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Time D i f f e r e n t i a l  Perturbed Angular Cor re la t ions  are reported f o r  the 

133 KeV - 482 KeV cascade o f  Ta181, resu l  t i n g  from the @-decay o f  ~ f " l  

i n  the compound BaHfO3. The r e s u l t s  are analyzed i n  terms o f  a quadru-

p o l a r  i n t e r a c t i o n  between the Ta nuc le i  and a simple approximated d is -

t r i b u t i o n  o f  e l e c t r i c  f i e l d  gradients r e s u l t i n g  from defects i n  the  

c r y s t a l .  An a n a l y t i c a l  expression f o r  the a t t enua t i on  f a c t o r  G 2 ( t )  i s  

used, t ak ing  i n t o  account d i r e c t l y  the i n t e r a c t i o n  between the Ta nu-

c l e i  and the near neighbors defec ts .  A Lorentz ian func t ion ,  around ze- 

ro, i s  used f o r  the frequency d i s t r i b u t i o n  r e s u l t i n g  from the i n te rac-

t i o n  w i t h  o ther  de fec ts .  

Foram medi das correlações Angulares D i  fe renc i  a i  s  Perturbadas para a 

cascata 133 KeV - 482 KeV, do Ta181, proveniente do decaimento 6- do 

~ f " ' .  Os resul tados são analisados em termos da interação quadrupolar 

en t re  o núcleo de Ta e uma d i s t r i b u i ç ã o  aproximada de gradientes de 

campo e l é t r i c o ,  resu l t an te  dos de fe i t os  no c r i s t a l .  U t i l i z a - s e  uma ex- 

pressão anal í t i c a para o f a t o r  de atenuação ~ , ( t )  que leva em consi-  

deração, d i  retamente, a interação en t re  o núcleo de Ta e os de fe i t os  em 
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v iz inhos mais próximos. Para a d i s t r i b u i ç ã o  de frequências usa-se uma 

d i s t r i b u i ç ã o  Lorentziana, em torno de zero, resu l t an te  da in teração com 

os out ros  de fe i t os .  

1. INTRODUCTION 

Time D i f f e r e n t i a l  Perturbed Angular Cor re la t ions  (TDPAC) i s  an impor- 

tan t  technique t o  study hyper f ine  i n t e r a c t i o n s .  Among the poss ib le  de- 

tec ted  e f f e c t s ,  the e l e c t r i c  quadrupolar i n t e r a c t i o n  can be o f  prime 

importance t o  study c r y s t a l  l ine  p rope r t i es "2 .  Not on ly  the values o f  

nuclear quadrupole moments and e l e c t r i c  f i e l d  grad ients  (EFG) can be 

studied,  bu t  o the r  important  phenomena i n  s o l i d s ,  as re laxa t i on  proces- 

ses, c r y s t a l  impur i t i es  and imperfect ions,  and so f o r t h ,  have a marked 

i n f  luence on the resu l  t s .  Here, we repo r t  on TDPAC measurements i n  the 

BaHfO, compound. Since the Hf s i t e  has cub ic  symmetry, the EFG tensor, 

i n  a p e r f e c t  c r y s t a l ,  i s  zero, and the a t tenua t i on  f a c t o r  G,(t) ( ~ e f . 3 )  

should be t ime independent and equal t o  1 .  This does not  agree w i t h  

our  experimental r e s u l t s  i n  BaHfO,, which show a decrease o f  the G,(t) 

curve down t o  the hard  core value. Our i n t e r p r e t a t i o n  i s  t ha t  t h i s  be- 

hav ior  can be understood i n  terms o f  c r y s t a l  imperfect ions.  

2. THEORETICAL CONSIDERATIONS 

When we study the TDPAC between gamma rad ia t i ons ,  the G, ( t )  a t tenuat  ion  

f a c t o r ,  f o r  a pure quadrupole i n t e r a c t i o n ,  takes the f o l l o w i n g  form: 

where w =O, and the wn's and o ' s  are  known func t ions  o f  the asymnetry o n 
parameter n and o f  the quadrupole frequency3 

I n  the case o f  BaHfO,, the p o i n t  symmetry o f  the Hf ions i s  cub ic  and 

we should expect, i f  the  c r y s t a 1 . i ~  p e r f e c t ,  Vzz=O a t  the Hf s i t e s .  Due 



t o  the existence o f  defects randomly d i s t r i b u t e d  i n  the c r y s t a l ,  we can 

have a f i n i t e  frequency d i s t r i b u t i o n  around v = O.To take i n t o  account 
Q 

t h i s  p o s s i b i l i t y ,  we must modify Eq.1. 

Fo l lowing the same ideas expressed by ~ i v i ~  and 6er tschar t5 ,  we have 

assumed an approximation t o  the t r u e  phys ica l  s i t u a t i o n ,  i n  o r d e r  t o  

ob ta in  an a n a l y t i c a l  form f o r  ~ , ( t ) .  The r e s u l t i n g  expression i s  com- 

posed o f  two pa r t s :  one p a r t  i s  g iven by the nuc le i  which have a defec t  

as a nearest  neighbor, i n  which case con t r i bu t i ons  due t o  more d i s t a n t  

defects were ignored; and the second one i s  due t o  the  remain 

f o r  which a Lorentz ian d i s t r i b u t i o n  o f  a x i a l l y  symmetric (ri = 

gradients,  around VZZ = 0, was assumed. 

W i  t h  these assumptions, we can ca l cu la te  an expression f o r  G, 

ng nuclei,  

0) f i e l d  

forming the necessary t ime and frequency convo lu t ions 6.  The resu l  t i s  

whe re  

W(Z ) i s  a complex func t i on  r e l a t e d  t o  the complementary e r r o r  f unc t i on  
n 

e r f c ( 2  ) ( ~ e f  . 7 )  ; F defines the percentage o f  the  f i r s t  term i n  r e l a -  
M 

t i o n  t o  the  o ther ;  A i s  the inverse o f  the l i f e t i m e  o f  the intermediate 

l eve i ;  r i s  the w id th  o f  the frequency d i s t r i b u t i o n  o f  v, around zero; 

6vn i s  the w id th  o f  the frequency d i s t r  

nes the t ime r e s o l u t i o n  o f  our equipmen 

For the t ime reso lu t i on  and frequency d 

o f  the forms6: 

bu t  

s t r  

V 
on around v . and -rR d e f i -  

n' 

but ions ,  we used func t ions  



and 

(r = 6w f o r  the  second te rm o f  Eq . 2 )  
o 

Equa t ion  2  i n v o l v e s  severa1 approx imat ions .  Among t h e  most impor tan t  

ones, we rnade t h e  assurnpt ion o f  L o r e n t z i a n  f requency d i s t r i b u t i o n s ,  f o r  

t h e  terms a r i s i n g  f rom n e a r e s t  ne ighbor  i m p u r i t i e s ,  and t h e  approxima- 

t i o n  o f  a  L o r e n t z i a n  f u n c t i o n ,  around zero,  r e p r e s e n t i n g  the  remain ing 

d i s t r i b u t i o n  o f  f i e l d  g r a d i e n t s ,  a r i s i n g  f rom t h e  random d i s t r i b u t i o n  

o f  impur i  t i e s  i n  t h e  c r y s t a l  . 

A nonl  i n e a r  l e a s t  squares program was w r i  t t e n  t o  f i t t h e  exper imenta l  

data t o  Eq.2. I t  was found conven ien t  t o  use the  r e s u l t a n t  f i t t e d  pa- 

rarneters, o f  the  n = 1  terrns o f  Eq.2, t o  represen t  approx imate ly  t h e  

d i s t r i b u t i o n  o f  t h e  quadrupole i n t e r a c t i o n  f requencies v as de f  i n e d  Q 
above. These f i t t e d  f requency d i s t r i b u t i o n  curves can be used t o  de- 

te rmine  a  rough v a l  ue o f  t h e  c o n c e n t r a t i o n  o f  d e f e c t s ,  s i n c e  t h e  area 

o f  the  peak, co r respond ing  t o  t h e  d i s c r e t e  f requency component, d i v i d e d  

by the t o t a l  area o f  t h e  d i s t r i b u t i o n  f u n c t i o n ,  i s  t h e  p roduc t  NC,where 

N i s  t h e  c o o r d i n a t i o n  nurnber f o r  n e a r e s t  ne ighbor  d e f e c t  s i t e s ,  and C 

i s  t h e  c o n c e n t r a t i o n  o f  d e f e c t s .  

3. RESULTS AND DISCUSSION 

Using a  c o n v e n t i o n a l  f a s t - s l o w  co inc idence  c i r c u i t ,  w i  t h  t w o  N a l ( T t )  

d e t e c t o r s ,  we measured t h e  133 keV - 482 keV cascade i n  ~ a ' ~ ' .  Our t ime  

r e s o l u t i o n  was 2.3 ns (FWHM) f o r  t h e  i n v o l v e d  garnma ray  e n e r g i e s .  

The BaHfO, compound was p repared  as f o l  lows:  

The Hafniurn was weighed as meta l  and t ransforrned Ento h y d r a t e d  o x i d e  by 

p r e c i p i t a t i o n ,  w i t h  anmonium hydrox ide ,  f rom a  s u l p h u r i c  a c i d  s o l u t i o n .  

A f t e r  b e i n g  washed, t h e  o x i d e  was suspended i n  wa te r ,  and a  s to ich iome-  



t r i c  amount o f  B~(oH),.~H,O was added. The r e s u l t a n t  s l u r r y  was d ryed  

under c o n s t a n t  a g i  t a t i o n .  The s o l  i d  mass was heated a t  1200°c, f o r  12 

hours, and then  moistened, ground and heated aga in  up t o  t h e  same tem- 

p e r a t u r e .  An X- ray a n a l y s i s  o f  t h e  compound showed t h e  t y p i c a l  p a t t e r n  

o f  t h e  BaHfO, c u b i c  s t r u c t u r e ,  w i t h  a l a t t i c e  parameter  o f  4.171 8 ( ~ e f .  

8 ) .  The Hf  a c t i v i  t y  was produced by i r r a d i a t i n g  t h e  compound wi  t h  neu- 

t r o n s .  A f t e r  a c t i v a t i o n ,  t h e  sample was annealed, a t  1 2 0 0 ~ ~ ,  f o r  24 

hours . 

Severa1 TDPAC measurements were done w i  t h -  two samples whi ch were prepa-  

r e d  s e p a r a t e l  y  . The measurements were per formed a t  v a r i o u s  temperatu- 

r e s  - f rom 1 i q u i d  N i t r o g e n  temperature up t o  8 0 0 ~ ~ .  

I n  F i g .  I, we show t h e  r e s u l t s  o f  A 2 G 2 ( t ) ,  f o r  t h e  two d i f f e r e n t  sarnples 

a t  20 '~ .  The s o l i d  l i n e s  a r e  l e a s t  squares f i t t i n g s  u s i n g  f u n c t i o n s  o f  

form ( 2 ) .  The va lues  o b t a i n e d  f o r  t h e  d i f f e r e n t  parameters a r e  i n d i c a -  

t e d  i n  t h e  f i g u r e s .  

The curves  o b t a i  ned f o r  o t h e r  temperatures (-19s0c, 500°c, 700'~) d i d  

n o t  show any change, and can be 

wh ich  a r e  t h e  same as those f o r  

I n  F i g . 2 ,  we show a f requency d i  

u s i n g  t h e  parameters f rom t h e  f i  

The p l o t  was made i n  such a way 

f i t t e d  wi  t h  v a l  ues f o r  t h e  parameters 

ZO'C, w i t h i n  t h e  exper imenta l  e r r o r s .  

s t r i b u t i o n  curve,  wh i c h  we o b t a i n e d  

t t i n g  t o  G 2 ( t )  o f  sample 1 (see F i g . 1 ) .  

t h a t  the  areas,  r e s u l  t i n g  f rom t h e  two 

terms o f  Eq.2, a r e  i n  t h e  same r a t i o  as g i v e n  by t h e  l e a s t  squares pa- 

rameters.  The d o t t e d  1 i nes were used t o  emphasize t h e  areas So ( f  re-  

quencies around zero)  and S,  ( f  requencies around v l  i n  t h e  f i t l  Through 

a s i m p l e  c a l c u l a t i o n ,  u s i n g  these areas,  one can e s t i m a t e  t h e  p r o d u c t  

o f  c o n c e n t r a t i o n  by c o o r d i n a t i o n  number, f o r  d e f e c t  s i t e s  around t h e  Hf  

n u c l e i  ( N C ) .  Our va lues  f o r  NC, i n  t h e  two samples, a r e  a l w a y s  l e s s  

than  .005. 

To t e s t  t h e  idea t h a t  t h e  v , ' s ,  i n  o u r  cu rves ,  come f rom near  ne ighbors  

d e f e c t s ,  we assumed vacancies c r e a t e d  i n  t h e  Oxygen p o s i t i o n s  i n  BaHf03. 

A computer prograrn was made t o  c a l c u l a t e  t h e  f requency d i s t r i b u t i o n  re -  

s u l  t i n g  f rom t h e  r e f e r r e d  vacancies.  



Ba HfO, 
SAMPLE-I 

Fig.1 - A,G,(t) c o e f f i c i e n t  f o r  the perturbed angular c o r r e l a t i o n  i n  

two d i f f e r e n t  sarnples o f  BaHfO,, a t  20'~. 



We simulated the phys ica l  s i t u a t i o n  by d i s t r i b u t i n g ,  a t  random, a given 

number o f  defects (def  ined by the concentrat ion,  and by a f ixed radius 

around a Hf  nucleus) i n  the c r y s t a l .  The resu l  t i n g  frequency d i s t r i b u -  

t i o n s  have the  same general form as those publ ished by ~ a j f o s z ~ .  Due t o  

the r-3-dependence o f  the e l e c t r i c  f i e l d  grad ient  components, the con- 

t r i b u t i o n  o f  defects,  o ther  than the f i r s t  near neighbors, tend t o  be 

very c lose t o  zero. 

Using the r e s u l t s  f o r  NC, the s imu la t i on  i n  no way reproduces the pat-  

terns  obtained from the l e a s t  squares f i  t t i n g s  (see Fig.2 f o r  sample 

nymber I ) .  The widths,  around zero, and around the f i  r s t  nearest  neigh- 

bor frequencies, are one order  o f  magnitude lower than the experimental 

ones. Other supposi t i o n s  concerning the  s t reng th  o f  the i n t e r a c t i o n  do 

no t  change the non-coi ncidence. Furthermore, i f v, comes f rom nearest  

neighbor i n te rac t i ons ,  i t  i s  very d i f f i c u l t  t o  accept t h a t  i t i s  loca- 

ted under the t a i  l o f  the o ther  neighbors. 

We be l i eve  t h a t  the V ,  values i n  our measurements can be a t t r i b u t e d  t o  

a smal l mix ture  ( l ess  than .5%) o f  impuri t i e s  i n  the samples; mybe  some 

p o r t i o n  o f  HfO, ( the V ,  values are c ~ m ~ a r a b l e ' ~ )  t h a t  d i d  not  reac t  t o  

form BaHfO,. These small amounts cannot be detected i n  a X-ray analy-  

s i s  bu t  appear i n  our TDPAC measurements. 

I n  t h i s  case, a l l  the i n t e r a c t i o n s  i n  BaHfOJ can be represented by  a 

f requency d i s  t r i  b u t i o n  around zero. Thi s corresponds t o  assuming t h a t  

F = O i n  Eq.2 .  

The r a t i o  o f  the r e s u l t i n g  widths,  i n  sample 1 and sample 2 (68 MHz and 

195 MHz respec t i ve l y )  , gives then a rough approximation t o  the concen- 

t r a t i o n  r a t i o  f o r  the defec ts  i n  these two samples. Determinat ion o f  

the concént ra t ion  o f  defects,  i n  each sample, cou ld  be obtained from the 

s imula t ions  i f  the nature  o f  the defects o r  de fec t ,  and t h e i r  i n te rac-  

t i o n s  w i t h  the Hf nuc le i ,  cou ld  be determined. 

We be l i eve  t h a t  our i n t e r p r e t a t i o n ,  based on Eq.2, i s  u s e f u l  f o r  the 

understandi ng o f  the quadrupolar i n t e r a c t i o n  i n BaHfO, and i n o ther  ca- 

ses. 



F i g .  2 - Frequency d is t r ibu t ion  resu l t ing  from a l eas t  squares f i t t i n g  

(based on Eq .2)  t o  A,G, (t) , f o r  sample 1 a t  2 0 ' ~ .  



I n  o the r  experiments (Refs. 4,5,11,1?,13), where s i m i l a r  r e s u l t s  where 

reported,  we th ink  t h a t  the present i n t e r p r e t a t i o n  o f  the hyper f ine  i n -  

t e r a c t i o n  i n  an i n s u l a t i n g  cubic c r y s t a l  leads t o  a b e t t e r  understan- 

d ing  o f  the experimental r esu l t s .  For m e t a l l i c  systems, ca l cu la t i ons  

have been done 'I1 based on arguments s i m i l a r  t o  those used here. 

Our experiment w i t h  Hf i n  the BaHfO, compound shows t h a t  impur 

have a marked i n f  1 uence upon the expected curves f o r  G,  ( t )  . Th us 

i t i e s  

9 we 

t h i n k  i t  i s  o f  i n t e r e s t  t o  f u r t h e r  i nves t i ga te  t h i s ,  and o ther  s i m i l a r  

systems, i n  order t o  learn  more about the  exact  nature o f  the imperfec- 

t i o n s  and the r e s u l t i n g  frequency d i s t r i b u t i o n s .  I t  would be important 

t o  measure compounds where we could con t ro l  the concentration o f d e f e c t s  

and the i  r nature.  

The authors would l i k e  t o  thank Drs. Paul A. F l i nn ,  F l a v i o  P .L i v i ,  Fer- 

nando Zawislak and P.J. Viccaro f o r  many valuable discussions.  
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