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ESR measurements of Eu2 + (concentration < 1%) in Ca- and Yb-metal in the temperature range 
from 5 ° K to 30 ° K at microwave frequencies of 35 GHz and 9.6 GHz are reported. In Ca a 
"bott leneck" was observed, whereas in Y b the resonance condition is determined by the "dynamical 
ef fect" . By adding Ca-impurities to Y b the influence of the dynamical effect was lowered. The 
measurements can be adequately described by the formulas of Hasegawa, yielding an exchange 
integral for Eu2+ in Y b of + 0 . 0 9 eV. 

I. Introduction 

T h e e l e c t r o n - s p i n - r e s o n a n c e ( E S R ) o f S - s t a t e - i o n s 

d i s s o l v e d in s m a l l c o n c e n t r a t i o n s i n a P a u l i - m a g n e -

t ic m e t a l o r a n i n t e r m e t a l l i c c o m p o u n d is w e l l s u i t e d 

to s t u d y t h e e x c h a n g e i n t e r a c t i o n b e t w e e n t h e e l e c -

t r o n s o f the h a l f - f i l l e d shel l o f t h e m a g n e t i c i m p u -

r i t y a n d the c o n d u c t i o n e l e c t r o n s o f t h e h o s t l a t t i c e . 

F u r t h e r m o r e o n e c a n g e t i n f o r m a t i o n a b o u t r e -

l a x a t i o n p r o c e s s e s w h i c h take p l a c e b e t w e e n m a g -

n e t i c i o n s a n d c o n d u c t i o n e l e c t r o n s a n d b e t w e e n 

c o n d u c t i o n e l e c t r o n s a n d the l a t t i c e . U n t i l n o w m e a -

s u r e m e n t s h a v e b e e n d o n e o n S - s ta te -dons o f M n 2 + 

a n d G d 3 + o n l y ; a s u m m a r y is g i v e n i n 1 . W e h a v e 

m e a s u r e d t h e E S R o f 2 ' 3 E u 2 + ; i n t h e p r e s e n t p a p e r 

a c o m p r e h e n s i v e i n v e s t i g a t i o n o f E u 2 + i n C a a n d Y b 

is r e p o r t e d . E u 2 + h a s a h a l f - f i l l e d 4 f she l l a n d is , 

t h e r e f o r e , i n a n 8 S 7 / 2 - g r o u n d s t a t e j u s t as G d 3 + . B e -

c a u s e d i v a l e n t E u is s o l u b l e i n a l k a l i n e - e a r t h m e -

ta l s , o n e c a n s t u d y t h e E S R i n t h e s e m e t a l s as w e l l 

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

ses a c l o s e d 4 f she l l . Y b f o r m s s o l i d s o l u t i o n s w i t h 

Reprint requests to Dr. H. K. SCHMIDT, II. Physikalisches 
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Darmstadt, Hochschulstraße 2. 

t h e a l k a l i n e - e a r t h m e t a l s , a n d b e h a v e s s i m i l a r to 
t h e s e . 

T h e e x c h a n g e H a m i l t o n i a n b e t w e e n a s p i n S n at 
l a t t i c e s i t e R n w i t h t h e c o n d u c t i o n e l e c t r o n s p i n 
d e n s i t y o (x) at t h e s i t e X is c o m m o n l y w r i t t e n as 

TTex= - (l/N) J-Sn-o(x)-d(Rn-x) (1) 
w h e r e / is t h e e x c h a n g e i n t e g r a l a n d N t h e n u m b e r 

o f l a t t i c e s i tes p e r u n i t v o l u m e . T h i s e x c h a n g e i n t e r -

a c t i o n h a s t w o m a i n e f f e c t s . F i r s t l y , it s h i f t s t h e 

E S R - l i n e t o l o w e r o r h i g h e r m a g n e t i c f i e l d s a c c o r d -

i n g t o t h e s i g n o f t h e e x c h a n g e i n t e g r a l . T h i s s h i f t 

i s a n a l o g o u s to t h e K n i g h t - s h i f t in N M R a n d c a n b e 

d e s c r i b e d b y a c h a n g e o f the R v a l u e 4 . S e c o n d l y , 

th i s i n t e r a c t i o n g i v e s r i s e t o a s t r o n g r e l a x a t i o n p r o -

c e s s , t h e s o - c a l l e d K o r r i n g a - m e c h a n i s m 5 . T h u s the 

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

r i t i e s r e l a x e s t o t h e c o n d u c t i o n e l e c t r o n s . B e c a u s e 

the r e l a x a t i o n r a t e f r o m c o n d u c t i o n e l e c t r o n s t o t h e 

l a t t i c e i s n o r m a l l y l a r g e r t h a n the K o r r i n g a - r a t e b v 

t w o o r d e r s o f m a g n i t u d e , o n e w o u l d e x p e c t v e r y 

b r o a d r e s o n a n c e - l i n e s , c o r r e s p o n d i n g t o t h e K o r -

r i n g a - r a t e . B u t r e l a x a t i o n is c o m p l i c a t e d b y the f a c t , 
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that b o t h the m a g n e t i c i m p u r i t i e s a n d the c o n d u c -
t i on e l e c t rons h a v e a lmost the s a m e g - v a l u e o f 
S o the c o n d u c t i o n e l e c t rons take part in the reso -
n a n c e and w e get an a d d i t i o n a l r e l a x a t i o n rate f r o m 
the c o n d u c t i o n e l ec t rons back to the m a g n e t i c im-
pur i t ies . T h i s r e laxa t i on rate w a s first o u t l i n e d b y 
OVERHAUSER 6 and c a n b e o f the m a g n i t u d e o f the 
c o n d u c t i o n e l e c t ron latt ice rate o r e v e n l a r g e r . Such 
a sys tem o f t w o c o u p l e d r e s o n a t o r s w i th e q u a l g-
values w a s first treated theoret i ca l ly b y HASEGAWA 7 

a n d later o n b y GIOVANNINI 8 . W i t h the a s s u m p -
t ions i\ %e and X • Xe ^ 1 a n d n e g l e c t i n g the d i rec t 
r e l a x a t i o n f r o m the m a g n e t i c i o n s t o the latt ice 
which is smal l b e c a u s e o f the lack o f an o r b i t a l m o -
m e n t u m , the results f o r the (/-shift Ag a n d the l ine-
w id th AH c a n b e wri t ten in the f o l l o w i n g f o r m ( see 
a l so DAVIDOV a n d SHALTIEL 9 ) : 

(1 (\+x)2+(yXXi Hl8eiy • dg» 

with nax = j yd (/V ge MB2); 

AU - d + ^ + O ^ i ff/dei)2 C Ze 
- (l+x)*+(yXXiHlde[)Z '°e,Zi ' 

T h e " d e t a i l e d b a l a n c e " c o n d i t i o n 

Ze ' ^ei = Xi' ^ie 

(2) 

( 3 ) 

( 4 ) 

h o l d s . H e r e a; = <5e l /$e i ; (5 i e , <3ei, a n d (5ej a re the re-
l a x a t i o n rates f r o m l o ca l i o n s to the c o n d u c t i o n e lec -
t rons , f r o m c o n d u c t i o n e l e c t rons to the l o c a l i o n s , 
and f r o m c o n d u c t i o n e l ec t rons to the latt ice . y\ a n d 
%e are the suscept ib i l i t ies o f the m a g n e t i c i ons a n d 
the c o n d u c t i o n e l e c t rons r e s p e c t i v e l y ; y is the g y r o -
m a g n e t i c r a t i o ; / the m o l e c u l a r field c o n s t a n t , which 
is X = J/(2g/iB2N); juB i s the B o h r m a g n e t o n a n d 
H the m a g n e t i c field. 

II. Experimental 

Y b , E u and Ca mutua l ly f o r m c o n t i n u o u s ser ies 
o f s o l id s o lu t i ons , as was r e p o r t e d b y SPEDDING 1 0 , 
SODERQUIST a n d KAYSER N , SAVITSKII et a l . 1 2 a n d 
HÜFNER a n d WERNICK 1 3 . A l l the s a m p l e s m e a s u r e d 
here are in the f c c - p h a s e , as c a n b e seen f r o m 
R e f s . 1 0 - 1 3 . 

S a m p l e s w e r e p r e p a r e d b y a r c - m e l t i n g in an 
a r g o n a t m o s p h e r e . T o ensure that the i m p u r i t i e s 
were h o m o g e n e o u s l y d i s p e r s e d , several master so lu -
t ions w e r e m a d e and the c o n c e n t r a t i o n o f the i m p u -
rities w a s l o w e r e d step b y step. A n a l y s e s o f the E u -

c o n c e n t r a t i o n h a v e s h o w n that the m a x i m a l dev ia -
t ion f r o m the n o m i n a l a m o u n t was a b o u t 1 0 % . F o r 
E S R - m e a s u r e m e n t s s a m p l e s w e r e ro l led out to thin 
plates o f 0 . 1 m m thickness , a n d p o l i s h e d u n d e r oi l 
to h a v e a c l e a n metal l i c s u r f a c e . 

T h e m e a s u r e m e n t s w e r e p e r f o r m e d wi th a stan-
d a r d V A R I A N - s p e c t r o m e t e r in re f lec t ion technique , 
w o r k i n g at f r e q u e n c i e s o f 9 . 6 G H z a n d 3 5 G H z . In 
o r d e r to v a r y t empera ture a b o v e l iqu id h e l i u m tem-
pera ture , w e h a v e c o n s t r u c t e d a v a p o r i z e r c ryos ta t 
o f the type p r o p o s e d b y HAUPT 1 4 . M e a s u r e m e n t s 
w e r e m a d e w i t h m a g n e t i c field paral lel and p e r p e n -
d i c u l a r t o the s a m p l e p late in o r d e r to b e ab le to 
c o r r e c t f o r d e m a g n e t i z a t i o n e f fects . 

T h e r e s o n a n c e curves h a d the a s y m m e t r i c D y s o n -
ian l i n e s h a p e character is t i cs f o r E S R - m e a s u r e m e n t s 
in metals 1 5 . In o r d e r to eva luate the l ine wi th m o r e 
a c c u r a c y , a theoret i ca l r e s o n a n c e l ine o f L o r e n t z i a n 
type was f itted to the e x p e r i m e n t a l curves b y v a r y -
i n g the r e s o n a n c e field, the l inewidth , a n d the rat io 
o f a b s o r p t i o n to d i s p e r s i o n o f the r e s o n a n c e l ine. 
F i g u r e 5 s h o w s that such a fit c o u l d b e c a r r i e d out 
with g o o d a c c u r a c y . 

III. Experimental Results and Interpretation 

A) Bottleneck Effect in Calcium 

T h e E S R o f E u 2 + in Ca w a s m e a s u r e d in the c o n -
c e n t r a t i o n r a n g e f r o m 0 . 0 6 6 to 1 .0 at-% E u . F o r 
all c o n c e n t r a t i o n s the g - v a l u e w a s f o u n d to b e 
1 . 9 9 2 5 + 0 . 0 0 1 0 i n d e p e n d e n t o f temperature . I f f o r 
ins tance w e r e f e r to the g - v a l u e o f E u 2 + in C a F 2 

( g = 1 . 9 9 2 6 ± 0 . 0 0 0 3 ) g i v e n b y BAKER a n d WIL-
LIAMS 1 6 character i s t i c o f an i o n i c crysta l , w e f ind 
that n o gr-shiift c o u l d b e o b s e r v e d . 

T h e l i n e w i d t h AH, i. e. the h a l f - p o w e r - h a l f - w i d t h 
o f the a b s o r p t i o n part o f the r e s o n a n c e l ine , is g i v e n 
in F i g u r e 1 . T h e r e o n e sees that A H increases l in-
ear ly w i th t empera ture , a n d the s l ope o f l inewid th 
versus t e m p e r a t u r e d(AH)/dT is smal ler f o r h i g h e r 
E u - c o n c e n t r a t i o n s . F r o m these o b s e r v a t i o n s and the 
re lat ive ly smal l va lues o f the l inewidth o n e has to 
c o n c l u d e that the c o n d i t i o n x = de]/do[ 1 h o l d s , 
i. e. the r e l a x a t i o n rate f r o m c o n d u c t i o n e l e c t rons 
back to the i o n i c sys tem is l a rger than the rate f r o m 
the c o n d u c t i o n e l ec t rons t o the lattice. Such a be -
h a v i o u r is ca l l ed a " b o t t l e n e c k - e f f e c t " , and w a s first 
seen b y GOSSARD et a l . 1 7 in C u M n . 



AH 
y 2 S ( S + 1) 61 conc ; (8) 

is i n d e p e n d e n t o f the E u - c o n c e n t r a t i o n a n d g i v e s t h e 

r e l a x a t i o n r a t e <5e]0 c h a r a c t e r i s t i c o f t h e u n d i s t u r b e d 

h o s t - l a t t i c e . T h e o t h e r i s p r o p o r t i o n a l t o the E u - c o n -

c e n t r a t i o n , a n d a r i s e s f r o m s p i n - f l i p - s c a t t e r i n g at t h e 

i m p u r i t i e s d u e t o s p i n - o r b i t - i n t e r a c t i o n 1 7 > 1 8 . 

d(<5el) 
, d (conc;) el = <5el„ + c o n c ; ( 9 ) 

10 15 
TEMPERATURE T 

Fig. 1. Linewidth of Eu2 + in Ca as a function of temperature 
measured at 35 GHz. The Eu-concentration conc; is varied 

from 0.066% to 1.0%. 

N e g l e c t i n g x c o m p a r e d w i t h 1 w e g e t the f o l l o w -

i n g e x p r e s s i o n f o r the l i n e w i d t h f r o m E q s . ( 3 ) a n d 

( 4 ) 

A H = ( l / / ) • ( 5 ) 

I f w e u s e t h e f o r m u l a s g i v e n b y K O R R I N G A 5 f o r t h e 

r e l a x a t i o n r a t e f r o m t h e i o n i c s y s t e m t o t h e c o n d u c -

t i o n e l e c t r o n s 

<3ie = (njh) rfPkT (6 ) 

a n d b y OVERHAUSER 6 f o r the r e l a x a t i o n r a t e f r o m 

c o n d u c t i o n e l e c t r o n s t o the i o n i c s y s t e m 

<3ei= (2ji/Sh) VJ2S(S+l)-cona (7) 

( h e r e r\ i s t h e d e n s i t y o f states at t h e F e r m i - e n e r g y 

p e r l a t t i c e s i t e a n d s p i n o r i e n t a t i o n , k t h e B o l t z m a n n 

f a c t o r , T t h e t e m p e r a t u r e , S the s p i n o f the m a g -

n e t i c i m p u r i t y a n d c o n c ; t h e i r c o n c e n t r a t i o n ) w e g e t 

1 3 R\ X T 

500 1000 
1 / C0NCFNTRATI0N conc, 

1500 

T h e f o r m u l a d e s c r i b e s the d e p e n d e n c e o f t h e l i n e -

w i d t h o n t e m p e r a t u r e a n d c o n c e n t r a t i o n o f the m a g -

n e t i c i m p u r i t i e s . I n F i g . 2 t h e s l o p e o f l i n e w i d t h 

v e r s u s t e m p e r a t u r e is s h o w n as a f u n c t i o n o f t h e 

r e c i p r o c a l c o n c e n t r a t i o n o f the E u - i o n s . B e c a u s e t h e 

s t r a i g h t l i n e in F i g . 2 d o e s n o t g o t h r o u g h the o r i g i n 

w e h a d to s e p a r a t e (5ei i n t o t w o p a r t s , o n e o f w h i c h 

Fig. 2. Slope of linewidth versus temperature from Fig. 1 as 
a function of the reciprocal Eu-concentration. 

F r o m b a n d s t r u c t u r e c a l c u l a t i o n s o f V A S V A R I et a l . 1 9 

w e g e t t h e F e r m i - e n e r g y a n d , a s s u m i n g a f r e e e l e c -

t r o n g a s , w e c a n c o m p u t e the d e n s i t y o f s tates 

^ = 0 . 3 2 e V _ 1 . W i t h t h i s v a l u e a n d t h e r e s u l t s o f 

F i g . 2 w e o b t a i n f o r t h e r e l a x a t i o n r a t e o f C a 

<5elo = 6 . 4 - 1 0 1 0 s e c - 1 

a n d f o r t h e s p i n - f l i p - s c a t t e r i n g ra te o f E u in C a 

d ( d e l ) / d ( c o n c E u ) = 8 . 0 5 • 1 0 1 0 s e c r V ^ - E u . 

B) Dynamical Effect in Ytterbium 

T h e e x p e r i m e n t a l r e s u l t s o f E S R - m e a s u r e m e n t s 

i n Y b - m e t a l a r e g i v e n i n F i g u r e 3 . A c o m p a r i s o n 

w i t h m e a s u r e m e n t s i n C a s h o w s that t h e l i n e w i d t h 

is m u c h l a r g e r r e a c h i n g v a l u e s o f 8 0 0 G a u ß f o r the 

0 . 3 a n d 0 . 5 % E u s a m p l e s at l o w t e m p e r a t u r e s . F r o m 

this a n d the f a c t that t h e i n c r e a s e o f l i n e w i d t h w i t h 

t e m p e r a t u r e is a l m o s t i n d e p e n d e n t o f c o n c e n t r a t i o n 

w e h a v e t o c o n c l u d e that t h e b o t t l e n e c k - c o n d i t i o n 



x 1 is not va l id . T h e d e p e n d e n c e o f l inewidth 
with temperature f o r E u - c o n c e n t r a t i o n \ % c a n b e 
seen in 2 ' 3 . T h e s t rong spin- f l ip -scatter ing at the Eu-
i m p u r i t y (see F ig . 8 ) is r espons ib le f o r the fact that 
the s l o p e o f l inewidth versus t e m p e r a t u r e is in-
d e p e n d e n t o f the E u - c o n c e n t r a t i o n , and no t the as-
s u m p t i o n o f b e i n g in the i so thermal case ( x 1 ) 
as stated in 2 ' 3 . 

TEMPERATURE T IN °K 
Fig. 3. The g-value and linewidth of various Eu-concentra-

tions in Yb at 35 GHz as a function of temperature. 

T h e g - sh i f t b e i n g p r o p o r t i o n a l to : r 2 / ( l + a ; ) 2 , w e 
w o u l d expec t a change o f the g-value; but as c a n 
b e seen f r o m F ig . 3 , n o shift was m e a s u r e d at l o w 
temperatures . C o n t r a r y to the m e a s u r e m e n t s in C a , 
where the g-\alue is w h o l l y t e m p e r a t u r e - i n d e p e n -
dent , w e observe here a sl ight shi f t to h i g h e r g-
values with increas ing temperature . 

T h i s b e h a v i o u r c a n b e d e s c r i b e d b y the e x p r e s -
s ion f o r the g -shi f t ( 2 ) , if w e assume that x is in the 

m a g n i t u d e o f 1 and the c o n d i t i o n (y X Z\H/de[)2>l 
is va l id . T h e n at l o w temperatures the suscept ib i l i ty 
o f the m a g n e t i c i o n s i s l a rge and the g -sh i f t is sup-
pressed . W i t h increas ing temperature ~/\ decreases , 
y i e ld ing an o b s e r v a b l e shi f t . 

T h e in f luence o f the term (y X yY H/(5ei)2 is cal led 
" d y n a m i c a l e f f e c t " 8 and was first o b s e r v e d b y DA-
VIDOV and SHALTIEL 9 in L a N i 5 d o p e d wi th G d 3 + 

in the f o r m o f dec reas ing m a x i m u m g -sh i f t at l o w 
temperatures . In Y b the ef fect seems to b e so large , 
that the g - sh i f t is a lmost totally cance l l ed . 

B y a d d i n g n o n m a g n e t i c impuri t ies like Ca wTe 
have tr ied to increase <3ei b y spin- f l ip-scatter ing and 
so increase x. In this w a y one can r e d u c e the in-
f luence o f the term (y X y\ H/dei)2 and this s h o u l d 
y ie ld an increase of the g - sh i f t . 

TEMPERATURE T IN °K 

Fig. 4. The ^-value of 1% Eu in various YbCa-alloys as a 
function of temperature measured at 35 GHz. 

T h e result can b e seen in F i g u r e 4 . W e d o , in-
deed , get an increase o f the g -va lue . T h e a d d i t i o n 
o f 1% Ca g i v e s a m a r k e d temperature d e p e n d e n c e 
o f the g - v a l u e which , at h i g h e r Ca - concentra t i ons , 
reaches a l imi t ing va lue c o r r e s p o n d i n g t o the m a x i -
m u m g - sh i f t . 



T o d e m o n s t r a t e the e f f e c t o f the a d d i t i o n o f C a , 

w e s h o w t w o r e s o n a n c e l i n e s in F i g . 5 g i v i n g t h e 

s i g n a l o f 0 . 5 % E u 2 + i n Y b w i t h a n d w i t h o u t C a . 

Fig. 5. Derivative of microwave-absorption of 0.5% Eu in Y b 
with and without 10% Ca at 7.5 ° K and 35.18 GHz. T o one 
of the resonance curves a Lorentzian-lineshape is fitted and 
plotted by a computer. The arrows indicate the field for re-

sonance and the correlated ^-value. 

O n e c a n p r o v e the a s s u m p t i o n that t h e d y n a m i c a l 

e f f e c t i s o f i m p o r t a n c e b y m e a s u r i n g t h e E S R at 

d i f f e r e n t m i c r o w a v e f r e q u e n c i e s . B e c a u s e the f i e l d 
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Fig. 6. The jr-value of 0.5% Eu in Yb.98Ca.02 as a function of 
temperature measured at 35 GHz and 9.6 GHz. The curves 
represent the calculated (j-value according to Equation (2 ) . 

f o r r e s o n a n c e i s l o w e r e d t o a q u a r t e r b y c h a n g i n g 

the m i c r o w a v e f r e q u e n c y f r o m 3 5 G H z t o 9 . 6 G H z , 

w e s h o u l d o b s e r v e l a r g e r ^ - v a l u e s at l o w e r f r e q u e n -

c i e s . T h i s w a s c o n f i r m e d b y m e a s u r e m e n t s ; a n e x -

a m p l e is g i v e n i n F i g u r e 6 . 

W e h a v e t r i e d to f it t h e f o r m u l a o f the ^ - s h i f t t o 

t h e t e m p e r a t u r e - a n d f r e q u e n c y - d e p e n d e n t e x p e r i -

m e n t a l d a t a b y u s i n g O v e r h a u s e r s E q . ( 7 ) f o r (5ei 

a n d v a r y i n g , J a n d rj. T h e s u s c e p t i b i l i t i e s o f t h e 

h o s t - l a t t i c e s w r ith a n d w i t h o u t E u - i m p u r i t i e s w e r e 

m e a s u r e d w i t h a v i b r a t i o n a l m a g n e t o m e t e r . T h e f o l -

l o w i n g r e s u l t s w e r e o b t a i n e d : %e i s o n l y w e a k l y 

i n f l u e n c e d b y a d d i n g C a a n d d e c r e a s e s in t h e i n t e r -

e s t i n g t e m p e r a t u r e r a n g e f r o m 2 . 5 - I O - 6 e m u / g a t 

5 ° K t o 1 . 3 - . 1 0 " 6 e m u / g at 3 0 ° K . T h e c o n d u c t i o n 

e l e c t r o n s u s c e p t i b i l i t y o f Y b c a n b e i n f l u e n c e d b y 

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

c o m p a r i n g m e a s u r e m e n t s o f L O C K 2 0 a n d B U C H E R 

et a l . 2 1 . W e h a v e o b s e r v e d f o r e x a m p l e t h a t B a - i m -

p u r i t i e s i n c r e a s e t h e s u s c e p t i b i l i t y . O u r m e a s u r e -

m e n t s o f t h e s u s c e p t i b i l i t y o f the E u - i o n s h a v e c o n -

firmed t h e r e s u l t s o f U N T E R R E I N E R a n d ELSCH-

NER 2 2 , w h o f o u n d a n e n h a n c e m e n t o f t h e l o c a l 

m a g n e t i c m o m e n t o f E u i n Y b . W e f o u n d a n e f f e c -

t i v e m o m e n t o f 1 1 B o h r m a g n e t o n s p e r E u - I o n , i n -

d e p e n d e n t o f t h e C a - c o n c e n t r a t i o n u p t o 1 0 % . T h e 

C u r i e - t e m p e r a t u r e o f a b o u t 4 ° K f o r Eu.01Yb.99 r e -

p o r t e d i n 2 2 i s l o w e r e d b y the a d d i t i o n o f C a - i m p u -

r i t i e s to z e r o f o r C a - c o n c e n t r a t i o n o f 1 0 % . 

A s c a n b e s e e n i n F i g . 6 , t h e e x p e r i m e n t a l # - v a l -

u e s c o u l d b e w e l l f i t t e d t o E q . ( 2 ) . T h i s fit h o l d s 

n o t o n l y f o r t h e ^ - v a l u e s b u t s i m i l a r l y t h e l i n e w i d t h 

c o u l d b e d e s c r i b e d b y E q u a t i o n ( 3 ) . A n e x a m p l e i s 

g i v e n in F i g u r e 7 . 

T h e r e i s a s t r i k i n g d i f f e r e n c e b e t w e e n t h e l i n e -

w i d t h s m e a s u r e d at 3 5 G H z a n d t h o s e m e a s u r e d at 

9 . 6 G H z , w h i c h c a n b e e x p l a i n e d as f o l l o w s : A t m i c r o -

w a v e f r e q u e n c i e s o f 3 5 G H z ( t h e field f o r r e s o n a n c e 

is t h e n a b o u t 1 2 k G a u ß ) t h e t e r m (y X X\ H/dei)2 is 

l a r g e . T h a t m e a n s that t h e e x p r e s s i o n d e n o t e d b y F 

i n E q . ( 3 ) b e c o m e s a l m o s t e q u a l t o 1 . A t 9 . 6 G H z 

( t h e field f o r r e s o n a n c e i s n o w 3 . 2 k G a u ß ) w e c a n , 

at h i g h e r t e m p e r a t u r e s s u r e l y , n e g l e c t (y X K/\ H/de[)2; 

s o w e g e t F M 1 / ( 1 + z ) . B e c a u s e x ^ 2 ( s e e F i g . 8 ) 

the l i n e w i d t h m e a s u r e d at 9 . 6 G H z is o n l y a b o u t a 

t h i r d o f that m e a s u r e d at 3 5 G H z . 

T h e r e s u l t s o f fitting t h e f o r m u l a s f o r t h e ( / - sh i f t 

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

s u m m a r i z e d : T h e m e a s u r e m e n t s c a n b e a d e q u a t e l y 

d e s c r i b e d b y a n e x c h a n g e i n t e g r a l o f / = 0 . 0 9 e V 
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Fig. 7. Linewidth of 0.5 and 1.0% Eu in Yb .9sCa.02 as a 
function of temperature meakured at 35 GHz and 9.6 GHz. 
The curves represent the calculated linewidth according to 

Equation (3 ) . 
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Fig. 8. Relaxations rate (5ei from conduction electrons to the 
lattice for various Ca- and Eu-concentrations in Y b . The 
values of x = dei/8e[ are given by the numbers attached to 

the circles representing the data. 

a n d a d e n s i t y o f s tates o f rj = 0 . 2 e V - 1 , b o t h t h e s e 

v a l u e s a r e i n d e p e n d e n t o f C a - c o n c e n t r a t i o n . T h e 

v a l u e s f o r the c o n d u c t i o n e l e c t r o n l a t t i c e r e l a x a t i o n 

r a t e (5ei wThich d e p e n d o n E u - a n d C a - c o n c e n t r a t i o n s 

a r e g i v e n in F i g u r e 8 . T h e r e a r e t w o e s s e n t i a l f a c t s ; 

f i r s t l y , <5ei i n c r e a s e s w i t h i n c r e a s i n g C a - c o n c e n t r a -

t i o n . T h i s v e r i f i e s o u r p r i m a r y i n t e n t i o n t o i n c r e a s e 

<5el b y s p i n - f l i p - s c a t t e r i n g at the C a - i m p u r i t i e s . S e c -

o n d l y , w e s e e that t h e r e is an a d d i t i o n a l s p i n - f l i p -

s c a t t e r i n g at the E u - i m p u r i t i e s , w h i c h is e v e n b i g g e r 

t h a n that at C a . I f w e e x t r a p o l a t e t o z e r o c o n c e n t r a -

t i o n o f E u a n d C a , w e g e t that p a r t o f t h e r e l a x a t i o n 

r a t e c a u s e d b y the u n d i s t u r b e d Y b - l a t t i c e . It is a b o u t 

5 - 1 0 - 1 s e c - 1 a n d i s o f the s a m e m a g n i t u d e as the 

v a l u e w h i c h w a s f o u n d f o r C a - m e t a l . T h e s p i n - f l i p -

s c a t t e r i n g at the E u - i m p u r i t i e s i n Y b is r e s p o n s i b l e 

f o r n o t b e i n g i n the b o t t l e n e c k r e g i o n as in C a . F r o m 

F i g . 8 w e ge t the f o l l o w i n g s p i n - f l i p - s c a t t e r i n g - r a t e 

f o r E u 

d (<5eI) / d ( c o n c E u ) = 1 0 0 • 1 0 1 0 s e c - y % - E u 

a n d f o r l o w C a - c o n c e n t r a t i o n s 

d ( ( 5 e I ) / d ( c o n c c a ) = 2 0 - 1 0 1 0 s e c ' ^ Z - C a . 

IV. Conclusion 

A l l o y s o f Y b : C a d o p e d w i t h E u 2 + a r e a s u i t a b l e 

s y s t e m to s t u d y the d y n a m i c a l e f f e c t . T h e m e a s u r e -

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

b y H a s e g a w a . T h e a n a l y s i s o f the e x p e r i m e n t a l d a t a 

h a s s h o w n that o n e c a n n o t p r e s u m e a n y o f t h e e x -

t r e m e c a s e s f o r r e l a x a t i o n ; n e i t h e r t h e b o t t l e n e c k -

c o n d i t i o n x 1 n o r the i s o t h e r m a l - c o n d i t i o n x 1 

is f u l f i l l e d as c a n b e s e e n f r o m F i g u r e 8 . 

T h e e x c h a n g e i n t e g r a l e v a l u a t e d a b o v e as J = 

+ 0 . 0 9 e V is s o m e w h a t l a r g e r t h a n the v a l u e s g i v e n 

f o r G d 3 + ( s e e f o r i n s t a n c e 1 ) . T h i s is c o m p a t i b l e 

w i t h x - r a y - p h o t o e m i s s i o n s t u d i e s o f H E D E N et a l . 2 3 , 

w h i c h s h o w that i n E u t h e 4 f states a r e l e ss s e p a r a t -

e d f r o m t h e F e r m i - e n e r g y than in G d . 

H Ü F N E R 2 4 h a s m e a s u r e d w i t h M ö s s b a u e r - m e a -

s u r e m e n t s the c o n t r i b u t i o n to the h y p e r f i n e - f i e l d o f 

the E u - n u c l e u s wThich i s a resu l t o f t h e p o s i t i v e p o -

l a r i z a t o n o f the s - e l e c t r o n s b y its o w n 4 f s p i n . 

F r o m t h e p o s i t i v e s i g n o f the e x c h a n g e i n t e g r a l , o u t -

l i n e d h e r e , w e h a d t o c o n c l u d e that d i r e c t e x c h a n g e 

i n t e r a c t i o n w i t h s - e l e c t r o n s is the p r e d o m i n a n t e f -

f e c t . 

T h e l a r g e v a l u e f o r the s p i n - f l i p - s c a t t e r i n g ra te 

o f E u i n Y b c o m p a r e d w i t h that in C a is s u r p r i s i n g . 

T h e r e is n o e v i d e n t e x p l a n a t i o n . R e s i s t i v i t y m e a -

s u r e m e n t s o f GEYER 2 5 s e e m to c o n f i r m o u r r e su l t . 

O n a d d i n g E u - i m p u r i t i e s t o C a h e f o u n d a n i n c r e a s e 

o f t h e r e s i d u a l r e s i s t a n c e o f = 2.3 f(Q c m / % - E u , 

w h e r e a s in Y b h e m e a s u r e d z f o Y b = 1 0 . 7 u Q c m / % - E u . 
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