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M A G N E T I C  S U S C E P T I B I L I T Y  O F  C e  A N D  P r  I N  S r B  6 A N D  Y B  6 * 

Z .  F I S K  
Department of Physics and Institute for  Pure and Applied Physical Sciences 

Uniuersity of California, San Diego, La Jolla, California 92037, USA 

Received 27 August 1969 

Magnetic suscept ibi l i ty  data suggest  that  the c rys ta l  field spl i t t ings of the 4f levels  of Ce and P r  impur i -  
t ies  a re  l a r g e r  in meta l l ic  YB 6 than in i sos t rue tu ra l  and semiconduct ing SrB 6, cont ra ry  to what might  
be expected. 

T h e  a l k a l i n e  e a r t h  a n d  m o s t  of t he  r a r e  e a r t h s  
f o r m  h e x a b o r i d e s  w h o s e  s t r u c t u r e  m a y  b e  p i c -  
t u r e d  a s  a C s C l - t y p e  l a t t i c e  w i th  t he  c e s i u m  r e -  
p l a c e d  by  t he  m e t a l ,  t h e  c h l o r i n e  by  a B 6 o c t a h e -  
d r o n .  T h e o r y  [1] and  e x p e r i m e n t  [2] a g r e e  t h a t  
d i v a l e n t  m e t a l s  f o r m  s e m i c o n d u c t i n g  h e x a b o r i d e s ,  
t r i v a l e n t  m e t a l s  e l e c t r i c a l l y  c o n d u c t i n g  h e x a b o -  
r i d e s  w i th  one  c o n d u c t i o n  e l e c t r o n  p e r  un i t  c e l l .  

F ig .  1 i s  a C u r i e - W e i s s  p lo t  of t he  m a g n e t i c  
s u s c e p t i b i l i t y  of Ce  i m p u r i t i e s  in  S r B  6 and  YB6,  
c o r r e c t e d  f o r  t he  h o s t  s u s c e p t i b i l i t y .  T h i s  c o r -  
r e c t i o n  i s  r e l a t i v e l y  l a r g e  a b o v e  abou t  150OK and  
t h e r e f o r e  on ly  t h e  r o o m  t e m p e r a t u r e  p o i n t  h a s  
b e e n  t a k e n  a t  h i g h e r  t e m p e r a t u r e s .  

T h e  c u b i c  c r y s t a l l i n e  f i e l d  at  t he  m e t a l  a t o m  
s i t e  i s  e x p e c t e d  to  s p l i t  the  J = ~ g r o u n d  s t a t e  of 
t h e  c e r i u m  i m p u r i t y  i n to  a q u a r t e t  and  a doub le t .  
A n  a n a l y s i s  of t he  d a t a  s i m i l a r  to  t h a t  g i v e n  in 

r e f .  3 f i n d s  the  d o u b l e t  l o w e s t  w i th  a d o u b l e t -  
q u a r t e t  s p l i t t i n g  of 350°K f o r  Ce  in YB 6 and  20OK 
f o r  Ce  in S r B  6. 

T h e  s u s c e p t i b i l i t y  of C e B  6 i s  v e r y  s i m i l a r  to  
t h a t  f o r  Ce  in YB6 ,  e x c e p t  f o r  an  o r d e r i n g  p e a k  
n e a r  3OK [4]. N i c k e r s o n  and  W h i t e  h a v e  a n a l y z e d  
C e B  6 s u s c e p t i b i l i t y  d a t a  t a k e n  a b o v e  80OK u s i n g  
a m o d e l  w i t h  t e m p e r a t u r e  d e p e n d e n t  e x c h a n g e  [5]. 
T h e y  f ind  a s p l i t t i n g  of 320°K,  not  v e r y  d i f f e r e n t  
f r o m  o u r  va lue .  

Fig .  2 i s  t he  s a m e  p lo t  a s  f ig.  1 w i th  P r  r e -  
p l a c i n g  Ce.  An a n a l y s i s  in  t e r m s  of c r y s t a l  f i e l d  
s p l i t t i n g s  i s  m o r e  c o m p l i c a t e d  h e r e .  We m e r e l y  

* Resea rch  sponsored by the Air  Force  Office of Scien- 
tific Research ,  of f ice  of Aerospace  Research ,  United 
States Air  Force ,  under  AFOSR grant  number  
AF-AFOSR-631-67.  
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Fig. 1. Cur ie -Weiss  plots of the magnet ic  suscept ibi l i ty  

of Ce in YB 6 and SrB 6. 
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Fig. 2 Cur ie -Weiss  plots  of the magnet ic  suscept ibi l i ty  
of P r  in YB 6 and SrB 6. 
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point out that it appears  f rom fig. 2 that the spl i t -  
t ings are  l a r g e r  in YB 6 than in SrB 6. We also 
note that the suscept ib i l i ty  of P r B  6 is  ve ry  s i m i -  
l a r  to that of P r  in YB 6 [4]. The data shown sug- 
ges t  that the ground s ta te  of the P r  ion is  a s in-  
glet.  

Static Stark f ie lds  a re  expected  to be l a r g e r  
in the semiconduc to r  than in the metal .  It s e e m s ,  
t he r e fo r e ,  that some  other  in te rac t ion  is  involved 
here .  Such an in te rac t ion  might  involge the d - o r -  
b i ta ls  p r e sen t  in YB~ but not in SrB 6. Another  
poss ib i l i ty  is that t l ~  d i f fe rence  in nuc lea r  cha rge  
sc reen ing  on the magnet ic  impur i ty  between the 
me ta l  and the semiconduc to r  s ignif icant ly  a l t e r s  
the rad ius  of the 4f level ,  these  l eve l s  being not 
s t rongly  bound in Ce of Pr .  

It appears  that the 4f e l ec t ron  of Ce in YB 6 
[6] as well  as in CeB 6 [4] occupies  a v i r tua l  
bound state.  Such does  not appear  to be the case  

for  Pr .  Judging f r o m  the s im i l a r i t y  of the s i tua-  
t ions of Ce and P r  impur i t i e s  cons ide r ed  here ,  
it s e e m s  that the l a rge  effects  in YB 6 a re  not a 
d i r ec t  consequence  of the p r e s e n c e  of a v i r tua l  
bound 4f level .  
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Observations are reported on concentration effects, Cr-A1 modulation and fast decay in photon-echo 
relaxation measurements in ruby, performed by the direct echo-signal versus time method. 

We have made d i rec t  obse rva t ions  [1] of photon- 
echo re laxa t ion  of the s ta tes  based  on the R 1 line 
in ruby at l iquid hel ium t e m p e r a t u r e  and in f ie lds  
up to 5 kG. The obse rved  decay t i m e s  a re  consid-  
e rab ly  f a s t e r  than those p rev ious ly  m e a s u r e d  by 
an ind i rec t  t e m p e r a t u r e - v a r i a t i o n  method and 
sho r t e r  than those p red ic t ed  by phonon p r o c e s -  
ses  [2]. The decay t i m e s  a re  independent of t e m -  
p e r a t u r e  in the range 2.2 to 4.2OK but d e c r e a s e  
with inc reas ing  Cr  concent ra t ion ,  indicating that 
C r - C r  in te rac t ions  are  impor tant  in photon-echo 
decay. Superposed on these  decay c u r v e s  a re  
s t rong  echo modulat ions [3,4], which we obse rve  
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only when the applied f ield is  incl ined to the sam-  
ple optic axis.  

We used p rev ious ly  desc r ibed  [5] expe r imen ta l  
apparatus  and a 1.5 m confocal  sphe r i ca l  m i r r o r  
delayl ine to genera te  the second pulse  delays ,  •s" 
We found, when c a r e  is taken to adjust  the delay-  
line for unit magnif icat ion,  that i nc r emen ta l  
changes  of T s (in 10 nsec steps) f r o m  30 nsec  to 
300 nsec could be made reproduc ib ly  and quickly 
in a single expe r imen ta l  run at f ixed sample  t e m -  
pe ra tu re .  Var ia t ion  of intensi ty due to mul t ip le  
r e f l ec t ions  over  the range of T s was l ess  than 
15% and had a negl ibible  effect  on the r e su l t s .  

Fig. 1 shows a logar i thmic  plot of photon echo 
signal  v e r s u s  pulse  separa t ion  T s for s e v e r a l  
sample  concent ra t ions  at 2.7 k G t i e l d .  For  the 
case  of the ex te rna l  magnet ic  f ie ld  accura te ly  
al igned pa ra l l e l  to the sample  optic axis ,  the so l -  
id l ines  r ep r e sen t i ng  exponential  decays  a re  t e a -  
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