1977 16 )

N : i : R 1 M 1 . X T A L

A l l o y _ P r e p a r a tu o n

The Li-B alloy specimens employed in this investi gation were pre-
in an inert atmosphere glove box equipped with a high capacity

i - c  i rculat ing ia ms puri fication system. The system dynamically removes
‘xn ten , moisture ai d nitrogen impurities from the helium -~as such that
Lrc 4 ’n ;u ci ’c t tr a t i o n  of each of the impurities is less than one ppm .
Crv sral line boron (0° .0%) from Kawecki Berylco and lithium (99.97%)
from Ponte Miriero rany were utilized in alloying. The lot of
u- ’~ ron  used con~~t .5 wt.% C , 0.14 wt.% Fe , 0.01 wt .% &Si , and
0.09 w t . %  0 ar ‘un ties. The principal impurities in the
lithium were L . Na , 0.006 wt.% Fe. Composition monitoring

~.‘ms accomplis ~:mcipally by determining weight loss following
,ailo\’ ; :~~ r a r 0 Lj Jj . .  The weight of the final alloy varied from the
in itial weights b y no more than 1%. The detai!ed procedure for the
p re l -ir ation of these Li—B alloys will be reported elsewhere (Wanq,
1)77 ). rfht crystal structure of Li 5B4 reported here has been
invest listed by a combination of X—ray, neutron diffraction techni-

1 1 0 5 , a n d .  NM R (nuclear magnetic resonance) measurements. The
e xo e r im e n t a l  t echn o~ues  e n t a i l e d  in  each of these  th ree  d i s c i p l i n e s
are  b ’sc ribed  h e L w .

X — r a y  and N e u t  r u n  D i  I tract ion

Flat surfaced spec imens  f o r  X — r a y  d i f f r a c t i o n  were prepared  by
machining the ends of a cylindrical shaped alloy (25mm dia . X 50mm
lenqt’h) in the (love box. The X—ray powder data were obtained with
i Norelco diffractometer using Cu Kct (Ni filtered) radiation with

15. James , S. R. and DeVries , L. E ., J. Elec . Chem . Soc . 123 , 321;
1 J76.

I c . Mit1 ’hell , N . A . and Sutula , R. A., to be pub l i shed  (Naval SurLi er’
l i m ’~m p o n 5  Center , White Oak , Silver Spring , MD 20910); 1977 ,

17. Wang, F. E., to be published (Nava l Surface Weapons Center ,
Wh i te (I lk , Si’ver Spring , MD 20910); 1977 .
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- ‘ ~~~ ‘flS p r o t . ‘~‘tec  a t i  i’ i 1 . e r  of  o m I . ‘l ime i’act t h a t  ~.- ‘,~‘d
p a t t e r n s  t h u s  obt  mined ‘oliLi ju ~ no o x m h i : ~.& ’d m a t e r i m i  was ( ‘ ( l i i i  111 :11 0 1, ’
c m : - m n i u u t h e m  w i t h  t iose oPt  m i n e d  r em s i :n p le s  l el  i l o ’ r ’ mt e l ; o x i d i z e :.
b i t  f r ’ , ’ t  i i i  l i t ,  - ‘ re  t m k e n  on I t  ii i r i s  to in suro h o m o g e n e t t ’ .’ . G u i l e
t i n -  “ o w o r  p a t  tot ns ” ~ : -t a  t i t o d  f r o m  s a m p l e s  n o t h  in  b u lk  and  i n
1~~~.~~ t ’r ~O1fl) Sb - -we d i to  t r e t l - r u l  - 1  o r i e n t a t  on f o r  t h e  1, 1 — B cour ounils , a

~ r e : er r o d  o r i e n t a t i o n  t o  b m . i l k  t o r m  i s  L 1 ( ’ t t - o t~ ’d f o r  Li m e t m i  as  si i c.~’n
in h’ i g i i r ’ 1. ‘l b ’ low t u m  t - r a t u ~ ( i n r o x .  — 1 8 0 ° C )  d a t a  was o b t a i n ed
U ’ i l o W i l 1 (  i l i t  - : ‘ n  \‘ . m p o r  on t  t lie ; u i r t  u -c o f  s u i c i m e n  w n m ’ r e m s  t he
82° :  d at i was ob tai n ed hr c i r c a l , i t  ing  ho t  ‘,‘;at ’r t h r o ugh  an e n cl o su r e
.‘,‘i i i c h  w a s  in  L I t  rec t ce t it m c t  w i t h  t h e  S1 - c i t f l e f l .

[01  t ’ , t ’ Ut I~~~~~i d i  t r ac t  lou , t h e  f l a t  sp e c i men , a l s o  p m  c ’t w m r e d  i n  a
d y e  box , i-:as SL ’ t i S U I i t  CLI  i.n a T i — Z r  a l lo ’ ’  w h i c h  c o n t r i b u te s  no
i-P r a r I ’ led i ont -; ( S id hu , i l e at o n , and M u e l l e r , 1 9 5 9 1$ ) . The

m u m ’ ,  O t i s  I t  I es wet - Li m miL d by an el 10’  t ron ic in  I rT Trat io n  w h ich  i n c l u d e s
t h ’  h e i L : l ; t  as  c! 1 as the ~-,~~d t  Ii of t h e  u n - i N s .  The ‘1’ v a lu e  used  f o r

~he absorot con c o r n - c t  ion wa s  ol~ f i m i n e d  e x u e ri m e n t ~~ l1y b’,’ c’ i’ l p a n i n g
0 ‘ 1, - I r o n i c  co t ot s  obt  a m I d  f r o m  t h e  s t r i p l o  p l u s  the  s a m p l e— h o l d e r

-,~ m t ii t h o s e  r or t  t b ’  s i r l n l I ’ — h o l L t & ’ r  a l o n e .

N~’ik ( . u c [ e m r  ~‘i~~~n e tic  R e s o n a n c e )

‘ or tUe N N R  e ’o-or  A c t ’ t  s, fine part i cli’s (
~ 100 m i c r o n)  w e r e  p r e par e d

i t : i d I r ‘, : . m t e t — f r e e  p a r a f f i n  o i l  in  a ~love box u s i ng  a po\ .’ c i L i  :~ ak e r
( I i - ”., I tn-s and  h i o s h i n s , 190 5 19 ) equ i pped w i t h  a fast spinning, diamond—

i ” ’ , , t i , ioO nd mi I l  . A comnior c  i a l  w i d e —  l i n e  N M R  spect romet ’er  , r ’qu i. - ;  ed
u i t o ci 1 2 ”  m a g n e t  and en us LI e of ( ( on er at  ing  m a g ne t  m e f m c i  ,l s  in  1: 11

t O O  — 17 , 000 G a u s s , ‘. 1 5  U SO l . Si g n a l  s w e re  u - c u m u l a t e d  on a
n u l t i c : m a n n e l  , m n a l v z e i ’ f o r  r e c o r d i t s u  (M I . T A L S , ~~‘,7 3 2 0 ) , Because  of
the  e x t  r o me  loot ii i t - :  a s s o c int o d  w i t h  t h e  a I l oys  w i t h  Li c o n t e n t

r e n t  or t h a n  t O  a L . %  Li , t h e  : .M R o a t s  r e p o r t  ed a rc  l i m i t e d  to-
com p o s i  t i O : i S  f r o m  12 t o  ( 0  a t  . ~~ L i  . M o st  0 1 t he  m e a s ur e m e n t s  w e t e
r inse  a t  H .  T.  Low I i  p & ’r a t . u i ’e ;c o ,m su r e m e n t s  w e r e  made  u sin o  1 i n o  ( 1 — N 2
or  l i q u i d — f r e o n  in on i n s e r t  t vl e d ew a r .

L’R N S T A L  S T R U C T U R E  S t U D Y

:‘:—ra y I) i t  f r a c t  iof l

The X — r a y  t i o w d e r  d i  I f r i c t i o n  p a t ter n s  c h I n  m e d  a t  R . T . f o r  l i t h i u m —
i - a n o n  c o m p o sit i o n s  in t h e  r a ng e  4 0  t o  80 a t  . % I i  a r e  s u m m a r i z es  i n
F ig u r e  1. An a l \ ’ s i  s of t hose p m  t f e r n s  n d i c , i t  es t h e  c x i  s ten c e  of ’ a t
l e a s t  ti ’,’c i ~f l t O r I 1 i O ( 1 i 3  Ic’ p h a s es  wi  t h i n  t i m e  comp os i  t i on  r a ng e .  The
p r e s e n c e  of  L i  m e t a l , b a sed  on t h e  o b se r v at i o n  i t  t he  110 and 2 2 0
r e f l e ’ t  i o ns  ( 2 ~ - 3h .1 and 7n  ,570  f o r  an a 3 . 5 A c u b i c  c e l l )  , is

12 . S i d h u , F .  5., h l e at on , I .  nd N u e l l , .’r , N .  H . ,  3 .  Ap~~l . P hy s .  30 ,
13 2 3 ;  19 5 ) .

10 . 11 1 , 1  r u g  D .  h i .  and  !losk ins , 1 . N . , R e v .  Sc i . I n s t  . 3h , 4 0 0 ;  l ’~ i 5
2 0 .  N I : T , A I S , Ed it c h  I ’  Bu t ~ sh a h  , P. F .  , Jo h n  R i  1ev ~ lou i S , 1 1 7  1 .
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b - t 1  - c t  L i  on l v  i i i  t h e  80 , 70 , , m m i d  60 a t .  ‘~ Li composit  i o n s ;  ‘ca r ess ,
to h o  t . — r i ’ h  intermediat e pim m s e , represented by two lines m t

12 . 2 and . 0 . -I ° , app-I ’ars ot il y in  t h e  50 and  40  i t . %  Li  c o m p o s i —
r ions . 1 S t - , lie L i — r i c h  p h a s t ’ , one of  t he two m t  m ’ r t ~me i 1 l a t e  phases ,
is p r t ’s ;i :’ ( ’d t o  h ive  a c o m p o s i t i o n  of  abou t  55 a t . %  L i .  T h i s
cu u i c l - , i s ion  is su: ported by the  d i f f r a c t i o n  p a t t e r n  of 55 at . % Li
s t i L i w n  i n  Fi  ; ar ~ 2 , in  w h i c h  n e i t h e r  t h e  Li nor the B — r i c h  ph a s e  is
t ) r e s I -n t  . Th i S  i I ~~~ Oi  t is  c o n c e r n e d  w i t h  t h e  studies t i de  and t h e
cond os ic l t ~~5 r o acn l ’o on t t e c r y s t a l  s t r u c t u r e  of t h i s  L i — r i c h  phase .

N o t  of the -~ di ffm action lines (Figure 2) representing the 55 at.%
Li phase can be indexed using cubic cells of three different dimen-
sions , as sn ~~~n i n  Table 1. E f t o r t s  were ~

1 sa made to index  the  9
lines m n syst ’:ns other than cubic but they yielded no good agreement .
i’he a 7 .0  \ cell -“is eliminated from further consideration because
li does not account for the line at 2~ = 7 1 . 4 8 ° . The a = 4.93 A cell
is the only one that accounts for all 9 observed lines. However ,
closer inspection of the diffraction patterns (Figure 1) shows that
t h r e ~~~ = 4 0 . 8, 62 .31 , and 79.94°) of the 9 lines attributed to the
55 a t .  ~ Li  phase shift by as much as one degree (in their 2~~) in going
from 40 to 80 at.% Li (See Table 2). Particularl y noteworthy is the
51-s toi c of any corresponding shifts in the remaining six lines over
the same composition range. Therefore , these three lines cannot
e1cn~; to t he  same diffraction pattern even though they happen to be

i r i d ox ib l e  by the a = 4 .~~3 A cell. This contention is further
enhanced by the fact that the intensities of these three anomalous
l i u ~os do not increase or decrease with change of composition in the
same insurer as the other six lines (See Figure 1)

The thr ee anomalous lines described above correspond to HKL = 210 ,
311 , and 410 of the a = 4.93 A cell and are all of the h1 +hf L = 2n+l
type . T l i i ’ remaining six lines are all of the H+K+L = 2n t ype  and
iri di at~ bce symmetry. It is interesting to note that the three
lines also ha ppen to be those indexible by the a = 6.06 A cell , which
makes this m ’ , ii ther possible choice. However , this choice was regarded
as imnl,ikelv becatilL -’ the remaining reflections do not show bcc or fcc
extinct ins and more importantly, a Patterson synthesis based on the
a = o.06 h .~1 oiwed un reasonable interatomic distances. Thus , the
a 4 . 0 3  ~ was  chosen for further structural analysis.

Because of the sharp decline in diffraction intensity with
in ’rm msing 2~ (for example , compare the 110 with the 220 refl ection
at the a = 4.93 A cell ), it would appear tha t the available data are
severel y limited by therma l vibration. In order to overcome this
difficult y , a diffraction pattern was obtained at  l iquid—N 2 temperature

rox. —1 80°C). Contrary to our expectation , the diffraction pattern
(Fi- ;ure 2) shows  not only no increase in the intensities at hi gh
mnq le s but also an overall decline in the intensities. In addition ,
the peaks are somewhat less defined than that observed it R.T. This
may mean tha t t In compound is in a metast ,ible state which becomes
even less stable at low temperature , that is , it is more stab le at
h i g h  temper i t  tires. This trend is confirmed by a d i  f tract ion patt er~i

8
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o t m  i ced a t  8 2 °C  t rom the s mmnc i-i m u l e  ( a s  shown in F i gu r e  2 )  . Gh i  le
t i e r  C 15 t i ) Si lul i i c m r t  di  f f er  f l O t  b I t  w € ’ & ’n  t i e  h i g h  angle  r eg i o n  of

t h i s  p a t t e r n  and t h e  one a t  I - t . T .  , t i c  f i r s t  p e a k , 2 .-t = 2 5 . 40 , a t
82°C is dtf j~~i t i t ~ ’ more inten se t h a n  t h a t  observed at  R . T. These
OL-ser vat ions a l l ’ enti r e l y  r ev e r s i b l e  in  a t i v e n  s a m p l e  and tend t o
c o n f i r m  the contention that the compound is a c t u a l l y  m e t a s t , b le .
H o w uv e r , they a iso lemon  51 r a t  0 t i ll - ’ fut 1 11 ty of ob t a i n in g  more  and
cotter d at a  b~ l ow e r i n q  the  te m p e rat u r e .

P a t te r s o n  S t u t  t i es  m s

A Patterson synthesis based on the six diffraction lines listed in
T a ble  2 ( u s i ng  the  a = 4 . 9 3  A c u b i c  c e l l )  shows s ix  sy m m e t r y
i : iJ ’ ’p e n d e m ’ i t  peaks , i a )  t h r o u g h  ( t  ) , as shown in  F i g u r c  3. C o n s i d e r i n g

11t ~ cak pos i t  ion s a lone , a ll ,  the Patterson peaks excep t  peak C e )
u = v = x’ =- 1 /4  can be accounted for by two units of a tetrahedral

c l u s t e r  of four atoms related by bcc symmetry (i.e., 0, 0, 0 and 1/2,
1 2 , 1/2). Referring to Figure 4, the atomic positions are:

AflO~’i N 1’ Z

( I )  x x x w i t h  x = . 175
( 2 )  — x  —x x p l u s  1/2 , 1/2 , 1/2 , ,~, n ads to :

-
~~~ 

-

~~~ 
( 1 ) ’  , ( 2 ) ’  , ( 3 ) ’  , a: 4 (4 ~~

The Patterson peak , (e), can be satisfied by having additional atoms
in rho following positions which also conform to bcc symmetry:

ATOM X N Z

(1) x x x with x = . 9 2 5
(2) -x —x x plus 1/2, 1/2, 1/2, leads to:
( 3 )  — x —x ( ii’) ’ , (2 ’ ) ’  , (‘~

) ‘  , and (4 ’) ’( 4 )  — x x — x

It is clear that simultaneous occupation of all these positions is
impossible because the interpositional distances (within each
tetrahedral cluster) are too close to accomodate either Li or B. The
determination of which positions are occupied and by wh ich type of
atoms was made based on the following considerations and limitations:

(a) The positions chosen and the atoms (Li or B) placed in these
positions should be such th a t  the interpositional distances 0
found must . agree with the Li and B atomic radii (RLj 1.5 A ,
RB — .75 A) within 10 to 13, .

(b) The chemical compositions of the compound should have an atomic
ratio , Li/B, of about 55 - 4 5.

(c) The crystal structure thus chosen must liars’ cubic symmetry or a
subgroup of such s v m m u ’t  i:’~’ . The allowance of a subgroup is based
on the c o n s i d e r a t i o n  that the  a v a i l a b l e  da t a  a re  f rom powder and
not from sing le cry st m l s.
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(s) l’t t c ’  t 10( 1 e t c  m l  d e n s i t c  I :  m s t  be fl i t  a -
~~‘ miabl e a g i ’ s ’ r ’~ ’ r m t  W i t :

t h a t  o i - t ; e r v ’ - ( i .

I n  i- ’iaure 5 , ‘.- ‘ e sd -.~
‘ - m  s t ri et u ~~& ( ; r O j ’cted on t o  t h e  x — y  p l a n e )

oh icti conforms tu all the all ~~~
‘
~~~‘ i u - s m ’r ib e d  r e st r  c t io rm s . In  t h i s

st r t i c 1  um e , 0- e- unu uui:’i I  has t t i e  ch~’m t c  m l  f o r m u l a , i 1 5 B 4 ( 5 5 . ~5 a t . %
L i ) ,  a n s  a ps u - i i — c n n c 1 - s o m o o : i L - - u t  d ,‘1’mnte t ry  w i t h  a = 4 . i3  A and

= 90° . As sho’.-,’n i n  F i gu r e  1, t h e  i m i t e r a t o m i c  d i s tan ce s  ar e  a l so
I f i  r o a r .  t m :  l e  a u m -e mn1 ’ t t f  . The c,dcul, i t t  d e n s i ty  of 1 . O f  gm/cc i s  i t

f a i r  1 u t ’ e t n e n t  with the e x p e r I m e n t a l  v a l u e  of 1 . 0 0  (± . O ~~) gm/cc
( n t  55 a t .  % Li as p r en ar e d  c - c n p u s i t  i o n )  , conside’rin-~ t ha t the  a l l o y

I:: ; m pe r s i s t en t  ~c a r ’t i o nal  pmt’sen ce of another compound (re-uresented
tue L:u t~~ a n o m a l o u s  l i n e s )  in the  a l l o y ,  p l u s  t i i e  i n h e r e n t  m i c r o —

:s r ’ i t ieS  in  i e a s t —a l l o y .

I t  s ho u ld  be noto ci t ,ioi t a t r i a n g u lu c  c l u s t e r  of 4 B  a toms and a —

tO i~m r ’ m ; u l i c  c-l :oer  of 3 Li ~~tOn m S a re  e s s e n t i a l ly i d e n t i c a l  in s i ze
( . ‘ee F r,~re 6 )  . T h e  b a s i c  f ea t u r e  of t h i s  s t r u c t u r e  i s  a c h a i n
tot Ito’ ( l i i )  cj u r e m ’ t i~~n made up of Li  a t o m s  ( L i — l , L i — 5 )  s a n d w i c h e d
uetr,een b and Li clusters (Figure 5L . In view of the fact that the

Ot r~’ obtiaLu! Li f rom powder patterns (not from single crystals),
this choice of’ rhombohe- Iral symmetrY is theoretically acceptable.
}h’weyer , internal disorder , based on this rhombohedral structure ,

ho’~ ic l  al s o  be cons  idered . S u c h  disorder can arise in two w ay s .  ‘l’he
f c rst r ay  he c l a s si f  ted as “ s t a c k i n g  f a u l t s” due  to an i n ter c h a u ~~;e

B and Li c l u s t e r s .  T h i s  can occur becau se  they a r e  e s s e n t i a l ly
identical in size -and probably have s i m i l a r  e l e c t r o n i c  s t r u c t u r e s .
the second type of disorder may result from twinnin-; b e t w e e n  micro-
sI  s d  r n om n oh e dr a l  dot t i a  i n s  so as to g e n e rat e  a hi th er s yomme tm y
( i . e .  , cnn c c )  . The probability of such t w i n n i n g  is  e x p e c te d  to be

h i - u n b ecause  th e  r h o m bo hed r a l  s t r uc t u r e  has an -~ 
j 30 (~~s e u d o — c : l m c )

A c o n i b i n a t i m o ,  of th use two tynes of disorder can result l i i  l a O
sy ,metry . The ciyst:lloqraphic data thus o b t a i ne d  ‘ or i t  h t h e
:: r ,Lo:~m ’ c t r a 1  and  d i so rde red  r h o n i b n h o c lr a l  ( c ub  i c ) st r u ct u r e s  a r e  as

f o l l ow s :

i-’hor Lo ieciral (R1r C
~~~

; t r i g o n a l)

3 ( L i )  :: , x , z; z, x , x; x , z , x;  Cx = . 3 2 5; z = — . 32 5)
l(Li) x ,x ,x; (x = .175)
I ( L i )  x , x , x ;  (x  = . b 7 5 )

3 ( B )  x , x , z ;  z , x ,x ;  x , z , :-: ; ( x = — . 1 7 5; z = . 175)
1( B )  x , x , x ;  ( x = . 92 5)

D i s o r d e re d  Rh omb o h e dr a l  (123 = T 3 ; bcc)
8 ( f 1) x , x , x ;  x ,~~, x;  x , x ,~~ x , x , x;  (:.‘ = . 175)
8 ( f 2 ) S-in t o as a b o v e ;  (x  -~ . 9 2 5 )

Rh S m ’  (51 r~ ~ 
3f~~) / S  = 3 . 75 el e c t  rons

= 
~~B~~

”8 = . f 2 5  e l e c t r o n s .
In  or  b r  t - h ’ c o r m i n e  a c o r r e ct  c h o i ce  o et w e e f l  t i m e  t w o  p o s si b i li t  m m ’ : ,

t i m e o r e t  ‘ m l  j ’ 5 t  t or son  ~ m -’ak s ‘~‘:or ‘ I I ’  n er a t e d  f o r  tn c ’  t O  s t r u c t  i i

10 
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P a t t e r s o n  Peaks  fo r  R3m

it should be noted that in this calculation , an average value
b e t wee n  the two distinct directions (parallel vs. perpendicular to
the rhombohedral axis) is taken to simulate the powder data.

U V w Interaction Peak Height

(a) 0, 0, 0; 5(Li—Li)+4(B—B) 145
(b) .35, .35 , .35; [(Li—B)+2(Li—Li)+(B—B) J/2 29
( c )  .50 , . 17 , .17; [ ( L i — L i ) + 3  ( L i — B )  1/2  27
( d )  .11, .11, .21; ( B — B )  25
(e )  . 25 , . 2 5 , . 25; 2(Li—B) 30
( f )  . 50 , .50 , . 50;  2 [ 3 ( L i — B ) + ( L i — L i ) J  108

Patterson Peaks for 123

Since the four atoms with f2 scattering factor are spatially very
close to one another with respect to the atoms (Li-i , Li-5) with the
f 1 scattering factor , all four are considered to contribute to the
peak , (e ), - See Figure 3.

iL u v w Interaction Peak Height

( a )  0 , 0 , 0; 2 [ 4 ( f 1 — f 2 ) + 4 ( f 1—f 2 ) ]  116 .0
(b )  . 35 , .35 , .35;  2 ( f 1— r 1) 28 .1
C c )  .5 0 , .17 , .17; 2 ( f 1— f 1) 28.1

( d )  .11 , .11, .2], ; 2 ( f 1 —f 2 ) 4 . 7
(e )  .25 , . 2 5 , . 25;  4 [ 4 ’

~f 1— f 2 ) ]  3 7 . 5
( f )  .50 , .50 , . 50;  2 ( 4 (f 1— f1)+4(f 2—f 2)} 116.0

the heights of these theoretical Patterson peaks are compared with the
observed peaks in Table 3. It is clear that the disordered rhombo—
hedral (123) structure is the better choice.

He u t r o n  D i f f r a c t i o n

Since  in neutron diffraction the nucleus scattering length of
13(boron) is positive (bB = +.534) and Li is negative (bLi = - .214),
simultaneous agreement between the observed and calculated intensities
in both X-ray and neutron diffraction is not only ideal but also
essential in checking the credibility of the proposed 123 structure .
because of the high neutron mass absorEtion coefficient of the 1-0B
isotope (°n = 3836 barns) compared to ~

1B 
~
s’n = 0.005 barns), 11j3

isotope was used in forming the Li5B4 alloy for collecting the final
neutron diffraction data (Table 5) . Neutron diffraction data were
also obtained from L15B4 made of “natural” boron (mixture of 10B and

to check whether ther~ were any characteristic differences
between the patterns from ~-B and from “natural” boron . We observed
no differences aside from the expected absorption difference. As
shown in Table 4, the neutron diffract - ion powder pattern is also
indexible on the a = 4.93 X cubic cell. The H+K+L = 2n reflections
observed (and unobserved)  by n e u t r o n  d i f f r a c t i o n  are e s s e n t i a l l y

- ~~~~~~~~~~~~~~~~~~~ ~ ‘ - ‘  -
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those observed (and unobserved) by X-ray diffraction . It is of great
interest to note tha t the three anomalous r e f lections (index ible as
Fl+K+L = 2n +l but were deleted f rom con sidera tion because of thei r
independent shifts in 20 angle as a function of composition) in the
X-ray data are totally absent from the neutron diffraction data.
This tends to lend additional support to the correctness of deleting
them f r om cons idera t ion  as par t of the a = 4 . 93 A cell data .

Structural Refinement

Based on the X—ray data , initial refinement was made as follows .
In the disordered 123 structure , there are at least three parameters
to be determined and refined : two independent atomic coordinates
(x1, x 2 ) p lus an isotrop ic temperatur e fac tor .  Since there  are only
six independent experimental data available , the th ree parameters
cannot be refined in a standard manner (i.e., least squares refine-
ment) . As an alternative , str ucture f actors were calculated as a
f unc tion of atomic coord inates in the v i c i n i t y  of x 1 = .175 and

= .925 (obtained in the Patterson synthesis). By combining these
structure fac tors and mul t iply ing by Lp (Lorentz-polarization) ,
M (multiplicity), B ( isotropic tempera ture  f a c t o r )  and the averaged
atomic scattering f actors , f1, f~~, intens it ies were calculated.
Absorption was not considered because both Li and B have low atomic
-‘iumbers.

Based on the parameters used in X—ray, intens it ies  were ca lcu la ted
for neutron diffraction and compared with those observed . In these
ca lcula tions , the neutron scatter ing lengths , b (Li ) = - .214,
b(~- ”1’B) = + .65 and an absorption correction , ~iT = .59 were used . The
best agreement for both the X-ray and neutron diffraction data comes
f rom x 1 = .175 , x2 .985 and 2B = 7 as shown in Table 5. While the
agreements for both the X—ray and neutron are reasonable , they are
far from perfect , particularly the 200 of X—ray and the 211(330) of
ne utron d i f f r a c t i o n s .  However , these minor less—than-perfect matches ,
we bel ieve , are due to a number of factors that are impossible to
co rrect for  unless  more data become avai l ab le .  These are :

a) The short-range triangular atomic arrangements (Fig. 6) suggest
a strong inisotropic therma l vibrat ion s and subsequ e n t l y  in isotropic
temperature factors.

b) Metastable nature of the compound as exhibited in the X-ray
pattern as a funct ion of temperature (Fi g . 2 )  sugges ts a pos sib le
anomalous temperature factor.

C) The triangular cluster of 3 lithium atoms and 4 boron atoms
(Fig. 6) cannot be exactly the same size (see Discussion). As a
resul t, the long-range statistical disorder involves replacement
d isorder as we l l  as a f rac t ion of d isp laceme nt d is o r d e r .
:~everthe1ess , the calcula ted i n t e n s i ties are based on the replacement
alone (with the coordinates unchanged)

12 
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In view of these limitations and shortcomings the agreements
between the calculated and observed for both the X-ray and neutron
diffractions are therefore considered good .

We now direct our attention to the X—ray diffraction pattern as a
function of temperature in which the 110 peak increased its intensity
i nde ; lenden t lv  w i t h  the t empera tu re  r i s e .  Whi le  onl y the li q u i d-N 2 ,
R.T. and 82 °C p a t t e r n s  are shown in Fig. 2, there are a number of
patterns taken in between R.T. and 82°C t ha t  ind ica tes  the 110 peak
intensity increase to be roughly proportional to the temperature rise .
We have found this anomalous 110 intensity increase can be explained
by assuming partial electron transfer from the corner boron to the
center boron atoms. This is demonstrated in Table 6 in which the
calculated X-ray diffraction pattern is given as a function of such
an electron transfer . The 110 intensity is the only one that remains
strong (or if the other peak intensities were to remain at the same
level , the 110 intensity will increase independently) with an increase
in the electron transfer. This is to say that the partial electron
transfer from the corner B atoms to the center B atom is enhanced with
the tempe rature rise. If this temperature-dependent electron transfer
interpretation is correct , the neutron diffraction , which is
independent of the electron density distribution , should show no
change as a function of temperature . This was experimentaLy
confirmed by monitoring the peak height of the 110 reflection in
neutron diffraction over a wide temperature range . As shown below ,
no change in the 110 peak height (within the experimental deviation)
as a function of temperature is observed .

Temp ._( ° C )  110 Peak Height

25 93 (± 3)
74 9 6 (±  3)

215 92 (± 3)
320 94 (±  3)
400 96 (± 6)
442 94 (± 6)
54 0 91 (± 6)
690 99 (1 6’
805 86 (± 6)

it is tempting to speculate at this point , (because x2 = .985 is
v er y  close to 1 and transfer of electrons from the corner B atoms
to the center B atom is tantamount to transferring the corne r B into
Li) that the structure may be actuall y 123 with 8 Li atoms occupy in a
8(c) and 2 B atoms occupy ing 2(a) positions. However , such a
structure yields no agreement with either the neutron , NMR da t a or
the composition requirement , the measured density of the compound-
alloy, and therefore is not acceptable .

13
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Ettorts Made in S ing le  C r y s t a l  G r o w t h

A : o m m : m f ~~’r of at t e m p t s  were made to grow s ing le c r y s ta l s  of Li 5B4
compound—alloy for X—ray diffraction studies. These attempts
in c l u d ed :

a)  Growth of the crystals directly from the alloy melt. In this
a : i i o , i c h l , 1/2 mm o.d. steel wire was dipped into the melt and s l o w l y
pu lled aw’m’; from the melt. This resulted in the a l l o y  ::t ick itig to the
w i m e s ’ t i p in t h e  f orm of tin’ beads. The wire with beads was then

i t  i ca l ed  for a prolonged period (4 to 48 hrs.) at  v a r i o u s  t e m p e r a t u r e s .

: m )  ~one-refining by electron b e a m .  Liquid alloy was introduced
into steel tiil ing of 2 mm o.d. and 1.5 mm i.d. Upon solidification ,
t h e  e n ds  o f  t l t t ’ tubin g were pinched off to form a sealed tube filled

-
~~ i t li m e  a l  b o y .  The elec t ron  beam was then  r epea t  ‘th y p a s si o l  over

iio t im i~ isect  ion ( i pp r o x .  5 cm in l e n g t h )  for as m an y  as 20 time s m t
the speed of 2 cm ~~e m hour .

c) m -; t  r~t i n — a n n e a l  me thod . B u l k  a l l o y  was mechanical ) y pI ’t ’5sOd
,roiled) into a sheet , a fract ion  of a mu limeter t h i c k .  T i t t  shee t

is  t t h :’ sliced with sharp knife m t o  r e c t a n g u l a r  red s ( ap p r ox . .5  X
~ X -1 mm) rrh e  r o d s  were then annis a led f o r  a p ro longed  p e r i o d

(-1 to 48 hrs. ) at  k -ar  ious t emper ~it m ires. In some cases , t h e  , m n n , ’~m l e d
t e a  e m s  re worked m e c h a n i c a l ly  a nt i  r e an n e a l e d .

d) M o d i f i e d  strain—anneal method (Wang, et. ,il. , 19(14fl) . In  t h i s
a m p r o l c l l  , the  a n n ea l i n g  was  accomp l i shed by elect r i cal t O ’ S  I st simm ’s’
it - it i ~mq . T h u s , e b e c t r  ic  c u r r e n t  was  passed t h r o ugh  the rods ,

‘ t n i i ’ei l  ,ic ; i n  the s t r a i n — a n n e a l  method . He cause  ot the h igh
con l ’ i c t  i v i t  V a s s o c i a t e d  w i t h  t i m e  a1ioy , res is t a n c e  h e a t i ng  r~’guircd
a l a r g e  t - : i r r e t ’mt  . T h i s  made f i n e  con t ro l of electric current
I L : i c t  n a t i o ns  e x t  t eme ly d i f t i c u l t  i f  not  o u t r i gh t  i m p o s s i b l e .

t one ot t tie above approaches y i e l d e d  s i n g  b e c r y s t a l s  of L i  5B4 . In
1 i m - i m ’ ml  e i  o t  c ases  Li single crystals (Figure 7) were obta  inch  in  t h e
pr oc~ ’ t ;s at  no s i ng l e  cry st a l s  of L i 5B 4 were obtained . T h e d i l f m c u i t v
( )  t~ wing s i ng l e  crysta Is is p e r h a p s  a s s o c i a t e d  w i t h  t h e  t u e ta s t  a b l e

t i t  0 1  e 01 t t i m ’ t ’ ’ 519 m uiitl —a 1 l,oy as h o se  r i bed above

-Cti ~ (Nut: l t ’ i i  ~~~~~ t i c  R e s o n a n ce)

s m r j , ’ immn:mI t ’I m f  bet  h 7Li and ~ 1B nuc l e a r  m a gn e t ic t i ’ so t la nc e
mt ’ . m o i r e : o - : m t  : ; ‘ ,V m - to made ot t  t h e  L i — B  ~m l  l oy s  of h i t  f e r i i m t c e m m t } o S l t l O f l S .
A ow t y p i c m l  ;p o ( - t  r~m are shown i n  F H u m e s  8—li . M o s t  o f  t h e
u m i - a u t e m e n t  s wi re ma d e ’ ,tt R . ’l’ . , b i t t  some w o i c  made m t  77° K . Tim e o n l y

21 .  l-. t rm I , I ’ . P . , t t ’ ’e  lo s , A .  . , C l a r k , W . L . , and  Butc h i t t  , W . 1
1 . A t ’ p l  . P h y s . , h5 , 3~~20 , (l )~~,l)
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‘ t t t  t I Ic, i l l  t e I I cct - o 1 - m i ;  ~‘r  i t  U I  - O’ m - I V I t i m  I I or t i l t ’  ~~ i N M P i t t

- m I bov~ cm m i t t  - m Ut i ng I e m ; m ;  t h a n  L ) t ) i t  . L i  , o h m  a 0 I m e 1 i t o o’ i c i th s  v a r  I t ’d
~y it t - m m : ~ - F ,  i t  i l l e . A I y~ i ca I i t  S I! I I t mm S l i m  m e l t  i n  1” i gu so 1 1 . N tiN
m~ ’~ m ; u m  m t c t t t  i -i O t t O  tii,tdm ’ m t  v a ry  t ; q  I m m - ’ ; U m a m c  ie s , m i m o m I u l , m t  i o t i  a m p l i t u d e s ,
i t  it ”~’e)m— ; , sweep 1 , m t E S , s w t - m ’p m m m l i i t  l i m I t ’S , i t o l i n  l o t  It ~m h s o t ; t  ion  and

ml i Spt ’  S i O n  ‘ i m m i t ’s ( l m m ’ i m ; m m m m m m , ~ O’ m t  I Zt’titlt t m m  I , i t id Benim m ’ t t  , 107 3’

‘I’hm ’ t m  we’ e t i m 0 \‘ j oils m ; \ ’  m i t  ‘ tt i~! I m c I i  t i t  I m I t t - t t  i t t  I l i t  B NMR I or m ny
;i l i cy , s u b  I h u m -; he l o c a l  o i m ’ t t  t O ll  m c  c oOt  i m i u r i t  i o n  s m i n p l t ’t l  Lv t he
be en 1mm m et i i  ‘ ‘ , m t l y  i l t m ’ i  m m I  b y a I  b i t m m n .  Sp ct  ra for t o u r  c o t i t f m o m m i —
t io n s  a t e  , h o m m  i n  i - i g u t c  8 .  ‘1 1mm ’ m i t  r u ~- t u m  m ’ j t-t ~~i i u i 1 a i  i n  e a c h  of time
S ’(’ t F m  sit o’ t m. ‘t b ’  c c i t t  i - m i  ( 1  2 — l 2 )  p m ’ , m k  ha s  ‘i Kit i t h t  s h i f t
t i O , i i  i ) ’ . ‘ i b m ’ cm t m t c t  o f  th e  i - m a t c H  i t t ’ (1 2 : _ — 1 2 , 3/2 ~~~~ — 1/2 )

j’t S ~~~~ ‘ O , m I S t i ’ m ’ sit m I t  c m l  t C )  i t t ’ i t  t~ j V t  Kim i g l i t  sLit t s . Tiim ’ shape  of
L u m  - - ;~~ ‘ mm m m ct i , i  he  a - I s ci u I m l  I I v on t i t t , ’  u-p cc I I m  m m ’  I m ’ r m o I I m m  m o d  is
n m ) t  t o  i t ’ m m m l  m i a m i ~y i  t i m  m - ;m ’c o t m d  m i a l e r m i u m u d u p o l e  m ’ f I ’e ct  s. M eas u r e m e n ts

i t  ma it  t m it ’ I t  m~~, I l i e u m m -v  ( 8 M l i i ; ) m i m ’ m m l o t l m m t  r a f t  t lit ’ , m b m i m ’ n m ~~ ’ o f s~ ’ c o n d — o i o 1 ur
o I e c t u m  . ‘I i i ’  l m ’ m ; t  a t  1 m i  t i . m  ry  e mm t i mi t o o t he 1 i n e s l i a i  ‘0 i s  t h a t

l i t ’ re \- , t  1 0 m a l  b m m r o n  t ’n ~ ’ i r t i t m i t m e t i t m ; , ‘ m c i t  w i t h  t i i s t  o t h m ;
- - m i j I u p o l i ’ ~,0 t o ct  m , h a v i ng  d i  I t n - n t  K n i g h t  s h i f t  m m  m od s a t  m a t  I m m t i
t-t ’ ii , m v ror . ‘- m d i  t o n a l 1 - i  m l , l O f l  i l l ; is p1 t ’ m ’ m ’ f l t  h u m  f m  d e t ~~’ct st  m e t  m i r e .

I n  cm m~~~ r i  i t  t a t Ito 1 1 B N N N , t he 7 Li  r~ m o a t  m m m c m :; O’m ’ re  W i n ; -  m I i -a 1 1 ~~
‘

mu ‘ er e nt  , m s m  a I u t m c t  i o n  of  c m ) i ; i p m ) S i t  i on  ( S C m ’  P I ~iu nm ’ I I  l” or ii
c m m m m m l m m m m  i t  i o n s  less  t i i~i t t  l~i~~B~ , the 7Li NMN o ’mm; m i mi i - m r  t o  it m m  r t ’ s o I m , m n c e
i i i  L i  met  m l .  ‘ m m !  B ct m t m l p o m ; L t  i Ot i s  , ib O\ ’ i ’ h i  5 0 4 ,  t h e  ‘ I i  Nt’l P ~‘a m ;  c u l t ’
i t  ‘ m ’ r e u m t  , ~y i t h  , i  n o m r  z e r o  ( 0 . 007 ~ 0 . 0 0 3 H  R n t ’ i i i t  s h i f t , m m l m s e i  ‘ ‘ m i l e

~~ u I l I ’ m. i p e i m ’ c f ’ t t ’ct  mm , and I ~n m m p e r a t  ore  i t i m b ’ b m e m m m l m ’t m f  : m ’ s u lt  s.

‘cr 13 c on c o t i f  r a t  i o n s  , e i o w  L t 5 l t , 1, t i m e  7 L i  Kt i i m t l t t  s h i f t  e m s  0 . 0 . 5 1  ~
O . OUt ) 5~ , V t’  i v 110 1 r t o  t i m e  Rn  i g ht  sit i f t  i n  1 i o t t  m I ( C i  r t  e r , B o n n e t  t

m a t  K , d m m n , i m ! 7 J  I ) rj tm lte l i m o ’ w i d t 1 i  c i  p u r e  Li i s  K mm mm e tm to 1 m m ’  h i l l  u s i c u m —
m ’ i r i ’ owm d a t  N . ‘p. 1 on t i tig it’i s t r u n m e t t t , i  1 r m ’ s o l  u t  ion . ~t m t i  n m e i s m i r e t i i e t t t

snoo’tm 0 .  1 i t , l i l t ’ 1  l i m b  t i n t m ohu l ,mt ioim ( 0 .  2 5 )  b i ’ o , i d o n i t m t . The L i — h
a I b m y  , h we \ ‘ m ’ r , 5 me m m de l  i n  i t m ’ I v I t m  ~a he r 1 i t t  e m ;  , , m l  a mi t 0 . 8 C . ‘m t

st or e , f l i t ’ 1 i t m o w i ~ 1t its o f  Li  mt ’ t , i l  and  of t he  L i — B
i i  l oy n  . i r o  e q u a l  ( , m i m m a U t  mm . ) C). ‘l i i i :  u s m ; I J q h t l \ ’  b e l o w  t h e
l i t  t ’ t ’5 l u t e  v i  tu e  ( a b o u t  0 . 2 C) l o t  1, 1 mt ’t a i  . “ R o u t t i m ” tnm ’,isurm ’men t m m

mm i i i -  h e t w i ’n 7 7 ° K  , i n m l  3 0 0 °K  seem t o  i n d i c a t e  t h a t  t h e  I ~I mt ’ t t a r r m ) w l t m i
i t t  t lit ’ a l  T oy  m ’ c m , u t - s  m m ’ m r t lit ’ saute t t ‘mpe I ~i t  U I t ’  I t:; in Li m e t a l  , i s

c l i  c,m t cmi  i n I” i g l i n t ’ l i i . ‘Phi  m m  r a p i d  d i  t us iou ci hi t n I lit ’ Li —I i
a t  I c v m i  tiiak~ ’ii t l~~’ m ; m ’ ~i l  l o y m ;  b I m n t l l m - ; j n m t  cat t d i~ l a t m ’ s  f o r  l m , i t  I m ’ i y  m l m ’ m ’t  ~ od m ’:; .

2/ . f \ m - m s i i t a t t , . 1) ., SwirL ;m ’nm i ru ber , i~. 0. and Bt ’ t i t i m ’ t  t , L .  i i . ,
‘ ‘ I - - m ’ h n . i t l i z m  o f  M e t a l s  R e s m - , i r c li , ‘‘ ‘t o )  . V I , ~lOIiIt R u  It ’’,’ ~\ ~~Oi t S , l ’~ / .

2 . C,i i t  o r , C . C . , l i on  t i m ’ I I , . it . - m t i m l  R , i h a t i  , I) . ~l ‘ ‘ t i m ’ t ‘ 1  1 1 ic
Sli t I to; Ii N M R , ‘‘ P t o m i i ’ o m m m ;  i t t  t ’ 1, i t e j  t ’ , i i ; m  m ; m i t ’ i m cm ’ , 2 0 , i’ el t , i t tlt ’ im
l’ i m ’ m ; m ’ , ( 1a77

i s
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l a o  7 Li  N M R in  Li 5B 4 and hi g h er  boron  composition showed t i m  such
l i f l t ’ n ar r o w i n g ,  but did d i s p l a y  qu ad r u p o l e  e f f e c t s .  As an example ,
cons i h e r  t h e  s p e c t r u m  of time h i g h  boron a i l oy  shown in  R i  g l i n t ’ I i
l im e ce rt t r a i i  ( 1 - 2  ~ i — 1 / 2 )  l i n e  is u n s p l i t , bu t  two distinct s e ts
o r  ( ‘1’ i 2 ~ L /2 )  q u ad ru pole sat e l l i t es  a re cl ea r l y rm ’SolV ~’ I .
llt ’umc ’,’ , t h e r e  are  two d i s t i n c t  Li sit e s  in the  Li 5B4 compouttd and in

m l  I ovs w i t i m h iq i mer  bo rott c o n t en t s .

t h e  N MR r e s u l t s  support several  aspects  of the  c r ys t a l  s t r u c t u n t ’
~u~~t e r t n i t i a t  ot t . The sh a r p  change in  the 7 Li resonance  a t  Li

i m m I u ca t e s  compound f o r mat i o n  at  t h i s  c o m p o s i t i o n .  Two di f f e r ~’ u u t  11
en v r r o t t t n e n t . s and two d i f f e r e n t  Li e n v i r o n m e n t s  are obstn veh . Local
e m i l  c s y m m e t r y  is absent  at any  s i te . The f a c t  t h a t  the  loca l  s i l t ’
, -; \ - n u m m e t r \ ’  o f  t h e  B is the  same in a l l  the samp les su g g e s t s  aim a l m o s t
c on t i n u o u s  change  f rom bcc Li meta l  to an ordered L i — B  s t r u c t u r e .
bit ’ K n i g ht  s h i f t  of the Li in the compound ap~ ea r s to be s i m i l a r to

L~iA1 , L iG~i , and  h i m  compounds ( B e n n e t t , l966~~~) , w h i c h  a t e  s e m i —
met s  ls .

D I S C  055 I ON

t i m  s u mm a r y ,  the  Li 5B 4 c ry s t a l  s t r u c t u r e  thus  e l u c i d a t e d  has  to ’- ’
- , m r t u - m : t ime s h o r t — r a n g e  vs .  l o n g — r a n g e  s t r u c t u r e. Time s h o r t - r an m o

s t r u c t u r e  ( R 3 m )  has t he  support  of NMR da ta , dens i ty  and c o m p o s i t i o n
h e t m ’ i ’ m n m u m a t i o n s  whereas  the l o n g — r a n g e  s t r u c t u r e  ( 1 2 3 )  has t lmt ’
agr e e ment  of both t h e  X — r a y  and neu t ron  d i f f r a c t i o n  d a t i .  l~ i t i m o u i t

o s hor t - ra nge s t r u c t u r e  ( R 3 m )  , NMR da ta  which  e x h i b i t s  noit cub  m c
s’. - nie t r y  w i l l  be ha rd l y j u s t i f i a b l e  ( i n  v iew of t ime N — r a y  a u t h  i t t - m i t  r en
0 m t a)  . Reve r s e l y ,  the  X - r a y  and n e u t r o n  data  w h i c h  shows c u b i c
s ’ i mm:mmt ’ t r y  w i l l  be eq u a l l y  d i f f i c u l t  to j u s t i f y w i t h o u t  L i m e  1 o n i — i a n g ~ ’

m o - t  i ir e  ( 1 / 3 ) .  To be sure , i n the  ab sence of s in g le c r y st a l  m i , i t  , m ,
l ie c i y st ~ i l  s t r u c t u r e  thus  c h a r a c t e r i z e d  cannot  be c o n s i i e n m ’ mI

~1i)SO l t i t C l y c o r r e ct .  However , da ta  f rom a l l  th ree  d is ci p l i t m m ’s ( N — n a y ,
f l o u t  r on , N M N h  I ak en  together  y ie ld  r a the r  conv i nc in q  cv I d e t m m ’t ’ in
S m i j t p O r t  of t i m e  s t r u c t u r e .  For example :  a )  t he re  ox ist s s imu l t m m n o e u s
agr e e m e n t  f o r  bot im X — r a y  and n e u t r o n  d i f f r a c t i o n, b )  s iimt ’&’ I he
m i t m m b a m ’ rved r e f l e c t i o n s  ( w h i c h  are  c a l c u l a t e d  to be s m a l l)  , i r o  m i s c  , i u t
a ;; m m  ‘ u m m t ’n t  , I he t o t a l  number  of i ndependen t  agreements  1 m m  n a m ’ottt h i  it oh
N — r a y  , i ; m m i  n e u t r o n  d i f f r a c t i o n  is 25 ins tead of 13 ( a c t u a l l y  OhSt ’t ’\’& ’ m i )
a t m d  c ) t l i t ’  l om ’a 1 arrimnqenment of B and Li atoms t 1mw-i m ’ i  uci~ i m  I Ot i t m om
X—r ay ,mncl zmeu t roti diffraction are in total agreement wit it I lie N M R
I- i itO i t i t .

I m i , i  , m u n i i m ’ ii as I ii , ’ t’ooi’d jima te S , x 1 , x obta I neil a r m ’ ha m i t  ‘ m l  Oh t i m e
m i t  mt ,  m s t  u - i l  lv mot ’raqed values b etwm ’e~i tiii’ four B a t o m  c l uist ot ’ umd
time t h u  em ’ Li atom cluster ( F i g u r e  6 ) ,  t i m e  i n t e r a t o t t t t c  d i  st  a iic e s
between H i t  ems l : i m i  be tween  Li a t o m s  m ’, i flt l ,m t be h ot  m i n t  i iet i  o t t  t god y

t i .  i T h i i i i t ’ t I , I m .  i i .  , P i ty ; . Rev . , 1 5( 1 , 4 1 8 ( l ’ i  ~‘ i t )

I i m

___________ --- - --



Nm - C t, -L/ ’I ’ R 7 7 — 0 4

l I : ~~, - V t ’t , i m s e t i  o u i  th e  k’  o ’ , a t m m l m m i c  ( m e t a l  l i e )  n t d i i  o f  L i  m i u i d  B , ‘ c i ’
o i l l  c on c l u d e  t h a t  r l u e  me t m m m l  L i — L i  m i  - a t m t m l l i e  m u s t  i t e m s in  Li 5 b 4
a r t ’  , ; ‘: ,~ - w l m , i t  1 , i r i t ’r t b i n  2 . -H A .  m m m i  L I m e  c > t l i t ’ n I i : m t m m i , t i m e  B — B  i t i f  e n —

i t o m m m m c  l i ’ mt I r m e e s  s h o u l d  1 m m ’  a m m m ’ - o : : i t  l m ’ a m ; t b i t t  1.41 ~~~~. Thus , t l i t ’
r oy  i r t l a t t ’  i : i t e r i t o t ; m i e  m l i s t a i m c o u - ;  I Q i n d  i i  Li 5B~ f o r  L i  and B 1 S t ’

s h o r t  t i  L i m m u  t l m i n m g m ~’ c L i v e  i n t e r  a t o m i c  d i s t in c t ’ s  ( L i — L i  3 . 0 4  r~~,
B—B 1.58 -\) i n  t I n - i n  u m m e t - i l l i c  s t a t~~’s ( l n t ’ ’ i , m t m m n m c  D i s t a r m c o s , 1058 2 5 )
I:’,’ ‘ mm ; t t l i i ’ii i a 1 3— 1 0

l’ i ’t ’ ~o u n  11 ~t o u t m i e  a r m  iu i m t c m m m ’ n t  m ’ m m , l a n , m r  I r i a m m ; l t ’ )  is u n m m u t ’  am id has
110 pm - ~~~~k m i t e i t }i m ’r m I m I c - n t I b i t ’  umi etal- ’- m m r i , b ’ s  ( lutter im a t i o umi l by m li b ’i -m s i um
t i t  i lo i  on , ‘~~ t b f m n i i e s , 1070 1 )  or , i n m m , n - i  t h e  h m m r c u m - — l m y d r i m i t ’ s
t b  :icoflib , l O t  ~-‘7  ) . i ’o r r o s p o u m l i n ; t o  I his in  i m u c ’  f e a t u re  ii; t he  f a c t
t b - i t  mm ’ Li 4 U 1 ‘ ) m l m p m ) : m n J — a L  e m  is t t ~~i l y t o t - i l l  m c  amid dr ,itm m m tie a llv
d i  f t ’

~~r o n L  ~ r c m ; m o f d m , r , i l k m m l i  I m o r i m : i e u - ;  it m ~’ e s t u ; i t t ’d t b m u S  f i r  i n  i t s

~— t i s m ~ ’ i l , -~ i , i r I c t e n L s t  I c S , e . g . ,  d i c ’t i  I t ’ , i t m a l l e a b i m ’  and su scep t i b l e to
c b i o r ;m i c , i l  1 1 ;  i t ~~k 1 V air l i k e  m e t a l .  ‘I’he f ~ ‘,‘ m -  Li  a t  oct I n i q o n a l —

r i r n i d  c i a - ; ’ en , on the  o f  i n  Im m n m i , r u- ; r - n t i n i s c m ’nt of  t h e  lm o:-: m~ ;ona 1
a ’ ;’ m e t  i n ’  a i , ’, o , t ~l i t  low i e n r o l  ature (Barrett , l 95 6 2~~ )

Tim - i i i  m O a t  iOfl (‘C p u t  t , i l VltI’Ct ro;~ t n i n s t m - i -  ( amo it q  boron a toms ) ,-i m-m
m l  f u t i c ’ m u l l  ci f e n m m ’ e r i t u i t ’ , L a d  - m m  I m a ’ N—na ’,’ m u d n e u t r o n  t i a I i i  may
a ’ I - c  Urn ‘ - , i a ’c m i m - I e  in  t h a t  th e  “ l i i i  - c — c e n t  u ” bond in  b o r o n — h  m i r m d t ’ s

k i m  c l  t (C h i S  t S L l a u t C  t ’ L m ’ m ’ i , n f l ,-; U fl , ’ m i i l l y  m m ; mm ctq t h e  t h ree  cm ,’ l m t e r s
~~~ m~~~~t i & ’ S , i . i l ’ ; O ’ ~ N e w t - m i , l~ t 7 0 , m

m )  . F u r t I i ’ ’r r n o r e , e x l m m ’n i r n e t m f , m l l y
a i uuc~ ’ I .  i a mc li P, ’,’ e - i t cm ii i m m m i t i , b m  :r o f  o n l y  3 .m m 1 1  5 , r ea l m ‘c i vol y ,

S , m t I S I O  n ~ a t t , ~~’t  i on o f  one ‘ L m ’c t non  c o n s t i t u t e s  a h i g h  l m t : n c m ’ n t m m ;m ’
C t  m l m ’ c t  r em ’s  su r : ’o i m m m i i m g  t i i & ’  m t ’ a m m m - ; , a nd : t t m ,i d  1 m m ’ ‘ , e m i l’ , ’  m l t ’ t m ’ C t t ’ ,j  i ” .

N — t m ’ - I i  I I ; ~ 
‘
~~ i o n .

A:: h c s e n i i ’~- l  , i l m m ’,:’ , ’ , t lt t ’ jUst I I n e a t t o n  f o r  i t - l e t  iii ; t h m -  t h r e e
mc - n m i I o n , ’; l i n e s  ( c b m - - ;o r v e m ,i i n  N — n a y )  i s  p r - I m m - i : , i l l y l m , i ~~~- ,l m m  t h e

‘ - I  m t ’ t ’\-’ i t  m o n  O i  t h e  i m ; I ’ i a c u i m l c n t  s h i f t s  i n  , ‘ l ~i t m d  m n t m - n s i t i t ’s i f  t 1 m m - se
t h re e  l i t i 1 ’ S  in ;  a u i t C t j m m n  01 c o mp o s i t : ;on . T h i s  j u s t  i t  i c i tio r t i s

Ii ’ - ;  ‘n h m m c m ’] ind i r e ct l y  b’c t h e  f a c t  t l m a t  t lm t ’ c c v m m t , m l  at  n i i ’ t u n m ’
I bus a m n v ’  - i I — w i t h o u t  he :;t ’ I hi- ec ,m n o t n m 1 ous 1 i tie a — i S m n i ’e , i s ’S —
i t - I ’ ’ it i t t - c , - ’ t m - I ~ i t h  - i l l  t h e  r t - : 1 m u u n i i i t o h s t ’r ’- ’ , m l  m i S t  , i .  \ m ’vm r t h t e less ,

t h e  o r u ; h i ;  oI ,  t lim ’ t h r e e  cle I ’m ’ t  m ’ m f  , i u m - o m~m 1 m a i ; m  X — r , i ’ ,’ m i i f f i a c t  m m m i i  l i m i t ’s
5 t ’ l i i : I  H i s  I I)~ r t ’co nc l  It -mi . ‘l’hm’ I act l i m i t  t i m e  i n t m ’ u m s i t  i t - S  of t I i t : : m ’
t l i i e o  l i n t ’s r ” t m , i i n  t a i r l v  c m m : , t , i m i t  o v o t i  i t  - 10 , m t  .4 L i  ( l ” i m ; m m n t ’ 1)

mm t h , t t  t h e y  t m - i m p  1 m m - l o u t ; t m a B — r i m ’ l m  ph m m- ma ’ . T h i s  a~~t ’ c i i l a t  i on ,
I S 1io~ m l  , \~

‘ i 11 1:0 reso l ’ :m ’ m l  i i i  our cm ‘ u t  i nu m g  s tu t l ’~ o f  t lit ’ i l — i  i cit
j m h i ~~t’ . C m m ; m c u r i e n t l y ,  i t m v e n m t  j m i , t t  i o t t  of I li t ’St ’ c m - m i n d — i l  lo’;s 1’ ~ I lit’
b- :rR ( a ’- I m ’ t ’ t i ’m r m  p m i ~~~~ i t ~~’t i t ’ S~~ il1  r t ’ a t m m l i n m ’t ’ )  m a  u t m m l m r w , l v  a t i t i  s b i m ’ u  m l
; m m i m ’ - l mo re  1 i g i m t  on t : m m ’ m ; m ’ r m ’I m l I i n  t u g  q u t ’ St  i on s  i n t h e  u m o , m r  t o t  o u t - .

‘14 . I n t  m m  j t o ; m m i c 1 ) 1  m ; t a n c t ’ s , ‘ I ’ i m t ’ C l i e nt . Sec . , j,on lo im , i l u i ’  I i t i m t t o f l  i l o u s m ’
C - I (I r I .

- . I n L i  - i t  H m I l l 1 Sympos i urn on km nm ~~i 0m m 1 m~ n m des  , j  . l e a  a Cm m m m m m i m . ~“

V o l  . 4 7  ( l O 7 n )
. 1 / .  L i i o - ; c m ’ u m i m j , 1’, . 4 . ,  k m m i O f l  ii~ ’ i t j m i m ’s , ‘‘ 0. A .  h ’ t t j m m m m i m , Hit ’ . ( 1 1 , 3 ) .
2 -3 . Di i ’ t m ’ ’ t , C. S. , A c t  i Ci’’: ’ m t a I . 0 , 17 1  ( 1 1 , 1 ,
2 . S w i  t k t ’s , P . ,  I ’ - : - ’ m l i i i , 1’.. ‘-1 . , l i l t ]  N m ’ w t m u i  , ‘1 . 5. , 3. A im ’ . C b i ~ ’ m m i .

5 ’ . a 2 , 38-1 7 ( 1 ’ ’ - (H
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AC KN t C C LEDGEME I ’2F

ko m m - c most g r a t e f u l  to D r .  A l l e n  L.  Bowman of the  Los A l a i u ’ios
S ci e n t it  ic L i l m o r a t o r y  f o r  supp ly ing us w i t h  the  n e u t r o n  d i f f r a c ti o n
I a I s  a t m d  the  ~mT absorpt ion  c o r r e c t i o n .  T h a n k s  is also h u t ’
-lr. Robert L. Parks of National Bureau of Standards f o r  p n t p i m  i itg

N~1k s’l;ilples and the  t e c h n i c a l  a s s i s t a n c e  rendered  in t ime N~1l~
:i ~ni~~m i r tm - mmicnt a.
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Table 1

‘-4 0 N . 1  (fl 0 IN
‘-4 0 N IN .-4 m 0 ~~‘

m N LI’) (~~ tO ~~‘
‘—4 .‘— ‘— —

.~~ 0 N Lii (N tO ‘-1
O m’i ,C Lii O N  ‘fl ‘—4 0

‘~~ m N ,-4 ‘-‘4 ~-4 -~~
0

U m D  N mc) ~ 4 N ‘-4
‘-4 (~~~~N N ~~
~~~it • I . I • I
:i ~ Lii L1 IN ,-4 N
U~~~ N N ~~ Lii N 3’)

O 0 -~ 0 ~-1 ‘-4 O N  - 4 0  IN
—4 m-1 -~ C’) ‘-4 N ‘ 4  N m ’ 4  C”) IN
‘—4 N N N r”m m ~~ m ci’ m ~~‘

-~~ 0 ~-4 N ci Cm N 0 Lii -4

~ Lii N 0 N ci C”) IN ‘-‘4 0 

‘m~ C”) N N ~-4 .-4 ~-4 ~-4 -‘4 —4
m
a’)

C’) N N C” ) 0 C”) ci ‘-4 tO
-‘4 Lii ~ ~~ ci’ ci Lii 3’) 0 ~~,Q Ii

I~ Lii 0 ci’ (N N ‘-4 3m C’) 3)
U c i  N~ C’) ci ci LI’) t O N  I”- ~~ Cm

O O N  O N  O C ’ )  O N  ~i’
O N 0 C”) c f l m  O c i’ ci’

-~~ N ‘fl IN ci C”) U’) ci mc) ci’ ~~

-~~ 0 ~ 4 N Lii 0’) 0 mc)

- 
,im~ Lii C’) 0 N ci N ~~4 0

C’) N N “4 ,-‘4 ‘ 4  r ’4 , -4
0

I,) N ~~ Lii N tO N ci’ N “-4
--4 ci’ N ~~ (N N 3) N in 

(I) Lii 0 ci N N Cm N a”
U c i  N N “1’ ci Lii mc) N ~~ 3’,

‘-4
It) 0 N U) Lii N Lii N ci’ ~~
14 0 (N mc) “1 ‘-4 ‘-4
— - 4

I~ ~~~~~~~~~~~~~~~
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Table 2

:m ~~m o h s . )  d(obs.) I(obs.) H K L  2 9 ( c a l . )  d ( c a l . )

— 100 1 7 . 9 7  4 . 9 3 6 0

~ 5 . 4 u  3 . 5 0 6 5  100 110 2 5 . 5 2  3 . 4 9 9 7
— I l l  31 .40  2 . 8 4 9 8

— 2 0 0  3 6 . 4 1  2 . 4 6 0 8

~40 .38_ 4l.20)* - 210 40.87 2.2079

4 4 . — ’ c 2 . 0 2 0 4  65 211 4 4 . 8 7  2 . 0 2 0 0

D 2 . 3 8  1 .7 4 6 7  11 2 2 0  5 2 . 4 4  1. 74 5 1

- 300 5 5 . 8 9  1 . 6 4 5 0
2 2 1

- 310 5 9 . 2 3  1 . 5 6 0 0
( 6 m , . j O . 6 2 . 6 1) *  — 311 6 2 . 4 0  1 . 4881

— 2 2 2  6 5 . 5 2  1.4 2 4 6

— 320 68.56 1 .3687

/ 1 .4 8  1 . 3 1 -3 8  5 321 7 1 . 5 3  1 . 3 1 8 9
— 4 0 0  77 . 3 4  1, 2 3 3 7

( 7 9 . 7 0 _ 8 0 . 4 2 ) *  -- 4 1 0  7 9 . 9 4  1. 1 9 6 9
3 2 2

1 . 1 6 3 9  1 3  4 1 1  8 3 . 0 1  1 . 16 3 2
3 3 0  “ “

— 331. 8 5 . 8 3  1 . 1 3 2 1

— 4 2 0  8 8 . 6 3  1 . 1 0 3 5

— 4 2 1  9 1 . 4 2  l . 0 7t ’ )

— 3 3 2  9 4 . 2 2  1 .0 5 21

1 . 0 0 7 4  9 4 2 2  9 9 . 8 1  1 . 0 0 7 3

* The r”flectio ns which shifted its 2~ as a function of
c o m p o s i t i o n .

20
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Table 3

- 
O b s e r v e d  

_____ 
Ohombohed ral (R3rn) bcc (123)

~ i ’ o s i ti o n  k e l . H t .  C a l .  — Ob s. * C a l . — O b s . *

( a )  u 0 1000 145 — 145 116 — 116
v =  0
w 0

(5) u . 3 5  2 1 7  2 ’)  - 31 2 8  - 25
v = .3 5
w =  0

( c )  u . 5 0  2 1 7  2 7 — 31 28 — 2 5
v = . 1 7

= . 1 7

Li) a = .11 30 2 5  - 4 . 3 5  4 . 7  - 3.5
V = . 11

21

(i- ) u = .25 270 30 - t I  37 - 31
v = . 2 5
w . . ’5

( f )  u = . 50  1000 108 — 1 4 5  1 1 6  — 1 1 6

= . 5 0
w = . 5 0

* ~~~ c v a l u e m ;  a i m ’  ( ‘)h t ,i j fl m’ d h y  s c a l i n g  Jow um tim e o b s e r v e d  R t ’ l a t  iv ”

l m , ’ i ’ u l m t s  w i t  ii r s~ o’ct t t h e  o r i g i n  Io ’a k .  

~~~~~~~~~~~:
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Table 4

29(ob s .) d(obs.) I(obs .) HKL 2 9 (cal .) d(cal.)

— 100 13.30 4.9360

18.83 3 .4906 100 110 18.84 3.4997

— 111 23.13 2.8488

— 200 26.76 2 .4668

— 210 30 .00 2 .2079

32.96 2.0127 12.4 211 32.93 2.0200

38.25 1.7438 23.3 220 38.20 1 .7451

— 300 40.63 1 .6450
22 1

— 310 42.93 1.5600

— 311 45.13 1.4880

— 222 47.23 1.4246

— 320 49.33 1 .3687

51.38 1 .3185 27.9 321 51.33 1.3189

55.23 1.2331 — 400 55.32 1 .2337

— 410 57.00 1.1969
330 “

58.86 1.1621 15.3 411 58.80 1.1632
330

— 331 60.60 1. 1321

— 420 62.33 1 .1035

— 421 64.07 1.0769

- 332 65.73 1.0521

68.95 1.0091 5.8 422 69.06 1 .0073

— 500 70.70 .9870
430 “

72.39 .9669 13.6 510 72. 3 3  .9678
4 3 1  “

22 
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Table 5

0 0

a, y ( A  = 1.5417 A) N e u t r o n ( A . 1.1 4 2 2  A )

hkt 28 ~o ‘C M IF c I 2 K 29 10 1c M I F c I 2  K ’

110 25.40 100 100 19.8 5.05 18.83 100 100 18.9 5.29
200 36.41 - 18 9.1 1.98 26.76 - 4 .2 2.84
211 44.87 65 75 65.3 1.15 32.93 13 61 33.0 1.85
220 52.44 11 11 16.2 .68 38.20 23 24 24.1 .99
310 59 .23 — 5 11.4 .44 42.93 — 4 2.9 .65
222 65.52 — 2 .1 .31 47.23 — 4 7.5 .49
321 71.53 5 8 34.2 .24 51.33 28 33 79.9 .41
400 77.34 — 2 .7 .18 55.32 — 4 1.5 .34
411 83.01 13 15 100.0 .15 58.80 15 27 100.0 .27
330 N

420  88.63  2 8.0 .13 62.33 — 6 31.5 .21
332 94.22  2 13.6 .12 65.73 — 4 .4 .18
422 99.81 9 3 26.4 .11 69.06 6 5 30.4 .16
510 72.33 14 13 96.7 .13

M(mu l tip l icity factor from 123) is common to both the X—ray
and neutron d i f f r a c t i o n .

S(temperature factor) = exp(— 28’Siri 2 9/A 2 ) is applied to both
the X-ray and neutron diffraction with B 3 common to both.

For X-ray, I
~ 

= K .M
~~lF c I 2 , whe re K = N ’Lp S

N ( n o r m a l i~~ation factor) = .1477
Lp(Lorentz- p olarization ) = (1+Cos 2 28)/Sin 2 9 .CosG

For neutron , ‘c K ’ ’M ’ 
~ c 

w h e r e  K ’ = N.A .L-S

N(nor m a l i zatio n factor) = 2 .6596
A( a bsorpt ion correction) = exp [-iiT Sec9]

with ) J T  = .59
L(Lorentz factor) = 1/Sin 2 29

23
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Table 6

N C) Ci ci’ C’, C’) C’. . - 0  0) C) N tO in ci’ ci C’)
N .

Ci N N N N N N ~ 4 ‘-4 ~-4 ~l ‘-4 -4
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• v v v v v v v
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Z (“1 • I V V V V V V V V V V V
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El
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~~~~ C’)
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0 • I V V V V V
‘~~ N

N
0

Z ‘-4 II) (I) U) C’) N N N “-4 0 0 0 3) 3) 3) 3) 3)
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H (ci ‘.4 C) C) C) C) C) C) C) C) C) N N N N N
El N
U
z

N LI) N N N N N N 4 ‘.4 ‘4 r’4 4 0 0 0
C’) • I V V V V V V V V V V V
N LI)

tO

(4)
‘4 0 C’) U’) C) N 0 mc) N C) C’) C) mc) ‘4)’ N 0 C)

‘-I • I
-~~ C’) 3) U’) ci’ ci’ ‘4)’ C’) C’) (N N .-4 •-4 .-4 ,-4 ,-4
>• U)

Cr1
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Fig. 5
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Fig . 8
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Fig .9
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