
(The s i 5) 

D. E .  Fields 

P. W. M o r a n  



Printed in the United S ta tes  of America. Available frol-ri 
National Technical Information Service 

LJ.S. Department of Commerce 

Price: Printed Copy $3.00; Microfiche $0.95 
5285 Port Royal Road, Springfield, Virginia 22151 

This report was prepared as an account of work sponsored by the United 
States Government. Neither the United States nor the United States Atomic 
Energy Commission, nor any of their employees, nor any of their contractors, 
subcontractors. or their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness or 
usefulness of any information, apparatus, product or process disclosed, or 
represents that lis use would not infringe privately owned rights. 



Cont rac t  No. W-7405-eng-26 

MATHEPAT I C S DI VIS I ON 

A STUBY OF CORRELATED THERMRLLY ACTIVATED POL/-\_RlZATIOIT , 
CONDUCTION,  AND LUMINESCENCE EFFECTS IN LITHIUM FLUORIDE 

AS FUNCTIONS OF I R R A D I A T I O N ,  DOPING, ANI) THERMAL, HISTORY 

D.  E .  F i e l d s ,  Mathematics D i v i s i o n ,  ORML 
P. R .  Moran, Phys ic s  Department, U n i v e r s i t y  of Wisconsin 

This  r e p o r t  has  been atlogted from E F  d i s s e r t a t i o n ,  I n f l u e n c e  
of I r r a d i a t i o n  and Doping or! Thcrmally Ac t iva t ed  Polari- 
z a t i o n  and Imninescence i n  Lithiimi F l u o r i d e ,  p r e s e n t e d  t o  
t h e  Graduate School of  t h e  U n i v e r s i t y  of Wisconsin in 
p a r t i a l  f u l f i l l m e n t  of t he  requi rements  for t h e  degree  or" 
Doctor of Philosophy i n  Phys ics  by David E .  F i e l d s  

MARCH 1973 

OAK RIDGE NATIONAL IABORATORY 
Oak Ridge, Tennessee 37830 

o p e r a t e d  by 
?JNNTON CARBIDE CORPORATION 

f o r  the 
u. s .  Rr0m.C ENERGY COYMISSION 





iii 

The i-deas, h e l p f u l  cri t i .ci .sm, arid f i n a n c i a l  a i d  c o n t r i b u t e d  by Dfck 

Mornti duri.ng the  pursuance of  t h e s e  s t i i d i e s  a r e  g r e a t l y  a p p r e c i a t e d  - many 

of  t h e  successes of this t h e s i s  a r e  t o  h i s  c red i . t .  

Thanks a r e  also diie Luis B a r r o i l h e t ,  Row Kas tu r i ,  and Dick Moran f o r  

t h e i r  f r i e n d l y  s u g g e s t i o n s  and suppor t  a t  many t i m e s  du r ing  my s t a y  i n  

Madison. I b e n e f i t e d  from di.scussi .ons wi-th , Je r ry  Wagner and expe r imen ta l  

a s s i - s t a n c e  t rom J e r r y  Lasky, and l e a r n e d  much i n  t h e  classrooms of 

Clarence Doeken and John Thompson. 

A t  ORNL, Mack P a t t e r s o n  and Dick McCulloch he lped  g r e a t l y  i n  o f f e r i . ng  

encouragement and c o n s i d e r a t i o n  i n  t h e  l a t t e r  s t a g e s  of t h i s  work. 

Bonnie D. McCarter dese rves  a medal f o r  t h e  perseverance  she sho-~ed  

i n  h e r  s t r u g g l e  t o  g e t  my handwri.tten copy i n t o  t y p e .  

I ' linally, I oi"fer s p e c i a l  t hanks  t o  my wife  Sharon, who gave p a t i e n c e  

and unde r s t and ing  i n  frill. mensi i r t3  . 

The r e s e a r c h  r e p o r t e d  h e r e  was suppor ted  by a g r a n t  from .the Graduate  

School. of  t h e  U n i v e r s i t y  of  Wisconstn and i n  p a r t ,  d u r i n g  i t s  l a t e r  s t a g e s ,  

by a gran-t  from t h e  N a t i o n a l  Sc ience  Foundat ion .  During t h e  computat ions 

l e a d i n g  t o  t h e  TAC/TT, e o r r e l a t i m  chap te r ,  t h e  author was employed by t h e  

Oak Ridge Na t iona l  Labora tory ,  where he r e c e i v e d  part i.al suppor t  aga in  

from t h e  N a t i o n a l  Sc ience  Foundat ion , in  connec t ion  wi th  t h e i r  p r e s i d e n t i a l  

i n t e r n  program. 





TABLE OF COT\ITEI\JTS 

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . .  vij 
Ab st r a c t  . . . . . . . . . . . . . . . . . . . . . . . . .  ix 

IIITRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . .  - 1 

. . . . . . . . . . . . . . . . . . . . . . . . .  Introduction 5 
Theory 7 
Experimental 13 
Discussion . . . . . . . . . . . . . . . . . . . . . . . . . .  21 
Summary 23 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . .  Introduct ,  ion 25 
29 m lneory 

Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . .  41. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Experimental  Results . . . . . . . . . . . . . . . . . . . . .  1-1-6 
. . . . . . . . . . . . . . . . .  Discussions and @on.el.usions 50 

. . . . . . . . . . . . . . . . . . . . . . . . .  C 3 A P T P X I I I . .  5 ‘7 

CHAPTER IV 

. . . . . . . . . . . . . . . . . . . . . . . . .  Conclusions 67 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  AppENi)IxI 71- 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  A1PEIVJ-j-X 11 7 5 

XEFEREWCES ‘7 7 . . . . . . . . . . . . . . . . . . . . . . . . . . .  

f 





v i i  

LIST OF FIGURES 

P i  g UP e 
Numb e r 

1 Relative "herinally Activ,it;ed Conduct iv i ty  (A ) and 
0 

Therm~)lumiaescence (0)  f o r  160 X Pe8ks in LiF(TLD- 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  100) 1 5  

2 Rela . t ive  Tliermally A c t j  va ted  CQriductj-vity- (A ) and 
T1iermolumiuescence (0) for 2'70'K Peaks  in L i F (  TLE- 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  100) 16 

3 The So1i.d Line  Shows t h e  Behavirir of t h e  R a t i o  
(e/lirrq) f o r  t h e  160°K Peaks from E q .  ( 1 4 ) .  The TL 
r e s - u l t s  (0) a r e  shcjwn for c m p a r i s o n .  The value of 
( e / h q )  v a r i e s  f r o m  a maximum of .03J+6 to a m i . n i m m  
Qf -.0063 ( d i m e n s i o n l e s s  i n  cgs un i - t s )  

The Solid Line Shows t h e  (e/j-Lnq) Ratio f o r  t h e  270'K 
Peak.  Th i s  r a t i o  v a r i e s  from a maxi.muii of 2 . I + ,  
through a minimum of -12.6. 
s h w n  f o r  cmipc7risori . . . . . . . . . . . . . . . . . . . .  29 

. . . . . . . . . . .  18 
k 

The TL(0) behatrior i.s 

5 &rid gf cold Fi.nger (F) SIiwiciE: Samples (s), Copper 
Mounting Block ( B ) ,  E l e c t r i c a l  Connect ions f o r  
Heater ( H ) ,  Th.errnocouple ( T ) ,  and Sample E l e c t r o d k  
( E ) .  The spiral h e a t e r  (on back s inface of block) 
i s  not siicwn . . . . . . . . . . . . . . . . . . . . . . . .  42 

6 Block Diagram of E l e c t r m i c s  Used for D i r e c t  Curren t  
Isxperiments ; Fr:r Opt ica l  Repopulati on, t h e  PrJrc i s  
Replaced by 3 Mercury Arc Lamp . . . . . . . . . . . . . . .  45 
P 

7 Shown on t he  S a m  P lo t ,  a r e  the .44-eV Fea tu re  
( S o l i d  L i n e )  Ascribed t o  Simple Irnpix-ity-'Jacancy 
Dipole  R e l a x a t i o n  and t h e  .%-cV Feature  (Dotted 
Z,i.ne) Thought t o  Resu l t  from Re laxa t ion  Su'bsequent 

t o  Dipole Aggregation . . . . . . . . . . . . . . . . . . .  47 
8 Eie Solid Curve Shriws tihe RXTAD C'urrent in a Sample 

o f  High-Puri ty  O p t i c a l  Quality T 3 W .  The dashed 
curve  s 21 ow s s i m i l l  t a ne r,u s L y r e c o r  d E d &he rmo lwn i. ne s c e n c e 

. . . . . . . . . . . . . . . . . . . . . . . . . .  emiss ion  59 

9 The S o l i d  Curve Shows the Lri.F(IW) D i r e c t  RITAD E f f e c t  
and the Dashed Curve  Shows I ~ S  Sibsequen t  O p t i c a l  
Reg e ne I- a S, F on . . . . . . . . . . . . . . . . . . . . . . . .  64 





ix 

A S'IlJDY OF CORRLXATED TH23RI!L4LLii ACTTVRTmi P O L I ~ ~ R I ~ A T I O N ,  

CGnDUCTION, AND LUM.Ii'TESCENCf3 EFFECTS IN LTTHTLIM. FLUORIDE 

AS FIJNCTTONS OF IRRADTATJON, DOPING, ATSn THERMAL IIISTORY 

David E.  F i e l d s  

P.  R .  Moran 

ABSTRACT 

This work describes t h r e e  r e l a t e d  phases  of our i n v e s t i g a t i o n s  of  

e l e c t r i c a l  and lun inescence  phenomena i n  pure and doped l i t h i u m  f l u o r i d e .  

F i r s t ,  we cons-ider t h e  s imple t r apped  c a r r i e r - f r e e  c a r r i e r  recombinatLon 

model rJften used t o  descr - ibe  thermohminescence  (TI,) and t h e r m a l l y  

ac t? -va ted  c o n d u c t i v i t y  (TAC) exper iments .  Both TL and TAC cur.ve shapes 

depend s e n s i t i v e l y  on parameter  va lues  i n  t h e  model and gen2ral s e p a r a t e  

so lu t i -ons  f[:jr t h e n  'nave n o t  been deri .ved. We present arLmfients t h a t  t'ne 

a c t u a l  system possesses s i g n i f i c a n t  spatJ-ial c Q r r e l a t i m  between t r apped  

c a r r i e r s  and o p t i c a l l y  a c t i v e  reconbinatLon c e n t e r s .  

Next, a s tudy  i s  made of t h e r m a l l y  a c t i v a t e d  p o l a r i z a t i o n  (TAP) and 

the r m  a l l y  a c t  i va t e (3 d e p  ol a r  i z a t  i on ( TAD ) e f f e c t s re  s u l  t i  ng from impur i ty-  

vacancy dipole r e o r i e n t a t i o n  i n  Me; doped and undoped l i t n i i x n  I'l.u?iride i.n 

khe t empera ture  r e g i o n  2'00 K.-) 250 K. These r e su l t s  a r e  compared t o  ou.r 

e a r l i e r  masuremen t s  o f  a rad ia t ion- induced .  t h e r m a l l y  a c t t v a t e d  d e p o l a r i -  

za t i r jn  (RZTAD) e f T e c t  i n  t h e  same samples. kJe measure r e o r i e n t a t i o n  r a t e  

a c t i v a t i o n  parameters  of a c t i v a t i o n  energy  E = .44 & .03 eV and p re -  

e x p o n e n t i a l  ?ac tor  Wo = 10 see  f o r  simple d i v a l e n t  impur i ty-  

0 0 

a 
8.5k1.5 -1 



X 

vacancy d i p o l e  r e o r i e n t a t i o n  i.n samples annealed a t  h igh  t empera tu res  

and quenched. Development of  a second p o l a r i z a t i o n  phenomena having 

E 

s e v e r a l  days a t  room t empera ture  and i s  a p p a r e n t l y  due t o  t h e  format ion  

OP s t a b l e  d i p o l e  complexes i n  whi.ch d i p o l e - d i F o l e  i n t e r a c t i o n s  l e a d  t o  t h e  

replacement  o f  E and W by temperature-dependent  f i i nc t ions .  This  second 

f e a t u r e  i s  observed a t  a peak tempera ture  only  2.7% h ighe r  than  t h e  peak 

temperature  o f  the  .L4-e~ f e a t u r e ,  220 K .  

= .86 i .03 eV and W = 10 1ws’5 s e c - l  j-s observed a f t e r  annea l ing  
a 0 

a 0 

0 

F i n a l l y ,  we r e p o r t  i n i t i a l  obse rva t ions  o f  a new radiat ion-i i idi iced 

phenmienon i n  Li.F; a large. permanent e l e c t r i c a l  p o l a r i z a t i o n  can  be 

induced i n  LiF by i o n i z i n g  r a d i a t i o n .  S p e c i f i c  r ad ia t ion - induced  

p 01 a r i z a t i ons , a f t  e r t h e  rmal d ep 01 ar i. z a -t i on, c an be r e g  ene r a t  e d op t i c a1l.y 

b u t  n o t  by the rma l  r e p a l a r i z a t i o n .  Rate  parameters  c h a r a c t e r i z t n g  

thermai d e p o l a r i z a t i o n  d i f f e r  f r 2 m  those of  o t h e r  therr-mally a c t i v a t e d  

p r s c e s s e s .  This  e f f e c t  has  a s igna l - t , 2 -no i se  r a t i o  comparable t o  

s i m i i l t  ane  c)us -thermoluminescence me asurernent s , which sugges t s  many 

p r a c t  ic a1 p ~ s  s i b i l i t  i e  s . 



INTRODUCTION 

l o n i  zi.ng radi a t i o n  exposure and impuri%y doping o f  sirniplc: i n s u l a - t i n g  

m a t e r i a l s  produce a v a r i e t y  of therm-ally a c t i v a t e d  o p t i c a l ,  e l e c t r i c a l .  

c ondiic t i v i  ty , and e l e  et r L c a1 p o l a r  i z, a.t i on e f f e c 1; s . 
have r e c e i v e d  r e c e n t  renewed i n t e r e s t  because of t h e i r  growing u b i l i -  

zat?:.on i n  thermoluminescence rndi-at iqr l  dos ime t ry  and i n  elec-Lret, and 

charge  s t o r a g e  a p p l i c a t i o n s ,  and also because mr.:dern sample p u r i t y  

control n‘3w o f f e r s  hope t h a t  one might s t a r t  -bo understand Stme [of t h e  

m i  C rl:?s C !>p i-c phy s j. c s i n v d v  e d . 

These phe tlmena 

r i  Ihe r e s e a r c h  project d e s c r i b e d  i n  t h i s  t h e s i  s pu.rsued th . r ee  s e p a r a t e ,  

but,  i n t e r r e l a t e d ,  investtgations on t h e  wide ly  s t u d i e d  ma tc r i . a l ,  L i F  . 
The rniotivation f o r  t h e s e  three studi.es and the basi.c P ind ings  of the 

r e s e a r c h  a r e  : 

(l) A general model has been proposed t o  exp1ai.n thermally 

a c t i v a . t e d  charge r e l e a s e  and t r a n s p < i r t  i n  i r r a d i a t e d  samples . 

It invijlves n o n l i n e a r  coupled ki .net ic  eqrintirjns f o r  

t r apped  charges, f r e e  c a r r i e r s ,  and reccmbina t ion  c e n t e r s  . NumFri.ca1 

i n t e g r a t i o n  ~J I ”  these coiipled eqiiatioris f o r  s -cec ia l  c a  s 7€ p a r t i c l l l a r  

mod e 1 p :3 :came t e r s h B s s h mm t 11 a t  app r cix ima t e s o l u  t j. on s 11 orma ll y app1 i e d 

i.n annS.yzi.ng expe r imen ta l  d a t a  can be s u b s t a n t i a l l y  i n  e r r o r .  

In t h i s  study i.t i.s siicwri that, f o r  . t h i s  g e n e r a l  model, 

an exac t  a n a l y t i c  c o r r e l a t i q n  expres s ion  f o r  TL/TAC struc-Lure:; can be 

der i -ved.  T h i s  expres s ion  can be s t u d i e d  expe r imen ta l ly  t o  check t h e  

v a l i d i t y y  ~f t h e  m d e l .  Analys-is qf ti,hlo wel l - r e so lved  tiF TL/TAC curves 



shows t,hat, t h e  model g r o s s l y  f a i l s  i n  d e s c r i b i n g  t h e  sys t em ' s  behav io r .  

The d a t a  t r e n d s  s t r o n g l y  sugges t  t h a t  t h e  r e a l  system might have con- 

s i d e r a b l y  s p a t i a l  c o r r e l a t i o n  between t r a p p i n g  and recombinati-on c e n t e r s .  

( 2 )  The second s t u d y  concerns t h e  k i n e t i c  behavi.or of' diva]-ent 

impuri ty-vacancy ccomplexes i n  l i g h t l y  and h e a v i l y  doped LiF. The 

experiments  show t h a t  t h e  r e s u l t j - n g  d i p o l e s  produce p o l a r i z a t i o n  s i g n a l s  

t h a t  might easi_.ly, i f  n o t  accounted f o r ,  i n t e r f e r e  w i t h  TAC exper iments .  

It i s  a l s o  shown t h a t  t h e r e  a r e  a s s o c i a t e d  r ad ia t ion - induced  e l e c t r i c a l  

e f f e c t s ,  b u t  t h a t  t h e r e  a r e  no  g r o s s  temperature-dependent  anomalies i n  

t h e  s u s c e p t i b i l i t y .  A s tudy  o f  aggrega t ion  e f f e c t s  a f t e r  i n i t i a l  

anneali-ng r evea led  a s low convers ion  from apparent  d i p o l e  r e o r i e n t a t i o n  

a c t i v a t i n n  e n e r g i e s  of  about  0.44 eV t o  a f i n a l  v a l u e  of - 0.86 eV. 

behav ig r  can e a s i l y  e x p l a i n  t h e  l a r g e  d i s c r e p a n c i e s  which e x i s t  i.n t h e  

l i t e r a t u r e  between NMR r e l a x a t i o n  measurements, d i e l e c t r i c  loss s t u d i e s ,  

and the rma l ly  a c t i v a t e d  d e p o l a r i z a t i  on expe r imen t s .  A t h e o r e t i c a l  

a n a l y s i s  shows t n e  gbserved changes a r e  more probably  sligh-L changes i n  

t he  tempera ture  dependence of t h e  sys t em ' s  a c t i . v a t i o n  energy r a t h e r  t h a n  

actual-  1a:rge changes i n  t h e  magnitude ~j - f  t h e  a c t i v a t i o n  e n w g y .  It i s  

shown t h a t  t h i s  tempera~ture  dependence may be due t o  aggrega t ion  of 

Lmpurity vacancy d i p o l e s .  

Thi.s 

(3)  The f i n a l  s tudy  desc r ibed  loclks b a s i c a l l y  e t  t h e  i n v e r s e  

gf t h e  phennmena desc r ibed  i n  t h e  fi-rst s e t  Df exper iments .  These 

experiments  mcasiire r ad ia t ion - induced  t h e m a l l y  a c t i v a t e d  d e p o l a r i z a t i m  

(RITAT)) s i gna l s  gene ra t ed  i.n L1.F. 

phenomena w i  t i l  r eadou t  s i .gna l  t o  n o i s e  coIflpaarb1.e t o  t h a t  of s imul taneous  

The results s h ~ w  a very s t r o n g  
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"L measurements . O n e  c-iominarit RITAD peak can ,  a r t e r  i.nitj.al. i[:mi.zing 

j. m a  d i. a- t  i !in, be o p t i c  ally repnpuln t e d . The s c: E aul t s  ::ugge st LmpcrLant 

p r a c t i c a l  a p p l i c a t i o t i  as a r ad i s t i . on  dwirrietry t echn ique .  

The phenomena st ,udied i n  th?sr:? i n v e s t i g a t i o n s  were T.AF, TAD, TAC, 

RITAD, TL, and o p t i c a l l y  repopulated RITAD, TAC, arid TI,. These  acronyms 

rer"er r e s p e c t i v e l y  ti) Theymally Act iva ted  Polariza.tion, Depolarj.zati.on, 

and Conduct, i v i t y ,  R a d i a t i o n  Induced Thermally A c  bi.vated D e p n l  a r:i z a t  i on, 

and Thermdruni.nescence . 

I n  the expe r imen ta l  s e t -up ,  t h e  samrple has  e l e c t r o d e s  on two opposing 

sur.Paces frjr pr5duc.lng and  measuring -the e l e c t r i c a l  t r a n s p o r t  p r o p e r t i e s  . 
'The sample i s  mvin ted  a l m g  with a t;iiermocouple and hea- ter  i.n a c r y o s t a t  

havi.ng ' J i indms t q  permi t  b o t h  i r r a d i a t i o n  with ic lnizing r a d i a t i o n  r)r light 

and tci pe rmi t  cipti-cal moni.toring u s i n g  a phot!:)mniiltipl'ier tube  . One may 

o p e r a t i o n a l l y  define t h e  e f fec t : ;  named a b w e  a s  i'c;llows : 

- TAP The sample i s  f i r s t  cooled, and an electr-Lc f i e l d  ris applied 

w i t h  a s e n s i t i v e  armet,er in :;erFc?s w i - t h  the  v s l t a g e  srxirce.  The 

sainpLe i s  h e a t e d  a s  temperature and pol.arizat-i!m c u r r e n t  a r e  m o n i t x e d  . 
This  -techni.que, app l i  ecl t!, s t u d y  impuri ty- induced dipolar states i n  

s imple  niatertals,  has  not been p r e v i o u s l y  desc r ibed  i n  the 1i. terature . 

TAD The sm-pl:: i s  cooled wi.th a field app l i ed ,  poss?.bl.;y " f r e e z i n g  

i n "  a p o l a r i z a t i o n .   he amrneter i s  ciinriected ac ross  t h e  sample and 

the sample i.s heated. Resulting (3e-pola.rizHtLcm eurre1il;s have been 

call .e: j  i o n i c  the rma l  c u r r e n t s  ; t,hus th-is p r~ce ! : iu re  h a s  also been 

known a s  t h e  ITC t e c h n i q u e .  
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TAC The procedure i s  i d e n t i c a l  t o  that,  used i n  TAP, w i t h  t h e  
~ 

a d d i t i o n  of an  exposure t o  i o n i z i n g  r a d i a t i o n  a t  low t empera tu re .  

There i s  no app l i ed  f i e l d  wh i l e  i r r a d i a t i o n  i s  i n  p r o g r e s s .  The 

d i s t i n c t i o n  i s  u s u a l l y  made t h a t  TAP c u r r e n t s  a r i s e  from dipf2le  

r e o r i e n t a t i  on whi le  TAC c u r r e n t s  ar. ise from f r c e  charge m o b i l i t y .  

R I T A D  The unpo la r i zed  .sample i s  i - r r ad i  a t e d  w i t h  i o n i z i n g  r a d i a t i o n  

a t  1 ~ w  tempera ture  and w i t h  an e x t e r n a l  f i e l d  appl i -ed.  The sample 

i s  hea ted  and d e p o l a r i z a t i o n  c u r r e n t  i s  3bserved a s  i n  t h e  TAD 

expe r inient . 

- TL The sample i s  cooled and i r r a d i a t e d  w i t h  i o n i z i n g  r a d i a t i o n .  

A s  it i s  hea ted ,  t h e r m a l l y  a c t i v a t e d  l i g h t  emiss ion  i s  m m i t o r e d  

u s i n g  a p h o t o m u l t i p l i e r .  

Repopulated e f f e c t s  RITAD,  TAC, and TL i n  LiF were repopula ted  

u s i n g  u l  t r a v i o l e t  1.; ght . O p t i c a l  r epopu la t ion  of t h e  TAP and TAD 

e f f e c k  could n o t  be observed .  

Each of  t h e  t h r e e  s t u d i e s  l i s t e d  above has  been w r i t t e n  i n  manuscr ip t  

form f o r  submission f o r  p u b l i c a t i o n .  The t h i r d  s tudy,  Observa t ion  o f  a 

RITAD E f f e c t  i n  LiF, has  i n  f a c t  a l r e a d y  been pub l i shed .  The f i r s t  t h r e e  

chapters, consequent ly ,  a r e  e s s e n t i a l l y  t h o s e  manusc r ip t s .  Chapter One 

t r e a t s  m r  s t u d i e s  3n c o r r e l a t e d  TL and TAC e f f e c t s ,  Chapter Two d e s c r i b e s  

i n v e s t i g a t i o n s  on d i v a l e n t  impuri ty-vacancy d i p o l e s ,  and. Chapter  Three 

documents our  di-scovery of t h e  HITAD e f f e c t  and t h e  obse rva t ion  of Liiis 

phenomena i n  L i F .  The e f f e c t  desc r ibed  i n  Chai3te-r Three has  been desi-g- 

na t ed  " e x t e r n a l "  RITAD t o  d i s t i n g u i s h  it from the " i n t e r n a l "  RITAD e f f e c t  

r e c e n t l y  d iscovered  by  Podgclrsak and Moran. The f i n a l  c h a p t e r  i s  an over- 

a l l  summary arid d i s c u s s i m  3f t h e  c n t i r e  s e r i e s  qf expe-ri-ments. 
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An appendix has been provided to furf;her comment on our measurement 

8.31.5 
of' the a t t empt  frequency r ~ f  10 gi-ven in Chapter  11, Table 1. 

~t i s  shown t h o t  i.f one accounts  for t h e  sensi.tj.vi ty of TAP/TAD measure- 

ments t o  dipole r o t a t i o n  t imes r a t h e r  than t o  vacancy jurrip t imes  (t9 

which NbR yuadrupnle re laxa t i . rm,  fcir example, i.s s e n s t t i v e )  t h e  v a l u e  

rneasixred he re  i s  q u i t e  r easonab le .  

CMPTEn I 

AN ANALYTICAL AND EXPERIMEITCAL CHFCE OF A MODEL FOR C O R R a f i T E D  

THhWIOLT~lJNESCENCE AND THEXMALLY STIMULATED COPJDrJCTIVITY 

IIVPTROMJCTIOM 

'fiien an insu la t i .ng  m a t e r i a l  i.s e x p s e d  t o  ioni.zi.ng radiation, t h e r e  

i.s srme probability t h a t  t;he charge carriers (electrons am7 hd.es ) 

l i b e r a t e d  by t h e  r a d i a t i d n  w i l l ,  i n s t e a d  of' returning b m e d i a t e l ; y  tc,J 

t h e i r  g r m n d  state, be c a p t x r e d  a t  trapp-ing si.tes where -biiey a r e  -inmobile . 
If t h e  t e rnpera twe is rnairitained :IC a sufficiently low v a l u e ,  t h e  

carriers will rernain t r apped  indefinitely, a s  t hey  can r e t w n  t o  t h e  

c m d u c t i o n  band only when t h e  l o c a l  energy b a r r i e r .  is overcmie. 

Laen t h e  temperature rjf t h e  sample i.s allcxved to ri.se, t imever,  t h e s e  

t rapged  charge carriers are r e l e a s e d  and may d i f f u s e  some d i s t a n c e  through. 

the m a t e r i a l  before  r e b u r n i n g  t o  their' grciund s t a t e ,  p o s s i b l y  with .the 

e m i s s i n n  of l i g h t  t o  y i e l d  thermolurni.riescence (TL) - 
expe r imen ta l  c o n d i t i m s ,  m e  may also observe a t,r.ansier?t t hemia l ly  

R c t i-< a t e d c on dm c t i v i  t y ( TAC ) . 0th e r i nv e s t 5. g a t  :x- s 

Under t'ne p rcqe r  

1-8 . 
have st:.idied ti2l.s 
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e f f e c t  and have c a l l e d  it t h e r m a l l y  s t i m u l a t e d  c o n d u c t i v i t y  (TSC) .  

Unfo r tuna te ly  t h i s  term, TSC, o f t e n  causes  confus ion  as it has  been used 

by i n v e s t i g a t o r s  of e l e c t r e t  s t a t e  depolar iza t i .on  '-" t o  s i g n i f y  "thermo- 

s t i m u l a t e d  c u r r e n t  . I 1  

a c t i v a t e d  c u r r e n t  gene ra t ed  by an  e x t e r n a l l y  app l i ed  v o l t a g e  source ,  we 

p r e f e r  t h e  t e rm TAC. 

To emphasize t h a t  we are h e r e  c o n s i d e r i n g  a t h e r m a l l y  

We s e e  t h a t  TL and TAC a r e  c l o s e l y  r e l a t e d  phenomena. The r e l a t i o n -  

s h i p s  between c o r r e l a t e d  TL and TAC have been s t u d i e d  expe r imen ta l ly  and 

t h e o r e t i c a l l y  by Bohm and S ~ h a r m a n n l - ~  wh i l e  t h e o r e t i c a l  work has  been 

6 
done by Ke l ly  and Braun l i ch  (19'70), 

Kelly, Laubi tz ,  and Braun l i ch  (1971). Other  s t u d i e s  by Zimmeman 

have focused on s i m i l a r  c o r r e l a t i o n s  between TL and t h e  r e l a t e d  TSEE 

( t h e r m a l l y  s t imulated e x o e l e c t r o n  emiss ion)  e f f e c t .  

Braun l i ch  and K e l l y  (1970),~ and 

8 12  

I n  d e s c r i b i n g  t h e s e  e f f e c t s ,  t h e  system i s  modeled by a s e t  of k i n e b i c  

equst i -ons d e s c r i b i n g  popu la t ion  dynamics of  t r apped  charge c a r r i e r s  and 

r e l e a s e d  mobile  c a r r i e r s .  Ke l ly  e t  a l . ,  (1.971) have cons ide red  one 

s imple model and obtai .ned e x a c t  s o l u t i o n s  by numer ica l  methods.  The i r  

r e s u l t s  show t h a t  t h e  approximation normally used t o  solve t h e  equa t ions  

and ana lyze  experimeri ta l  d a t a  f o r  t r a p p i n g  parameters  can  eas i . ly  become 

h i g h l y  i n v a l i d  and g i v e  v e r y  e r roneous  r e s u l t s .  They conclude t h a t  

i s o l a t e d  measurements 5f t h e r m a l l y  a c t i v a t e d  p rocesses  are v i r t u a l l y  use- 

l e s s  f o r  o b t a i n i n g  t r a p  pa rame te r s .  

8 

T h i s  conc lus ion  Leaves open t h e  q u e s t i o n  o f  whether  t h e  model i t s e l f  

o f f e r s  a r easonab ly  good d e s c r i p t i o n  o f  a c t u a l  TLIT'AC systems.  

cf  experj.men-La1 d a t a  by Bohm and Sc'narrnann, I--' bascd upon approximate 

Ana lys i s  
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s o l u t i o n s  t o  model e q u a t i o n s ,  shows t h a t  s imul taneous  TAC and TL measure- 

ments do n o t  c o r r e l a t e  as p r e d i c t e d .  In view of t h e  work by' Ke l ly  and 

Braunl ich ,  6-8 however, t h i s  may e a s i l y  result frm i.nvali.rji.ty of t h e  

assumptions made i n  o b t a i n i n g  t h e  approximate s o l u t i o n s  

Gur i n t e r e s t  i s  i n  t h e  c o r r e l a t i o n  between TAC and Tp, i n  t h e r m a l l y  

i s o l a t e d  c a r r i e r  r e l e a s e  p e a k s .  We w-ish t o  de te rmine  i f  t h e  normal ly  

used  model ris a t  a l l  s a t i s f a c t o r y ,  q u i t e  a p a r t  from our  a b i l i t y  to g e n e r a t e  

e x a c t  s o l u t i c n s  t o  the model e q u a t i o n s .  We have found t h a t  the model 

e q u a t i o n s  y i e l d  d i r e c t l y  a s imple  a n a l y t i c  e x p r e s s i o n  for t h e  c o r r e l a t i o n  

between TAC and TL c u r v e s .  No approximate s o l u t i o n  i s  n e c e s s a r y .  One can  

t h e r e f o r e  e x p e r i m e n t a l l y  examine t h e  e x t e n t  t o  which t h e  m o d e l  i s  appro- 

p r i a t e  i n  d e s c r t b i n g  t h e  sys t em ' s  behav io r .  

We shall f i r s t  deve lop  t h e  t h e o r y  f o r  TL/TAC correl .a , t ions a p p r o p r i a t e  

t o  t h i s  simple model. A d e s c r i p t i o n  of our exper iments  on twr j  p a i r s  of 

we l l - r e so lved  c o r r e l a t e d  TL/TAC peaks i s  next given,  followed by a d i s -  

c u s s i o n  of' t h e  a p p l i c a t i o n  of mcdel p r e d i c t i o n s  Lo t h e  experiraental  d a t a .  

THEORY 

We shall use t h e  n o t a t i o n  in-hodueed by Kelly,  Laubi tz ,  and 

8 
R r a u n l i c h .  Cons ider ing  a s i n g l e  i s o l a t e d  TI;/TA4C "glow peak, " we d e f i n e  : 

n = d e n s i t y  of mobi.1.e charge c a r r i e r s  
cf 

n = d e n s i t y  of t r apped  charge  c a r r i e r s  a s s o c i a t e d  w i t h  t h e  

p a r t i c u l a r  glow peak o f  . i n t e r e s t  

f = d e n s i t y  of recombina t ion  c e n t e r s  a s s o c i a t e d  w i t h  the gl.ow 

neak ,:,:f i n t e r e s - t  ( f  = n t n )  
C 
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M = d e n s i t y  of  deep t r a p s  associa-Led w i t h  t h e r m a l l y  d isconnec ted  

peaks  o f  h i g h e r  a c t t v a t i o n  e n e r g i e s  

N = n e t  t r a p  d e n s i t y  a s s o c i a t e d  w i t h  peak of i n t e r e s t  

p = t ernpe r a t u r  e - depend en  t r a t  e a s  s ocf i a t  e d w i t 1.1 c a r r i e r re 1. e 8 s e 

from t r a p s  where E i s  t h e  a c t i v a t i o n  energy  and T i s  tempera- 

t u r e  and p i s  tempera ture  i-ndependent ( p  T.: p e -E/kT) 
0 0 

(3 = t empera ture  and t ime independent  c a p t u r e  c o e f f i c i e n t  of  an 

errpty t r a p  f o r  a f r e e  charge c a r r i e r  

y = t empera ture  and t i m e  independent  c a p t u r e  c o e f f i c i e n t  o f  a 

recombinat ion c e n t e r  f o r  a f r e e  char25 c a r r i e r  

IJ. = charge  c a r r i e r  m o b i l i t y  

Tl = o p t i c a l  e f f i c i e n c y  f a c t o r  whi.ch r e l a t e s  l iminescence  ou tpu t  

t o  recornbination r a t e .  

By " the rma l ly  d isconnec ted"  w e  r e f e r  -to a l l  h ighe r  tempera ture  peaks 

whose de t r app ing  r a t e  i s  n e g l i g i b l y  small a t  t h e  tempera ture  a t t a i n e d  

du r ing  t h e  r eadou t  of the i s o l a t e d  peak under  c o n s i d e r a t i o n .  I n  our  

modei t h e  decay of t r a p p e d  c a r r i e r s  i s  governed by t h e  equa t ion  

a n =  - p n + p n  ( N -  n )  
t c 

whi-le t h e  d e n s i t y  o f  recombinat ion c e n t e r s  dimi.ni.shes accord ing  t o  

a , (n  - I  n ) = a f = - yn (n + n t M) c t C c 
(2a) 



The n e x t  model ass impt ion  i s  t h a t  t h e  migni tudes  o f  TAC and TI, a s  

f u n c t i o n s  of t ime and of t empera tu re  may be  expressed  by 

0 = TAC = pen ( 3 )  C 

where p i s  t h e  c a r r i e r  mob i l i . t y  and 7 i s  t h e  p r 3 b a b i l i t y  t h a t  the decay of 

a f r e e  charge  c a r r i e r  r e s u l t s  i n  t h e  emission of  a photon .  

Equat ions  (1) and (2) have been so lved  r imeri .cal ly  for s p e c i a l  c a s e s  

8 by Kelly, Laub i t z ,  and BraunlLch . T1iei.r c a l u u l a t i m s  d e r u m s t r a t e  that,: 

The l o c a t i o n  of TL and TAC peaks i s  a f i n c t i . o n  or^ p E, M, N, 

and f. 

The shape of TL and TAC peaks  i.s determined chi.ei"lgr by P l y ,  M, 

and N .  

( a )  0, 

(b) 

( e )  The TL magnitude depends '3n N, f ,  M (weakly) , and. 7 ) .  

( d )  The TAC magnitude i s  3 €ixictLc:m of 7,  M, N, f, and p . 
M and N a r e  not independent .  They conclude t h a t  t h e  only q u a n t i t y  one 

may i.n general Lope t o  d e t e m i n e  u n i q u e l y  us ing  only TTJ//TAC d a t a  i s  t i le  

a c t i n i t i o n  energy  E.  

We a r e  i n t e r e s t e d  h e r e  i n  de t e rmin ing  what conc1usi.ons may be drawn 

f r o m  q u a n t i t a t i v e  TL/TAC c c r r e l a t i o n s  where both effects a r e  s i rnul ta-  



neously moni tored .  I n  OUT approach t o  t h e  above model we need use only 

E q s .  (2)1 ( 3 ) ,  and (14). Combining t h e s e  equa t inns  l e a d s  d i r e c t l y  t o  t h e  

re  1 a t  i 011 

I n  tSle sirnplp model.. t h e  q u a n t i t i e s  e, CI., ll, and y a r c  temperazure inde-  

pendent ,  thus,  i f  we t a k e  t h e  tempera ture  d e r i v a t i v e  of E q .  ( 5 )  and 

e v a l u a t e  a t  t h e  TAC peak, T ( T A C ) ,  where a 0 = 0, we have 
rn ax t 

Using t h e  f a c t s  t h a t  a f < 0 always and ( M  + f )  > 0, one s e e s  from E q .  t 

(6)  t h a t  

at'p < 0 ; ( T  5: T ( T A C ) ) .  max (7) 

This  expres s ion  i n d i c a t e s  t h a t  t h e  TL i s  dec reas ing  a t  t h e  TAC peak;  

i . e . ,  t k a t  Lie TAC peak i s  a t  a h i g h e r  temperature t h a n  t h e  TL peak.  

Substituting E q .  (2) i n t o  E q .  (6), we have the  r e l a t i o n  

Tlhese same conc lus ions  may be reached by e v a l u a t i n g  equati.on ( 5 )  zt tile 

TL peak t empera tu re .  

We need no t  assume above t h a t  t h e  quan t i t i - e s  y and /L a r e  i n d i v i d u a l l y  

tempera ture  independent ;  indeed, i t  i s  s i i f f i c i e n t  f o r  our purposes  i n  
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t l c r iv ing  Egs. (6) - (8)  t h a t  t h e  r a t i o  p / y  i s  no t  a €unct ion  of t e m p e r a t u r e .  

T'nis is c e r t a i n l y  t r u e  i f  we assume a s i n g l e  charged p a r t i c l e  recclmbinatisxi 

p i c t u r e .  We compute t h e  t ime  r a t ?  of  dec rease  of f, t h e  r e c m b i n a t i r m  

c e n t e r  d e n s i t y  fo r  t h e  i s o l a t e d  peak dut> t o  t h e  c u r r e n t  of f r e e  c a r r i e r s ,  

n which d i f f u s e  to w i t h i n  a d i s t a n c e  R from t h r  recornbination c e n t e r .  

Des igna t ing  E(R) t h e  e l e c t r i c  f i e l d  a t  t h e  e f f e c t i v e  recombina t ion  r a d i u s  

R,  and t s k i n g  ( M  t f )  a s  t h e  d e n s i t y  o f  rccornbination c e n t e r s ,  we have 

C'  

Th i s  i s  p h y s i c a l l y  j u s t  t h e  "recombinati.on c u r r e n t  which, f r G m  Eq.  (2), 

i s  e q u a l  t o  ( -  yn,(f  3 M)) . Consequently, 

and by s u b s t t t u t i n g  E = 4 

charge,  we f i n d  

where q i s  t h e  e f f e c t i v e  recombina t ion  c e n t e r  R2' 

Thus t h i  r a t i o  (y/p) depends only upon t h e  recornbination c e n t e r  

e i ' f e c t i v e  charge,  q, which must be t empera tu re  int-iependen?; Tor E q .  (8) 

t o  be  v a l i d .  

We can e x t r a c t  s t i l l  more i i s e f u l  r e s u l t s  from t n e s e  equat i r jns .  

I n t e g r a t i n g  Eq. (4) over  t ime from an  i n i t i u l  t ime 0, t o  a measurement 

t i m  t, we have 
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t t 

where f i s  t h e  va lue  o f  f p r i o r  t o  i n i t i a t i n g  r eadou t .  Solv ing  E q .  

( 5 )  for f and s u b s t i t u t i n g  t h e  r e s u l t  i n t o  e q u a t i o n  (12)  g' Lves us 

0 

t 

where Mo = M + fo ;  t h i s  i s  t h e  i n i t i  a 1  n e t  c o n c e n t r a t i o n  of recombina t ion  

c e n t e r s .  

and t ime independent ,  which a l l o w s  11s t o  f a c t o r  it from the  i n t e g r a l .  

I n  c o n t r a s t  t o  the expres s ions  i n  E q s .  (6)-(8), however, we may allow 

( e p / y )  t o  be teri iperature dependent .  

e f f e c t i v e  charge expression i n  E q .  (11), we f i n d  

We now accep t  t h e  u s u a l  model assumption t h a t  'll i s  tempera ture  

Using the  recombinat ion c e n t e r  

( 1 J L  ) 

Equat ion (14 )  g i v e s  t h e  f i n a l  form of  t h e  c o r r e l a t i o n  expres s ion  

r e l a t i n g  t h e  i n t e s r a t e d  TL a t  any t ime t o  t h e  r a t i o  of 15 and 'TAC s i g n a l s  

a t  tnai t ime .  We have made n o  approximations o t h e r  t h a n  t h o s e  embodied 

i n  the detrapping-diffision-recombination model. Equat ion (14)  a l lows  

us t o  r e l a t e  expz r lmen ta l  data t o  the p a r m e t e r s  I ~ M  

s c e  t h a t  it i s  indppendent  of de t rappj f lg  r a t e  W(T), c o n c e n t r a t i g n  of' 

f i l l e d  t r a p s  (n) an.? u n f i l l e d  t r a p s  (No), and Y-etrapping c r o s s  s e c t i o n  

a n 3  (knq /e ) .  We 
3 

( P )  * 
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Another useful  r e l a t i r m ,  vhj ch a l lows  us t o  e v a l u a t e  t h e  e f f -ec t ive  

recombina t ion  c e n t e r  c h w g e ,  Is ob ta ined  by comJ?injng E q s .  (2b), (8), 

and (11.): 

These p r e l i m i n a r y  exper iments  were des igned  t o  t es t  t h e  v a l i d i t y  of 

E q .  (14) as 3 check of  t h e  useYulness of the s implp model. we have d e s c r i b e d .  

Our a p p a r a t a s  i s  s i m i l a r  t o  t h a t  used by Podgorsak e t  a l . , l 3  w i t h  thy 

add i t i -on  of sample ccmtac t  e l e c t r o d e s  t r i  permi t  measurement c~f TAC. A 

m3re d e t a i l e d  d e s c r i p t i o n  i s  provided  e l sewhere  We irsed a s i n g l e  

c r y s t a l  smplt-. o f  commercial l i t h iu rn  f l u o r i d e  d o s i m e t r i c  m a t e r i a l ,  TLD- 

100, purchased f m m  t h e  Ilarslnav Chemical Company. Tine doniinant dopsn t s  

i n  t h ?  s m a t e r i a l  a r e  d iva l e r i t  i ons ,  p a r t i c u l a r l y  magnesium and a l k a l i n e  

e a r t h s ,  t o g e t h e r  w i t h  some alurninlm and t i t a n i u m  a c t i v a t o r s  . 
The LLF system was chosen f o r  t h e s e  studies due t o  i t s  Izaving been 

well s t u d i e d ;  Bofm and Scharmann (19;/1) were able t o  d r r i v e  a t h e v - e t i c a l  

€ i t  to TIJ/TAC cliapes f3r a p a i r  o f  c o r r e l a t e d  peaks observed :It l k  I( 0 

based  upon apprr-ixima te phenomenc~l,,gical s o l u t  ions . 
2 

T’le sample was a chi.1) roughly one cm i n  a r e a  and .l-crn th i . ek .  

0 Immediately p r i o r  t 2  i r r a d i a t i c n ,  t h e  sample W E ~ S  hea ted  t o  700 E( and 

c o d e d  r a p i d l y  t o  approximate ly  89 K. 

w i t h  2-mm A1 f i l t e r e d  X-rays from a molybdenixn t a r g e t  X-ray tube ope ra t ed  

0 
The sample was then  i r r a d i a t e d  



a t  75 kv and 50 mA. T y p i c a l  i r r a d i a t i o n  l e v e l s  j.n t h e s e  experi.ments 

were i n  t h e  range of lo3 r a d s .  A v o l t a g e  source  and a Kei. thley 610c 

e l e c t r o m e t e r  were connected i n  s e r i e s  t o  t h e  sample e l e c t r o d e s .  We 

could a t t a i n  no re  than adequate  s i g n d  t o  1mi.se r a t i o s  w i t h  30 v o l t s  

app l i ed  t o  t h e  sample and w i t h  t h e  system hea ted  a t  a roughly  c o n s t a n t  

r a t e  o f  approximately .5 K/sec. 

a .i;hermocouple hard  s o l d e r e d  t o  the  copper sample block. This  sample 

block served  as a mountj-ng p g i n t  for t h e  sample, thermocouple,  and 

h e a t e r ,  and was a l s o  t h e  common e l e c t r o d e  for TAC experimen-ts.  Sample 

c u r r e n t  and l i g h t  ou tpu t ,  which was monitored by a p h o t o m u l t i p l i e r ,  were 

p l o t t e d  s imul t aneous ly  a s  f u n c t i o n s  o f  tempera ture  u s i n g  two X-Y p l o t t e r s .  

Synchronous t iming  marks were recorded  along w i t h  t h e  d a t a  on each  

r e c o r d e r  t o  a l low a c c u r a t e  superpos i t i .on  of TT, and TAC d a t a .  

The sample tempera ture  was monitored by 

Among t h e  recorded  d a t a  were two s e t s  of q u i t e  w e l l  r e s o l v e d  corrc- 

o 
l a k e d  TL/TAC peaks .  

i s  shown i n  F i g .  1. Using t h e  r e l a t i o n  

The  f i r s t ,  with a peak tempera ture  a.round 160 K, 

14 

one may show t h a t  t h i s  peak i s  t h e  same a s  t l i a t  seefl by Rohm and Scharmann 

(1971) a t  140°K at a h e a t i n g  r a t e  of .05'K sec"' and by Podgorsak e t  a l . ,  

(1C)Tl )  a t  150'K. 

t o  zbout l e s 3 K .  

0 
The 'TL/TL4C s i -gnals  were w e l l  above n 3 i s e  fron 135 K 

The second TT,/TAC s e t  s t u d i e d  i s  shmn i n  Fig. 2; t h i s  
- 

s e t  'nss 9 peaking tempera ture  a t  about  2'(OJK. We d i s c u s s  f i y s t  t n e  
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behav io r  of t h e  1 6 0 ~ ~  peaks. We n o t e  t h a t  t h e  t empera tu re  s h i E t  of TAC 

ts h i g h e r  tempera ture  than  TL, as p r e d i c t e d  i n  equa t ion  (7), is very 

prmounced  in Fig. 1. From our  measurer1 va lues  a t  t h e  TAC peak ,  

CJ = 2.3 x 10 see ( c g s  u n i t s )  and (ap/cp) = -2 .9 x 10 see , we 

use E q .  (15) t o  c a l c u l a t e  the r a t i o  i;lf r e c o m b i n a t i m  c e n t e r  e f f e c t i v e  

charg;. t o  e l e c t r o n i c  c h a r g e .  

-4 -1 -2 -1 

This  y i e l d s  t h e  va lue  (q /e)  u 10. 

T(j s t u d y  t h e  f u l l  c o r r e l a t i o n  expressim ~7f Eq.  (14), t h e  d a t a  s e t s  

were d i g i t i z e d  manual ly  a s  presented.  i n  F igs .  1 and 2 .  A l e w t  squa res  

f i t  C I ~  eacki d a t a  s e t  to ~ q .  (14) was made u s i n g  a PDP-IO ccmpixter and a 

TiM0 was i6,17 
modif ied !louseholder l i . nea r  l e a s t  squa res  procediwe. 

assumed c o n s t a n t  whereas t h e  f‘actor. e/4nq was €it t o  a g e n e r a l  t h i r d -  

o r d e r  tempera ture  f innc t im  a -t bT + cT‘ t dT 3 whf>re T r e p r e s r n t s  f,erflp?ra- 

t i i r e  arid the  otiher v a r i a b l e s  were de t e rmined .  From t h i s  procedure we 

ob ta ined  a va lue  ijf qM = ( . B y  i- 1.0) x LO”3 c i t ~ - ~  f o r  t h e  l o 0  K f e a t u r e .  

This  va lue  was t h e n  s i i b s t i t u t e d  back i h t g  E q .  (14) snd the  rFiti-Ci 2/4nq was 

computed and p l o t t e d  a long  w i t 5  t b e  TL signal i.n F i g .  3 .  An a l t e r n a t e  

s p e c i f i - c a t i o n  of TJM i s  ob ta ined  from t h e  t ime i n t e r v a l  of‘ TL; by t h i s  

p rocess  a va.lue of ViYI /cp  

/ o  
0 

( 3  

= 300 k 60 sec  is o b t a i n e d .  
(1 max 

The charge r a t i o ,  (e /knq) ,  n o t  o n l y  shows a l a r g e  t e m p e r a t w e  

v a r i a t i o n ,  bi;.t even changes algebraic s i g n .  This  be’naviTr i.s rough ly  

i n d i c a t e d  by t h e  solid line i n  Fig. 3 f o r  the 160 K TAC/TL peaks .  

Obviously,  t h e s e  expe r imen ta l  r e s iu l t s  g r m s l y  d i s a g r e e  w-ith t h e  assump- 

o 

t i o n s  of t h e  s imple  t r apped  cha rge - f r ee  charge r e c m b i n a t i o n  model 

which l e d  tc) t h e  c o r r e l a t i o n  expres s ion  of E q .  (lj+). I n  p a v t i c i l l a r ,  
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n e g a t i v e  v a l u e s  o f  (q/e) are u n p ~ i y s i c a l .  

from 135'K t o  L55"K, (e/knq) i s  r easonab ly  c o n s t a n t  a t  about  (3 .3 & 

0.5) x or (q/e) - 4. This  value,  c o n s i d e r i n g  the observed 

behavior ,  i s  in r easonab le  agreement w i - t h  the v a l u e  (q/e)  .- 10 obta-ined 

p r e v i o u s l y  from Eq. (15)- 

In tlie initial r i s e  regi.on, 

The observed v a r i a t i o n  i n  and t h e  n e g a t i v e  going  behav io r  ~f t h i s  

r a t i o  a r e  e x p e r i m e n t a l l y  r e a l .  The s i g n a l  t o  n o i s e  i s  s u f f i c L e n t l y  high 

t o  insure  good s t a t i s t i c s ,  we have made no assilrnptions s u c k  as a s ing le  

t r a p  "glow peak,' '  and we have v e r i f i e d  t h a t  t h e  observed e f fec ts  could  

n o t  be cue to depar t ,u res  from o u r  assimed h e a t i n g  r a t e .  The tempera ture  

dependence o f  q/e i s  q u a l i t a t i v e l y  t11e same whether  we perform 0I.m ].east 

squa res  f i . t  u s i n g  a c o n s t a n t  "average" hent, ing r a t e  o r  a ra te  t h a t  i s  a 

modera te ly  s t r o n g  f u n c t i o n  o f  tempera ture  . 
O.'.ir second p a i r  of c o r r e l a t e d  peaks,  shown i n  F ig -  2, was above t h e  

0 
n o i s e  l e v e l  f r G m  225 K th rough arowid 300°K. 

i d e n t i c a l  t o  t h a t  descr ibed  for t h e  160'~ peaks, t h e  v a l u e  QY0= 

(.y-b f 2.4) x l(i'3cm-3 w a s  fourid.  

2 .b i .5 and i s  p l o t t e d  t o  show i t s  v a r i a t i o n s  along w i t h  TL i n  F ig .  i t .  

T h i s  TIJ/TAC behav io r  e x h i b i t s  an even g r e a t e r  d e p a r t u r e  from a n t i c i p a t e d  

behav io r  t han  does t h e  160°K peak .  

TL and TAC maxima lie a t  a p p a r e n t l y  t h e  same t empera tu re .  The f u n c t i o n  

r e p r e s e n t i n g  e/4nq ob ta ined  for this d a t a  s e t  had an  even l a r g e r  n e g a t i v e  

(nonphys ica l )  r e g i m  than t h a t  Tor t h e  160'K peak. 

exhib i f ;  behav io r  r a t h e r  similar t o  t h a t  of tlie 160 K data se t  i_n having 

When a n a l y z e d  in a manner 

The f a c t o r  e/4nq has  an i r l i t i a l  valiie 

Equat ion (8) j.s riot vertfied. ~ 1 1 ~  

It does, however, 

0 
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The S o l i d  L ine  Shows t h e  (e/bnq) R a t i o  for t h e  270°K Peak .  

The 



an i n i t i a l  "positive" p o r t i o n  f o l l ~ w e d  by a nei:ative gcing peak .  

l e a d i n g  edge es t imat icm '31' TM, in t h i s  case y i e l d s  a va lue  T(M /(p 

(1. 0.6)  10 s e c .  

O i i r  

= 
o max 

3 

A s L r i k i n g  f e a t u r e  C J ~  t h e  relative magnitlides of t i- lc, TL and TAC 

e f fcc t s  a t  160°K and 270 ii i s  that whereas the 270°K TI, f ' e a tu r s  w a s  down 

f r c m  tkie 160% f ea t l i r e  by more t h a n  an x d e r  I J f  magnituilr (:in e ~ ~ e c t  a l s o  

observed by Podgorsak e t  a l l 3 )  the 270°K TAC s i g n a l  T%TaS lip b y  two orljers 

of magnitude frcm i t s  160 K c o u n t e r p a r t .  

o 

0 

DIS CUSSIOW 

For n e i t h e r  of the two L i F  (TLD- l00)  TL/TAC s t r u c t u r e s  nnaryzed i n  

t h e s e  exper iments  'can we o b t a i n  co r re l a t i . i r i  behavior  b d x e e n  TL and TAC 

t'i;at has reasonable agreement w i t h  t h e  expression i.n E q .  (14) f o r  t h e  

simcie model. Consequently,  f u r t h e r  d t s c m s i o n  of t h e  d e - t a t l e d  nimerical .  

v a l u e s  d e r i v e d  wo~.ild be o f  little value .  

We n o t e  tha t ,  our TL/TAC c o r r e l a t i o n  expres s ion ,  Eq.  (141, rests only 

on E q .  (Pb), which r e l a t e s  the time r a t e  of c?:atige of t h e  p r o b a b i - l i t y  

t h a t  a g iven  recombina t ion  si.te remsins a c t i v e  t o  t h e  average free c a r r i e r  

concen t r a t ion ,  and Eq- ( k ) ,  which r e l a t e s  t h e  TL tcs t h e  o p t i c a , l  recornbj-na- 

t i o n  e f f j c i e n c y  and the  d e n s i t y  o f  r e c m b i n a t i o n  cen-hers assmia-Led with 

the peak o f  i n t e r e s t -  I n  order t o  r e c m c i l e  t h e  simpLC- model t o  our 

results, one might assume that ,  t h e  opt-ical efficiency, 7 ,  j.s some compli- 

c a t e d  s h a r p l y  breaking f u n c t i o n  of' temperature. By such an assumption, 

m e  could always f o r c e  -tAe d a t a  t c )  i5t E q .  (l'+). On physica, l  grounds,  



hDwever, such  a procedure  i s  d i f f i c u l t  t o  j u s t i f y .  We b e l i e v e  a cons id-  

e r a t i o n  of  t h e  g u a l i . t a t i v e  results gi.ves an improved i n s i g h t  in - to  t h e  

sys t em ' s  b e h a v i o r .  

F i r s t  of a l l ,  t h e  e f f e c t i v e  charge of a recombinat ion c e n t e r ,  q, i n  

an  i i i s u l a t i n g  l a t t i c e  would be  expected t o  be an  e l e c t r o n i c  charge  d iv ided  

by t h e  m a t e r i a l ' s  d i e l e c t r i c  c o n s t a n t .  For LiF, E ::: 9.0; we t h e r e f o r e  

expec t  ( q / e )  - 0.1. Th i s  i s ,  f o r  example, a f a c t o r  of 30 t o  99 s m a l l e r  

t han  t h e  values de r ived  e i t h e r  from t h e  l e a d i n g  s l o p e  TLfTAC c o r r e l a t i o n  

f i t  t o  E q .  (14)  o r  from E q .  (1.5) f o r  t h e  160'~ TL/TAC r e s u l t s .  

sugges t s  t o  us t h a t  t h e  l o c a l  c o n c e n t r a t i o n  of car r ie rs  n e a r  op t ; -ca l ly  

This  

a c t i v e  recombinat ion (TL) c e n t e r s  may be much h ighe r  t h a n  t h e  average 

b u l k  c a r r i e r  concen t r a t ion ,  which i s  measured i n  t h e  TAC experiment .  We 

s p e c u l a t e ,  t h e r e f o r e ,  t h a t ,  a t  l e a s t  i n  t h i s  h i g h l y  doped TL m a t e r i a l ,  

t rapped  c a r r i e r s  and a s s o c i a t e d  T; recombinat ion c e n t e r s  a r e  s p a t i a l l y  

cc l r re la ted  t o  a s u b s t a n t i a l  deg ree .  

We a l s o  observed t h a t  t ho  r a t i o  o f  TL t o  TAC throughout  t h e  270'K 

0 
f e a t u r e  i s  l e s s  t h a n  t h a t  r a t i o  f o r  t h e  160 K feature;  t h a t  is ,  a g iven  

charge c a r r i e r  c o n t r i b u t e s  r e l a t i v e l y  more t o  TI, t han  TAC f o r  t h e  160'~ 

peak b u t  more t o  t h e  TAC t h a n  t o  t h e  TL f o r  t h e  2'70°K peak .  We might 

expec t  t h i s  behavior  from a system of s p a t i a l l y  c o r r e l a t e d  t r apped  c a r r i e r s  

and recombinat ion c e n t e r s  i n  which t h o s e  c a r r i e r s  t r apped  c l o s e s t  t o  t h e  

recombinat ion e e n t e r s  have a l o x e r  a c t i v a t i o n  energy and a r e  there i 'o re  

observed a t  a lower t empera tu re  than  t h o s e  c a r r i e r s  t r apped  fur-LI1t.r from 

recombinat ion c e n t e r s .  



I n  t h e  s imple  model e a r l t e r  desc r ibed ,  t h e  TAC on -the h i g h  tempcra- 

t u r e  side should  f a l l  r e l a t i v e l y  more s lowly  .than t h e  TL. The r eason  i s  

Lhat a s  recombina t ion  d e p l e t e s  t h e  TL recombina t ion  c e n t e r s ,  t h e  detrappec? 

c a r r i e r s  remain f ree  a r e l a t i v e l y  l o n g e r  t ime .  Therefore ,  with r e s p e c t  t o  

the 7% ou tpu t ,  t h e y  c o n t r i b u t e  r e l a t i v e l y  more t o  the TAC on t h e  high 

t empera tu re  than on t h e  1 ! ~ n s  t empera ture  s i d e  o f  t h e  peaks .  Ekperimental ly ,  

we f i n d  t h i s  behav io r  v i .o la ted ;  t h e  high t empera ture  TL does n o t  dec rease  

more r a p i d l y  t h a n  t h e  TAC.  A s  a resu l t ,  we d e r i v e  from E q .  (14) appa ren t  

n e g a t i v e  v a l u e s  for (q / e )  on t h e  high t empera ture  si.de o f  t h e  measured 

p e a k s .  On the o t h e r  hand, i f ‘  the  TL-ac t ive  recombina t ion  c e n t e r s  a r e  

s p a t i a l l y  c o r r e l a t e d  with t rapped  c a r r i e r s ,  t h e n  t h e  Mgh tempera ture  T1; 

need n o t  dec rease  m x e  rapidly t han  the TAC %ails- Such behavior  is  c ( J ~ -  

p a t i b l e  wi th  the expe r imen ta l  resu l t s .  

Our expe r imen ta l  resul ts  on c o r r e l a t e d  TL/TAC peaks i n  L i F  a r e  i n  

s t r i l i - ing d isagreement  w i t h  a TL/TAC c o r r e l a t i o n  expressi-on which can  be 

der ived e x a c t l y  from t h e  s imple  t r apped  c a r r i e r - f r e e  c a r r i e r - r e c o m b i n a t i o n  

model.  We ccnclude  t h a t  t1ii.s model, rifiic’n i s  t h e  one norm-ally u s e d  t o  

d e s c r i b e  TL and TAC measurements, does n o t  p rov ide  an adequate  desc r ip t i . on  

of t h e  system’ s behaviar .  These expe r imen ta l  resu l t s  complement t h e  eon- 

cliisicjns of  Kel ly ,  Laub i t z ,  and Brnunlich t h a t  t h e  approximations o f t e n  

used  i n  ana lyz ing  correla-Led t h e r m a l l y  ac t i . va t ed  data a r e  t h e o r e t i c a l l y  

unwarranted .  

8 



From t h e  observed TL/TAC r e s u l t s ,  i n  c o n t r a s t  w i th  t h e  p r e d i c t e d  TL 

TAC c o n e l a t i - o n  expres s ion ,  we f e e l  t h a t  t h e  r e a l  system has  s u b s t a n t i a l  

s p a t i a l  c o r r e l a t i o n  between t r apped  c a r r i z r s  and TL-active recomnbinatiqn 

c e n t e r s .  This  could  e a s i l y  account  for the d i s c r e p a n c i e s  we observe 

behween experiment  and tiic t h e o r e t i c a l  expres s ions  which a r e  based upon 

the assumption of a c t i v e  recombinat ion c e n t e r s  d i s t r i b u t e d  randomly w i t h  

r e s p e c t  t o  t r apped  c h a r g e s .  
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INTRODTJCTION 

Li t’niwn f l u o r i d e  i s  a well-known the rmchminescen t  ( T L )  m a t e r i a l ,  

and has  been s t u d i e d  u s i n g  t h i s  e f f ec t  by many i n v e s t i g a t o r s ,  both i n  

t h i s  coun t ry  and abroad .  More r e c e n t l y ,  t h e r m a l l y  s c t i v a t e d  c o n d u c t i v i t y  

( T R C ) ,  also known a s  t h e r m a l l y  s t i m u l a t e d  c m d u c t i v i t y  (TSC), has  been 

d e t e c t e d  i n  khe same m a t e r i a l  and a t t empt s  have been made - t<~  c c r r e l a t e  

t h e  TJ, and TAC e f f ec t s .  ”” 7’8 3ne performs a TAG experiment  by exposing 

a rna tp r i a l  t o  i o n i z i n g  r a d i a t i o n  and h e a t i n g  it i n  t h e  presence  o f  n con- 

s t a n t  e l e c t r i c  f i e l d .  

i n  t in@ m s t e r i a l  i s  d e t e c t e d  a s  a t r a n s i e n t  c u r r e n t  i n  t h e  e x t e r n a l  c i r -  

c u i t r y  which p r o v i d e s  t h e  e l e c t r i c  f i e l d .  

The movement o f  charge  c a r r i e r s  r e l e a s e d  f rom t r a p s  

It h a s  also been shown t h a t  disped l i t n i u m  f l u o r i d e  e x h i b i t s  t h e r m a l l y  

a c t i v a t e d  d e p d a r i z a t i o n  (TAD) . la-‘’ This e f f e c t  can b- studied by t h e  

o b s e r v a t i o n  of i o n i c  tne rma l  c u r r e n t s  ( I T C )  whicn resu l t  from the recjri- 

en t - i t i on  ?f impuri ty-vacancy d i p o l e s .  I n  a TAD e q e r i m e n t ,  the snmole i s  

p laced  i n  a l a r g e  c o n s t a n t  e l e c t r i c  f i e l d  and coo led .  TJpon r each ing  sme 

lmv  tempera ture ,  t k e  e l e c t r i c  f i e l d  i s  removed. After a s h o r t  wait  f o r  

t h e  e l e c t r o n 5  c polar izat icdn and p c s s i b l y  the  c a b l e  p o l a r i z a t i o n  t~: r e l a x ,  

t h e  s m p l ?  i s  shunted by a s e n s i t i v e  dc e l e c t r o m q t e r  arid h a t e d .  The TAD 

x r r e n t s  $nbserved h e r e  a r e  s i m i l a r  i n  shape t o  t h x e  observed i n  TAG, 
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s i n c e  bo th  p r o c e s s e s  a r e  t h e r m a l l y  a c t i v a t e d .  Dependj-ng on t h e  doping 

l e v e l  of  t h e  sample used, however, t h e  TAD c u r r e n t s  observed may be 

s e v e r a l  o r d e r s  of magnitude h ighe r  t h a n  those  observed i n  a TAC exper iment .  

An experj.ment obv ious ly  c l o s e l y  rela-bed t o  t h a t  of TAD i s  t h e  moni tor -  

i n g  3f t h e  al ignment  o f  impuri ty-vacancy d i p o l e s  i n  an e x t e r n a l  a p p l i e d  

f i e l d  a s  a sample i s  h e a t e d .  We c a l l  such  an experiment  t h e r m a l l y  act j . -  

va t ed  p D l a r i z a t i o n  (TAP). 

Upon r each ing  some low t empera ture ,  a l a r g e  dc v o l t a g e  i s  app l i ed  i n  

s e r i e s  w i t h  a s e n s i t i v e  e l e c t r o m e t e r ,  and -the sample i s  hea ted .  A s  t h e  

p o l a r i z a t i o n  b u i l d s  up, a t r a n s i e n t  c u r r e n t  i s  observed .  This  c u r r e n t  

d i f f e r s  from t h a t  seen  i n  t h e  TAD experiment  o n l y  because,  f o r  TAP, t h e  

tempera ture  dependent p o l a r i - z a b i l i t y  causes  a s m a l l  backgr mnd r e v e r s e  

c u r r e n t  due t o  t h e  s u s c e p t i b i l i t y  decrease  a s  t h e  sample tempera ture  i n -  

c r e a s e s .  We s e e  t h a t  t h e  c o n d i t i o n s  f o r  obse rva t ion  of TAC i n c l u d e  those  

n-cessary  f o r  t h e  obse rva t ion  of TAP, and t h a t  TAP e f f e c t s  might  be 

expec ted  t o  l e a d  t o  t h e  m i s i n t e r p r e t a t i o n  o r  masking o f  TAC d a t a .  The 

TAP experiment  i s  u s e f u l  i n  i t s e l f  s i n c e  it can r e v e a l  any anomalies i.n 

t h e  tempera ture  dependence of t h e  d i p o l a r  s u s c e p t i b i l i t y .  

I n  a TAP experiment ,  t h e  sample i s  coo led .  

The  d i v a l e n t  impuri ty-vacancy d i p o l e s  form a weak e l e c t r e t  s t a t e  i n  

the h 2 s t  m a t e r i a l .  E l e c t r e t  p o l a r i z a t i o n  i n  some m a t e r i a l s  i s  known t o  

be r e spons ive  t o  i o n i z i n g  r a d i a t i o n  through what i s  c a l l e d  the r a d i o -  

e l e c t r e t  e f f e c t .  *'-*' 
observed a s  r ad ia t ion - induced  t h e r m a l l y  a c t i v a t e d  d e p o l a r i z e t i o n  ( R I T A D )  

s i -gna l s .  I n  RITAI) s t u d i e s ,  t h e  e l e c t r i c  f i e l d  i s  app l i ed  a t  l o w  ternpera- 

t u r e s  on ly  du r ing  i r r a d i a t i o n .  The r e s u l t s  of our s t u d i e s  of t he  L i F  

Such e f f e c t s  do e x i s t  i n  our samples and a r e  
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34 
R I T A D  e f f e c t s  have been pub l i shed  e l sewhere .  We w i l l  d e s c r i b e  aga in  

i n  t h i s  paper  on ly  t h o s e  p a r t s  which a r e  r e l e v a n t  t o  t h e  impurity-vacancy 

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

We hPve c a r r i e d  out  TAD/TAP and RITAD s t u d i e s  on pu re  and doped L i F  

samples i n  order t o  g a i n  in fo rma t ion  about t h e  f o l l o v i n g  a s p e c t s  of t h e  

impur i ty-vacancy  d i p o l e  s t a t e s :  

(1) I!M3 r e l a x a t i o n  s t u d i e s  were performed a t  t h i s  l a b o r a t o r y  by  

Wagnerp5 on t h e s e  sane L i F  Samples. 

r e o r i e n t a t i o n  a c t i v a t i o n  energy  of 0.45 i .03 eV for t h e  13Q-ppm Mg-doped 

sample i n  t h e  t empera tu re  range f r r j m  290 K t o  about 400'K. This  d i s a g r e e s  

w i t h  a va lue  ~f 0.a eV ob ta ined  from t h e  TAD exper iments  of  L a j  and 

Berge i n  a lower t empera tu re  range  f o r  much m m e  h e a v i l y  doped samples, 

and d i s a g r e e s  w i t h  t h e  v a l u e  of 0.75 e V  determined by Grant from 

d i e l e c t r i c  loss expe r imen t s .  

whether t h e  d i s c r e p s n c y  i s  due t o  d i f f e r e n t  t empera tu re  ranges,  d i f f e r e n t  

measurement t echn iques ,  c r  d i f f e r e n t  sample p r o p e r t i e s -  

These exper iments  gave a d i p o l e  

0 

20 
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O w  TAD/TAP s t u d i e s  can h o p e f d l l y  r e v e a l  

(?) The NMR r e l a x a t i o n  experiments2? gave d a t a  v e r i Q i n g  t h e  s p e c t r o -  

s c o p i c  a n a l y s i s  of d i p o l a r  impur i ty  c o n t e n t .  

ments o f  t h e  t o t a l  p 3 l a r i z a t i o n  s u r f a c e  charge,  which g i v e  t h e  samples 

s u s c e p t i b i l i t y ,  can be used t o  de te rmine  t h e  e f f e c t i v e  d i p o l e  l e n g t h .  

T'nis r e v e a l s  something of  t h e  s t r u c t u r e  of t h e  i-mpurity-vacancy complexes. 

Thus our TAD/TAP measure- 

( 3 )  We have found t h a t  t h e  shape of t h e  TAD a r r e n t  vs. t empera tu re  

undergoes changes depending upon t h e  s a n p l e ' s  t he rma l  h i - s tory .  C e r t a i n  

shape changes c m l d  conce ivab ly  be a t t r i b d t e d  t 9  dipolar aggrega t ion  which 

produces a n  anonialously l a r g e  t empera tu re  dependence of t h e  s u s c e p t i b i l i t y .  



Since  t h e  TAD and TAP s i g n a l s  d i f f e r  from one ano the r  by  'che t empera tu re  

d e r i v a t i v e  of t h e  sample s u s c e p t i b i l . i t y ,  t h e i r  comparison can r e v e a l  

whether t h e  e f f e c t  desc r ibed  above a c t u a l l y  e x i - s t s .  

(4) I n  t h e  fol lowing,  it i s  shown t h a t  very  l a rge  TAD/TAP shape 

changes can  be exp la ined  by r e l a t i v e l y  small changes i n  t h e  t empera tu re  

dependence of t h e  d i p o l e  r e o r i e n t a t i o n  a c t i v a t i o n  energy.  

exper iments  can show whe-ther g r o s s  changes i n  t h e  r e o r i e n t a t i o n  r a t e  a t  

a g iven  t empera tu re  occur upon d i p o l a r  aggregat ion,  o r  whether it i s  more 

l i k e l y  t h a t  t h e  observed e f f e c t s  a r e  due t o  mmch s m a l l e r  t empera tu re  

d2pendent changes i n  -the r e o r i e n t a t i o n  a c t i v a t i o n  energy.  

The TAD/TAP 

(5) I n  subsequent s t u d i e s ,  we will examine TL/TAC c o y r e l a t i o n s .  

It  i s  t h e r e f o r e  f i - r s t  necessa ry  t o  unders tand  t h e  TAP and RITAD behavior  

of impur i ty  complexes s o  t h a t  t h e s e  s i g n a l s  can be p r o p e r l y  accounted f o r  

i n  t h e  TAC exper iments .  

'The experiments r e p o r t e d  h e r e  l e a d  u s  t o  t h e  fo l lowing  main conclu- 

s i o n s :  The NMR der ived  a c t i v a t i o n  energy f o r  complex r e o r i e n t a t i o n  a g r e e s  

wi th  t h e  TAD/TAP a c t i v a t i o n  energy f o r  f r e s h l y  annealed saxflpks. 

h e a v i l y  doped sample ages a t  room tempera ture ,  agg rega t ion  e f f e c t s  occur,  

t h e  s u s c e p t i b i l i t y  dec reases ,  and a new TAD s t a t e  evolves  which shows a 

much h i g h e r  apparent  a c t i v a t i o n  ene rgy .  The r e s u l t i n g  shape change of 

t h e  TAD curve s t r o n g l y  s l e g e s t s  t h a t  t h e  e f f e c t  i s  p r i m a r i l y  due t o  a 

r e l a t i - v e l y  s m a l l  change i n  t empera tu re  dependence of tihe a c t i v a t i - o n  ene rgy .  

The d i p o l e  p o l a r i  2j.b i l i t y  i s  v e r y  l a r g e ;  a si.mp1.e Curie law c a l c u l a t i o n  

y i e l d s  an r m s  d i p o l a r  l e n g t h  of between one and t h r e e  l a t t i c e  c o n s t a n t s .  

As t h e  



Comparison of TAD and TAP s i g n a l s ,  however, shows no obse rvab le  e f f e c t  

of anomalous s u s c e p t i b i l i t y  t empera tu re  dependences.  

I n  t h e  following s e c t i o n  we o u t l i n e  t h e  t h e o r e t i c a l  b a s i s  f o r  ana- 

l y z i n g  TAD and TAP s i g n a l s  and t r e a t  t h e  behav io r  expec ted  when a c t i v a t i o n  

e n e r g i e s  f o r  r e o r i e n t a t i o n  a r e  themselves  somewhat tempera ture  dependent .  

The expe r imen ta l  appa ra tus  i s  next; desc r ibed ,  followed by a d i s c u s s i o n  of 

t h e  expe r imen ta l  r e s u l t s .  The f i n a l  s e c t i o n  p r e s e n t s  our i n t e r p r e t a t i o n s  

and c m c l u s i o n s  r e g a r d i n g  t'ne TAP/TAD/RITAD a f f e c t s  of the impur i ty -  

vacancy d i p o l e  s t a t e s  i n  LiF. 

THEORY 

Genera l  D e s c r i p t i o n  of  Thermally A c t i v a t e d  P o l a r i z a t i o n  E f f e c t s  

Consider a f a c e  c e n t e r e d  cubic c r y s t a l  compsed  of two mmova len t  

a t m s  p e r  u n i t  c e l l  and c o n t a i n i n g  p o s i t i v e  d i v a l e n t  impur i ty  ions. We 

assume t h a t  these  impur i ty  i o n s  s u b s t i  t u t i r i n i l l y  e n t e r  the l a t t i c e  a t  

p o s i t i o n s  of p o s j t i v e  monovalent i o n s  and t h a t ,  i n  o rde r  t o  ma in ta in  l o c a l  

c ' i ~ r g e  n e u t r a l i t y ,  vacanc ie s  occupy nearby  s i t e s  normally occupied by 

piJisitive monovalent i ons  . For each  such s u b s t i t u t i o n a l  impuri ty ,  t h e r e  

i s  t h e n  an a s s o c i a t e d  d i p o l e  mmnent = ea where e i s  t h e  e l e c t r o n i c  

cnarqc  and d i-s t h e  vacencjr t o  impur i ty  d i s t a n c e .  We assume t h a t  an 

e l e c t r i c  f i e l d  E may be  p r e s e n t ,  d e f i n e  n ( T )  as t h e  t empera tu re  depend- 

e n t  n e t  d i p o l e  moment c o n c e n t r a t i o n ,  and l e t  n ( T )  be t h e  i n s t a n t a n e o u s  

n e t  d i p o l e  moment c o n c e n t r a t i o n .  I n  tinis d i s c u s s i o n ,  T r e f e r s  t o  

t empera tu re  wh i l e  t deno tes  timz. 

eq 
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Taking W(T) t o  be t h e  tempera ture  dependent; d i p o l a r  r e l a x a t i o n  r a t e ,  

equ i l - ib r i im  i s  a t ta j -ned  i n  accordance w i t h  t h e  equa t ion  

a,n = ( n  ( T )  - n )  W(T) . (1) 
eq 

We f irst  f i n d  n ( t )  f o r  t h o s e  c a s e s  where n i s  c o n s t a n t .  T h i s  case  

cor responds  t o  i s o t h e r m a l  p o l a r i z a t i o n  and t o  t h e  TAD nxpei-irnent where 

n 

and t wi th  t h e  aid of t h e  i n t e g r a t i n g  f a c t o r ,  

eq 

= 0. Equat ion (1) may be  r e a d i l y  i n t e g r a t e d  between t h e  l i m i t s  0 
eq 

Using t h e  r e l a t i o n  

t t 
W(L) ex::[ 6 W d t ' ]  = 3t exp[  W(T) d t ]  (2) 

we o b t a i n  

Thus 

a t n ( t )  = W(T) (n  (T) - n )  eq 

The d i p o l e  p o p u l a t i o n  approaches t h i s  e q u i l i b r i w n  va lue  i n  a t ime 

determined by the d i f f u s i o n  dynamics o f  i t s  i3ni.c c o n s t i t u e n t s ;  we a n t i c i -  

p a t e  a r e o r i e n t a t i o n  r a t e  of t h e  Arhennius form, 



where W is t h e  r a t e  c o n s t a n t  a t  i n f i n i t e  tempera ture ,  E i s  t h e  a c t i v a t i o n  

energy  f o r  d i f f u s i o n  cjf one i o n  about i t s  neighb-,r a s s o c i a t e d  ion ,  

0 a 

f3 = l/kT, and r ( T )  i s  t h e  r e l a x a t i o n  t i m e  a t  t empera tu re  T .  

I n  a TAD experiment t h e  p o l a r i z a t i o n  decays from a l e v e l  n ( T  ), 5 

(T) = 0. which i s  de termined  by a p rev ious  p o l a r i z i n g  procedure,  t o  n 

112 a TAP experiment t h e  a l i g n e d  d i p o l e  c o n c e n t r a t i m  i s  b u i l d i n g  up tc a 

eq 

p o l a r j  z a t i o n  l e w l  ri ( T )  . we t h e r e f o r e  c o n s i d e r  a sample i n  an e l e c t r i c  

f i e l d ,  E.  The p d a r i z a t i o n  i n  e q u i l i b r i u m  w i t h  t h i s  f i e l d ,  n ( T ) ,  i s  

eq 

eq 

g i v e n  by  the produc t  o f  the impurity-vacancy d i p d e  s t a t i c  s u s c e p t i b i l i t y ,  

x ( T ) ,  and t h e  f i e l d  s t r e n g t h  E, 

n (T) = X ( T ) E  . 
eq 

l'vr d i p o l e s  of molecli lar dimnnsions,  experimental ly-  a t t a i n a b l e  field 

s t r e n g t h s  i n  t h e s e  s t u d i e s ,  and Lhe t empera tu re  ranges  of i n t e r r - s t ,  

pBE< < 1. The s u s c e p t i b i l i t y  i s  t h u s  g i v e n  by t h e  h igh  t empera tu re  l i m i t  

(:usie law e x p r e s s i o n  

I n  E q .  (7), X0 i s  t h e  number of inipuri ty  d i p o l a r  entities per  u n i t  volume 

QT the sample, p i s  t h e  average squared d i p o l e  moment pe r  impur i ty-  

vacancy complex, and A i s  a geornctr ical  f a c t o r  r e l a t e d  ti3 t h e  micrnscapic  

2 

s t m c t u r e  af the d i p o l a r  erxtiplex. For a s p h e r i c a l  d i s t r i b u t i o n  of' d i p o l e  

d i r e c t i o n s  A = 1/3, f o r  vacanc ie s  c o n s t r a i n e d  t o  t h e  n e a r e s t  neighbor 
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f a c e  cen te red  p o s i t i o n s  about  t h e  d iva len t ;  i o n  A ::: ? / 3 ,  and f o r  equal.  

p3pul.ations of n e a r e s t  neighbor  and nex t -nea res t  neighbor  vncsncy 

p o s i t i o n s ,  A = 519. 

Sam? Basi-c R e l a t i o n s h i p s  

When t h e  sample ' s  e l e c t r o d e s  are held  a t  a c o n s t a n t  v o l t a g e  d i f f e r e n c e ,  

t h e  c u r r e n t  measured i n  t h e  e x t e r n a l  c i r c u i - t  i n  response  to changing 

sample p o l a r i z a t i o n  i s  t h e  d isp lacement  c u r r e n t  

where A is t h e  samp1.e a r e a .  We f i r s t  c o n s i d e r  t h e  TAD experiments  

r e p r e s e n t e d  by E q .  ( 1 + )  w i t h  n (T) : 0 .  Using E q s .  ( 4 )  and (8) we t h e n  

have 

eq 

where 

Q = A X ( T  )E = Rn(TO) 9 P P  

In E q .  (lo), E i s  t h e  f i e l d  s t r e n g t h  a t  which t h e  system l ~ a s  p o l a r i z e d  

and T i s  t h e  e f f e c t i v e  p a l a r i z a t i o n  tempera ture ,  which we shall d i s r u s s  
P 

l a t e r .  

P 

There a r e  c e r t a i n  b a s i c  r e l a t i o n s h i p s  which a r e  ve ry  ; ~ s c f U  i n  

i n t e r p r e t i n g  t h e  r e m i l t s  o f  a TAD exper iment .  The f i r s t  of t h e s e  i s  

d e r i v e d  from E q .  (8) and shows t h a t  t h e  i n t e g r a t e d  e x t e r n a l  c u r r e n t  i s  

j u s t  e q u a l  t o  t h e  s t o r e d  p o l a r i z a t i o n  c'large: 



33 

J I ( T ) d t  = Q 0 -  

The TAD c u r r e n t  p a s s e s  through 8 maximum a t  t empera tu re  T f o r  which an 

i m p l i c i t  r e l a t i o n  may be d e r i v e d  by d i f f e r e n t i a t i n g  E q .  (9) wi-tin r e s p e c t  

to t ime and s e t t i n g  a I = 0 :  

m' 

t 

o =  [ - FJ(T )] . m 

For systems i n  which W(T) i s  w e l l  d e s c r i b e d  by E q .  (5 )  over t h e  tempera- 

ture  range  of" the  observed TAD currents, one may e v a l u a t e  t h e  i n t e g r a l  

i n  E q .  (9) as fol lows:  

t W 
W(T)dt' = (atW/W)-'dw 

0 0 

Now, when the t empera tu re  scan i s  programned t o  keep a f3 c o n s t a n t  
t 

over the TAD charge  r e l e a s ?  peak, and w i t h  3 logW = -E one h a s  B a' 

-t 
W(T)dt' = [ a t W / W  ]-I 1' dW 

0 0 

Moreover, t h e  observed charge release peaks a r e  narrow; that ,  is ,  the 

t empera tu re  b r e a d t h  of the TAD peaks i s  very small. compared to the peak?-ng 

tempera ture ,  Tm. 

progrmmed t o  be c o n s t a n t ,  one s t i l l  has an approximate ly  c o n s t a n t  a p 

For narrow peaks, when a,T r a t h e r  t h a n  t I t ( l / T )  i s  

t 
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aver t h e  peak .  The expres s ion  i n  E q .  (14)  remaj-ns approximately c o r r e c t  

with maximum f r a c t i o n a l  c o r r e c t i o n  t e r n s  e q u a l  t o  t h e  r a L i J  of t h e  tempera- 

ture b r e a d t h  t o  the peaking  tempera iure ,  

useful approximate e x p r e s s i o n .  

One can then u s e  gqs .  (9) and (12)  to o b t a i n  t h e  peak curl-ent :  

. Thus, E q .  (14)  remsSns a Tm 

One can derive Lhe mean tempera-ture breadth &'I3, of the TAD charge  r e l e a s e  

from t h e  i. n t e g:r a 'G e d c u m  en  t exp I' e s s i on 

M ( 6 T )  (aLT)- '?(Tm) . 

By s u b s t i t u t i n g  t h i s  T e l a t F o n  i n  E q .  (l?), one o b t a i n s  

o r  an a l t e r n a t j v e  farm, u s i n g  aga in  E q .  (Q), 

(1.6) 

.Fro% t he  Ar'nennj-Js form i n  h'q. (5), E q .  (12)  can be evaluated f o r  
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o r  

Then E q .  (19) may a l s o  be expressed  a s  

( 2 0 )  

(21) 

which can be combined w i t h  E q .  (18) t o  see t h a t  f o r  narrow peaks, i . e . ,  

(ST/T ) << 1, one has  E /kT >> 1. 

good approximation a s  

Thus Eq. (20) can be w r i t t e n  to a 
TL-1 a 

(22) 

The b a s i c  r e l a t i o n s  d e r i v e d  above w i l l  prove u s e f u l  i n  i n t e r p r e t t r i g  

t h e  t r e n d  of our  expe r imen ta l  d a t a .  To de te rmine  how W(T) a c t u a l l y  

behaves over  the e n t i r e  TAD/TAP peak, however, we deve lop  f u r t h e r  

expres s ions  more s u i t a b l e  for d e t a i l e d  d a t a  a n a l y s i s .  

Method of Data Ana1ysi.s 

We d i s c u s s  fi-rst t h e  "Leading edge" a n a l y s i s .  I f  we t a k e  t h e  

l o g a r i t h m i c  d e r i v a t i v e  of E q .  (9) w i t h  r e s p e c t  t o  B, we f i n d  

As the second te rm i n  E q .  (23) i s  small f o r  T s m a l l  compared t o  T 

convenient  approximation fo r  t h e  low t cmpera ture  l e a d i n g  edge may 

a p p a r e n t l y  be used Lo o b t a i n  E : 

B m' 

a 

d log I 
dB E = -  a (21;) 



1 
kT m It appears  t h a t  one m i g h t  plot In I vs.  - below T and make use of 

all d a t a  u n t i l  t h e  p o i n t  of obvious depa r t l i r e  from tile above l i n e a r  

r e l a t i o n s h i p .  Haake2'  has  shown, however, t r ia t  i f  'me hapes by this method 

tq o b t a i n  v a l d e s  o f  E 

below t h e  peak t e m p e r a t u r e .  This  c r i t e r i o n  may be shown t o  be a p p l i c a b l e  

a c c u r a t e  t o  5$, hc m u s t  s t a y  more than 20 degrees  
a 

over a wide rang? cf peak t e m p e r a t u e s ,  t h u s  srcwing t h i s  e q u a t i o n  t o  be 

r e l a t i v e l y  u n h e l p f u l  i n  d a t a  a n a l y s j s .  Furthermore,  a s  we scc  l a t e r ,  t h e r e  

may be mure t h a n  one TAD c3mponent whi.ch i s  unresolved i n  a s i n g l e  peak .  

The 1.Pading edge a n a l y s i s  does n o t  r e v e a l  such c o m p l i c a t i o n s .  

It js for t:iese reasons t h a t  we have determined o'lr v a l u e s  3f W 

and k3 s t a r t i n g  w i t 1 1  E q .  (1). From tiie recorded c u r r e n t  we i n t e g r a t e  t n e  

0 

a 

o u t p u t  from t i m e  t t o  a l a t e r  t i m e ,  t2 : 

In i? TAP run, t, i s  t aken  a s  t h e  p o i n t  where t h e  c u r r e n t  crosses  zero ,  - 
i.e., n(t,) = n e q ( t 2 ) ,  and i n  a TAD r u n  (where n_ 

t a k e n  L2 be s o  l a r g e  t h a t  t h e  c u r r e n t  has dr?pped w e l l  belDw t h e  n q i s e  

= O), I,? i s  simply 
c_ .-9 

I n  e i t h e r  c a s e  tiie f i r s t  term 3n the rig:nt s j d ?  o f  E q .  ( 2 5 )  i s  z e r o  

and, frorn Eq . (11, we o b t a i n  t h e  u s e f u l  res11.t 

W(T) = a +? 
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TAD E f f e c t  

In t h e  c a s e  of a TAD experiment,  t h e  e x t e r n a l  applied e l e c t r i c  f i e l d  

i s  zero. Thus n ( T )  i s  also ze ro  arid E q s .  (5 ) ,  (9)  and (10) g i v e  11s 
eq 

Equation (26) may be r e w r i t t e n ,  w i t h  a n = 0 and u s i n g  Eq.  ( 8 ) ,  t o  t e q  

g i v e  

I a t T  
~ / T ( T )  = W(T) = ? 

f21 (T) dT 
T 

which e n a b l e s  us t o  (leterrnine W(T) a t  v a r i o u s  p o i n t s  on t h e  c u r r e n t  peak .  

The slope of In T (T) vs . - g i v e s  us E 

a l - t e r n a t i v e l y ,  E q .  (21) may be rewr i - t ten  a s  

wh i l e  t h e  i n t e r c e p t  g i v e s  us Wo; kT a 

wkich gives us t h e  p r e - e x p o n e n t i a l  f a c t o r  W Once E and T a r e  known. 
0 a m 

TAP Ef fec t  -- 

For a TAP experiment it i s  n(0) which i s  zero. Thus w e  f i n d  h e r e  t h a t  

I ( T )  i s  g i v e n  approximate ly  by 

I ( T )  = Ax(T)E Woexp -PE -$’ WdT . 
a To 1 



I n  t h i s  experiment  t h e  a,-n term does n o t  d i s a p p e a r  a s  it d i d  i n  t h e  

TAD case  bu t  i n  our experiments  t h e  a x t e rm c o r r e c t i o n  was expe r imen ta l ly  
t 

n e g l i g i b l e .  

e y  

L e t  u s  f i r s t  suppose t h a t  t h e  d i p o l a r  system i s  w e l l  behaved a i d  

fo l lows  a sm5otl-1 (l/'i') behavior  a s  a n t i c i p a t e d  i n  E q .  ( 7 ) .  Then w e  can 

make a ve ry  usefu.1 obse rva t ion  t h a t  a l lows  u s  t o  s t i l l  ana lyze  nur d a t a  

by t h e  same method a s  i n  t h e  TAD exper iment .  A d a t a  peak h a s  a tempera ture  

wi~dth  a t  h a l f  maxiinum of roughly  1-5 K; our  peaking  t empera tu res  are around 

200 K f o r  Lhese exper iments .  A s  we  go throcgh one TAP peak t h e  p d e r i z a -  

t i o n  goes f r o i n  0 t o  v e r y  c l o s e  t o  n . Therefore ,  E q .  (26) g i v e s  

0 

0 

eq 

and E q .  (28) i s  seen  t o  be  v a l i d  f o r  TAP ana1ysi.s t o  an accuracy  of 

roughly  2.0%. 

Suppgse, on the o t h e r  hand, t h a t  duc to s m e  such c a s e  a s  coopera- 

t i v e  i n t e r a c t i o n s  among aggrega ted  d i p o l e s ,  the system s u s c e p t i b i l i t y  does 

n o t  f 3 l l o w  tile (l/T) behavior  3f E q .  (7). 

l a r g e  T depzndence i n  t h e  t e n p e r a t w e  range observed, then E q .  (31) w i l l  

n o t  k:old.  In such a case ,  when E q .  (28) i s  app l i ed  t o  botil a TAD and a 

If x ( T )  has  an anomalously 

'TAP run  on t h e  same system t h e r e  may resulk a l a r g e  di-screpancy s i g n i f y i n g  

t h e  existence of a s y s c e p t i b i - l i t y  annmaly. 

RITAD E f f e c t  

A s  will be expla ined  i.n t h e  d i scuss ion ,  we b e l i e v e  t h a t  t h e  RITAD 

s i g n a l s  a r e  8 r a d i c e l e c t r e t  p o l a r i z a t i o n  3f t h e  impiirj ty-vacaricy d i p o l e s .  
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Since  t h i s  i s  a s p e c i a l  c a s e  of TAD, we f e e l  j u s t i f i e d  in u s i n g  t h e  

same a n a l y s i s  as t h a t  a p p l i e d  t o  TAD. 

Temperature Dependent Activatiora Parameters  

There i s  good t h e o r e t i c a l  r eason  t o  b e l i e v e  t h a t  t h e  form g i v e n  i n  

Eq.  (5 )  f o r  W ( T )  should be a t  l e a s t  approximate ly  c o r r e c t  over a reasona-  

ble range  of t e m p e r a t u r e s .  I n  r e a l  systems, hamever, t h i s  s imple  form 

may nof; be adequate  f o r  d e s c r i b i n g  the observed behav io r  over a wide 

t empera tu re  r a n g e .  

W(T) i.f w e  a l low t h e  a c t i v a t i o n  energy  t o  be t empera tu re  dependent.  

We n o t e  th8.t Eq.  (5) can  be a g e n e r a l  d e s c r i p t i o n  of 

I n  p a r t i c u l a r ,  we see . t ha t  E q .  (26) i s  v a l i d  i3ven f o r  an exp1ici.tl .y 

tempel-ature dependent a c t i v a t i o n  energy, E a ( r )  . Moran e t  all, 14, 28 ilave 

cons ide red  the r e s u l t s  of such an e x p l i c i t  t empera tu re  dependerice f o r  t h e  

mathemati.ca1l.y analogous thermolimines c e n t  exper iment .  They c onchide t h a t ,  

f o r  narrow peaks and f i r s t - o r d e r  k i n e t i c s ,  one has a rate over the observa- 

b l e  peak which can be expres sed  

where 

a n d  

W ( T )  = w* exp ( - @ E ? + ) ~  
0 

( 3 3 )  
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That is ,  t h e  k i -ne t i c s  appear  t o  be governed by an e f f e c t i v e  a c t i v a -  

t i o n  energy EY and an e f f e c t i v e  p re -exponen t i a l  r a t e  W+. I n  p a r t i c u l a r ,  

all_ t h e  r e l a t i o n s  d i s c u s s e d  p rev i  o u s l y  remai n v a l i d  i f  one s u b s t i  t u t e s  

P f o r  E 

0 

and W* f o r  Wc. 
a 0 

We espec ia l l -y  notP t h e  r e l a t i o n s h i p  g iven  f o r  E kT i n  Eq .  ( 2 8 ) .  
a/ m 

For a s l i g h t l y  t empera tu re  dependent E t h i s  becomes 
a’ 

This i s  pa r -L icu la r ly  i n t e r e s t i n g  s-ince ’ihe e x p r e s s i o n s  i.n E q s .  (33) 

and (31.1) f o r  P and W* can be  s u b s t i t u t e d  i n t o  E q .  (35) t o  g i v e  0 

E (Tm)/Trfl = l o g  a 

A simple p h y s i c a l  i n t e r p r e t a t i o n  i s  t h a t  t h e  temnperatui-e dependence 

o f  t i le r e l a x a t i o n  k i n c i i c s  and hence of t h e  TAD/TAP shapes  i s  determined 

by the  l o g a r i t ’ m i c  tempera ture  d e r i v a t i v e  of t h e  r a t e  func t ion ,  

IF == -a@ l og  [W(B)] ; on t h e  o t h e r  hand, t h e  peaking tempera ture ,  

p redominate ly  de-termined by t h e  tempera ture  a t  which t h e  magnitude of  

W(P) becomes comparable t o  (a T/T). 

of a TAD/TAP peak, two systems m i g h t ,  have almost  equal  v d u e s  of  W(T) and 

a l m o s t  e q u a l  va lues  of E . I n  m e  system, however, i f  E i.s s l i g h t l y  

tempera ture  dependent,  a n a l y s i s  w i l l  y i e l d  e f f e c t i v e  a c t i v a t i o n  parameters  

j. s 
%l, 

Thus, wi- th in  t h e  tempera ture  range  
t 

a a 

EY and W* q u j t e  d i f f e r e n t  fcqm E and izi . Both systzms, n e v e r t h e l e s s ,  

w i l l  show about  t h e  same va lue  f u r  ‘i‘ 

0 a 0 

accord ing  t o  Eq .  (36). m 

T h i s  conclus ion  i s  impor tan t  here  because we b e l i e v e  we can induce 

tempera ture  dependent a c t i v a t i o n  cnergFes and f requency  f a c t o r s  by va ry ing  



dopi.ng levels and sample . t reatment  s o  as  t o  cause d i p o l e  a g g r e g a t i o n .  

The forma.tion of" t r i m e r s ,  aggregates of Lhree qhpurity vacancy d i p d e s ,  

h a s  been recogn-izecl and s t u d i e d  i n  several o t h e r  a l k a l i  halides by Cook 

and Rryden2' and mc:jre r e c e n t l y  by C a p e l l e t t i  arid O h n o .  30 

We b e l i e v e  the o b s e r v a t i o n  of P arid W* r a t h e r  t h a n  E and W i n  
a 0 a 0 

samples w i t h  a concentrat i -on of i m p u r i t y  l e v e l s  or i n  samples that;  ?lave 

been aged i s  the r eason  f o r  t h e  afurementioned appa ren t  d i s c r e p a n c i e s  i n  

t h e  1i.teratux-e. 

APPARATUS 

Samples studi-ed were p r i m a r i l y  pieces of 8. s i n g l e  ingot of Harshaw 

1,i.F doped with 130-ppm magnesium which e n t e r s  as a d i v a l e n t  impurity i o n .  

Seve ra l  c r y s t a l s  of TT,D-100, a commercially available dos imet ry  grade 

L i F  c r y s t a l  alsr, containling magnesium, and o-f Harshaw II63A high p u r i t y  

o p t i c a l  g rade  m a t e r i a l ,  LiF(II?I), were a l s o  examined. Wagner's e x p e r i -  

r n e n t ~ ~ ~  on mlli relaxation in t hese  H6SA LiF samples showed d i v a l e n t  

impur i ty-vacancy  ccmplexes i n  a c o n c e n t r a t i o n  of about 10 ppm. 

2 The samples were c l eaved  -to a cross s e c t i o n  of 1 - x - l  cm and approxi -  

m s t e l y  L-mx thickness and cemented by conduct ive  epoxy onto the f r o n t  

s u r f a c e  o f  a copper b l o c k  screwed -into t h e  base 07 a, s t a i n l e s s  s t e e l  c o l e  

finger. This i s  shuwn i n  F i g .  5 .  Also t o  -the fmiit s u r f a c e  of  t h i s  block 

was affixed one junction c1.P ai i r o n  const,a.ntan thermocouple r e f e r e n c e d  t o  

an  ictii bath. To t'fle back of  the copper block was Ziarti s o l d e r e d  a s p i r a l  

h e a t e r  c m s i s t i . n g  of a 1-rm-dim inconel. s h e a t h  sur rounding  a. . l . - m ~  
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/ 
Fig. 5. Em3 ?f C o l d  F inge r  ( F )  Showing Samples ( S ) ,  Copper Mounting 

R h c k  (B), Elec - ty i ca l  C o n n e c t i m s  f o r  Heater ( H ) ,  Thermncovple ( T ) ,  and 

Sam&€ E lec t rode  ( E ) .  'The sp i ra l -  n e a t e r  ( o n  back  s u r f a c e  3f block)  i s  

Lot s 13wn . 
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niclirome h e a t e r  wire from which it was i n s u l a t e d  by alumina powder. The 

h e a t e r  was c o n s t r u c t e d  u s i n g  a m a t e r i a l  a v a i l a b l e  from t h e  Arnperex 

Corpora t ion  under t h e  name Therrnoco;l;r. We found -h i s  a h i g h l y  s a t i . s f a c t o r y  

arrangement;  tjnere was i n t i m a t e  the rma l  c o n t a c t  between the h e a k r  and t h e  

b lock ,  and t h e  hea ted  w i r e  i t s e l f  was s h i e l d e d  by t h e  o u t e r  s h e a t h .  This  

arrangement, k e p t  b l a c k  body r a d i a t i o n  o f  the h e a t e d  w i r e  frcm reach ing  

ou r  p h o t o m u l t i p l i e r  t ube ,  which was used  i n  a subssequent s e r i e s  of compl-i- 

mentary e-xperiments. On t h e  base o f  t h e  copper block was mounted an 

i n s u l a t o r  f o m e d  of machinable ceramic which served  8s a t i e  p o i n t  f o r  

h e a t e r  connec t ions .  E x c e l l e n t  t henna l  c o n t a c t  between the b l o c k  and 

sample allowed v e r y  h i g h  t empera tu re  sc8.n rates w i t h o u t  problems of 

t empera tu re  l a g  or  g r a d i e n t s  i n  the sample.  

Therraocouple wires e n t e r e d  d i r e c t l y  th rough  the - top flange of our 

stainless s t e e l  vacuum chamber, with epoxy cement used t o  p reven t  t h e i r  

b e i n g  shunted t o  ground, an arrangement which p reven ted  small offset ,  

v o l t a g e s  whi.ch t e n d  t o  develop at; cooled vacuum feed  th rough  Junct ions  

from b e l n g  a problem. We d i d  use f e e d  throilgln insii!.ators, however, f o r  

bo th  'neater  wires and f o r  %he sample sensi-ng e l e c t r o d e  wire  e The sample's 

common z l e c t r o d e  was grounded through the heater.  b l o c k .  A l l  w i r e s  except 

t h e  sample wire were t e f l o n  i n s u l a t e d ;  the sample wire was glass i n s u l a t e d  

and f i x e d  t o  t h e  sample s u r f a c e  by s i l v e r  condueti.ve p a i n t .  

An e l e c t r o n i c  t empera tu re  r e g u l a t o r  was c o n s t r u c t e d  and used  t o  morii- 

t o r  t h e  -thermi;couple o u t p u t  and p rov ide  a p r o g r a m i n g  v o l t a g e  f o r  t h e  

h e a t e r  power supply, t h u s  a l lowing  i s o t h e n n a l  arinealirig of the sm2I.e t o  

be done t o  an accuracy  of f .1 K .  A b lock  diagram of  our c i . rcu i t ry-  i s  
0 
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shown i i i  Fig. 6 .  

vacuum condi.ti.ons. For all experiments t h e  chamber was evacuated t o  a. 

p r e s s u r e  of 5 10 t o r r .  Cooling was e f f e c t e d  by f lowing  ch j - l led  n t t r o g e n  

gas through t h e  c o l d  f i n g e r  u n t i l  t h e  -temperature reached 150'K and then 

by slowl-y adding 1iquj.d n i t r o g e n .  This  procedure  lowered t h e  p r o b a b i l i t y  

t h a t  t h e  bond between t h e  sample and the copper b lock  would be des t royed  

by Ynemal  s t r e s s e s .  

The co ld  f i n g e r  and sample assembly was r o t a t a b l e  under 

-4 

Our X-ray source was a GE XRD-3 machine operabed a.t 75 kv and 50 ma 

w i t h  a mol.ybdenwu t a r g e t .  F i l t e r i n g  c o n s i s t e d  p r j m a r i l y  o f  a 2-mm-thick 

al.uminuii window on t h e  sample chamber to y i e l d  an exposure r a t e  of  

-1 
approximate ly  100 R min at the sample. 

A Keit'nley Model. 610c e l e c t r o m e t e r  w a s  used f o r  c u r r e n t  mon i to r ing .  

O.itput c u r r e n t  vs. thermocouple v o l t a g e  w a s  recorded  on an x-y p l o t t e r .  

A t iming  g e n e r a t o r  could be coupled i n t o  t h e  s i g n a l  channel  t o  p rov ide  

t ime base  i -nterval  marks.  Hepresen ta t ive  coo l ing  and h e a t i n g  rates were 

.2 K/sec and .5 K/sec r e s p e c t i v e l y .  
0 0 

A s  DC measurements were made, t h e  l i g h t  gu tpu t  of t h e  sample was 

s imul t aneous ly  monitored u s i n g  an EVT 6256 B p h o t o r m l t i p l i e r  t u b e  wi-th 

q u a r t z  opt<-cs  t'r-iroughou-t; the  system. To per fomi  o p t i c a l  r e p o p u l a t i o n  

experiments,  tile photomult ipl . ier  could be r ep laced  by a PEK s h o r t  a r c  

mercury lamp ope ra t ed  a t  65 W and backed by a concave mj.rror.  

covered by a t r a n s p a r e n t  e l e c t r o d e ,  w a s  l o c a t e d  15 em from the a r c  a,nd 

i r r a d i a t i o n  t imes  were 30 minu tes .  

The sample, 
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For Optical Re,pop!ilation, t h e  PMT i s  Replaced by a Mercmy Arc 



EXPERIMENTAL RESULTS 

The TAD/TAP cxperiments  covered t h e  range from 77'K t o  about  400°K. 

I n  a l l  samples, t h e  charge r e l e a s e  peaks a s s o c i a t e d  wi.th t h e  d i v a l e n t  

impuri ty-vacancy d i p o l e s  occixrred i n  t h e  range from 200 K t o  250 K .  Th i s  

ag rees  wi th  t h e  f i n d i n g s  o r  L a j  and Berge .  I n  a l l  experiments ,  t h e  TAP 

curves  and -Lhe TAD curves  a r e  e s s e n t i . s l l y  i n d i s t i n g u i s h a b l e  and g i v e  j u s t  

t l ie comparat ive r e s u l t s  expected from Eg . (3 .L) .  We can t h e r e f o r e  conclude 

t h a t  no large anomalies  e x i s t  i n  t h e  s u s c e p t i b i l i t y  tempera ture  dependence 

c f  these samples w i t h i n  the bemperature range observed.  

0 0 

20 

Annealed ._I_-_.__ Samples 

A s  a n  annea l ing  procedure a l l  samples were f i r s t  hea ted  t o  700'K and 

yucncIied r a p i d l y  t o  ro r jm t empera tu re .  

charge r e l e a s e  peaks w i t h  T = 223 K a t  a tempera ture  scan  o f  0 . 5  K s e e  . 
The TAD curve  f o r  a f r e s h l y  annealed sample of LiF:Mg i s  shown as the 

s d i d  l i n c  i n  F i g .  / .  

both  have t h e  same snape a s  far L i F : N g .  Using t h e  whole curve analysis 

Lnd<.cated i n  E q .  (28) we found f o r  a l l .  samples R r a t e  f u n c t i o n  W(T), w e l l  

descrj-bed over  t h e  e n t i r e  d a t a  range by t h e  r a t e  parameters  Ea = 0.44 f 0.03 

eV and W0 IC s e c  . The suscepti-bi . l . i ty i s  l a r g e ;  t h e  L3O-ppm 

LiF:Mg samples, f o r  example, g i v e  a TAL) charge r e l e a s e  o f  3 x 10 C 

cm a t  ail appli.ed golarizing v o l t a g e  of 106 v o l t s  ac ross  r, 1-mm sample.  

The TLD-109 'TAD and TAP si .gnals a r e  apprgxirnately t h e  same  s i z e .  The 

Each sample then  showed TAD/T.AP 

0 0 -1 
m 

- 
The TAD/TAP curves  f o r  anneal-ed LiF(.W) and '1ZD-100 

8 . ?k~-. 5 -1 

- 10 

-2 
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- 1.2 

ANNEALED SAMPLE 
E 
a 1.0 

c\o 
I 
- 
0 0.8 
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LT 
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- 
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Qz 0.4 

0 0.2 
n 
a 
t- 

180 200 2 20 240 
TEMPERATURE ( O K )  

Pig. ' 7 .  Shown on t h e  Same Plot a r e  the .44 eV Feature  ( S o l i d  Line)  

Ascribed t o  Sinple 1mpuri.ty-Vacancy Dipole Relaxa.Lior? and t h e  .% eV 

Feature  (Dotted L i n e )  Ti.1ought to Resu1.t  Yrom R e l a x a t i o n  Subseq-uent to 

Dipole Aggregat ion.  
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L i F ( W )  T A D j T A U  peaks  a r e  smewhat  l e s s  than  4n i ' r d e r  Qf masni-tude 

s m a l l e r .  This a g r e e s  w i t h  t h e  10-ppm d i v a l e n t  ion c o n c e n t r a t i o n  e s t ima ted  

-from t h e  NPR work on tile T,iF(W) samples. 

If we assume a Loren tz  l o c a l  f i . e ld  model for. the impuri ty-vacancy 

pol.ari-zati.on i n  T,j.F, t h e n  the s u s c e p t i b i l i t y  of t h e  130-pprn LiF:@ i s  

S ince  t h e  d i p o l e  complex i s  a p a r t  c;f t h e  LiE l a t t i c e ,  t he  Lorentz  f i e l d  

m y  be of dc i ib t fu l  a p p l i c a b i l i t y .  If on1.y t h e  averqge in te rne l -  f i e l d  

c o n t r i b u t e s  t o  t h e  p o l a r i z a t i o n ,  t h e n  t h e  s u s c e p t i b i l i t y  i s  a f a c t o r  of 

approximately 3 .> 1 argey  t h a n  quoted above. I n  any event ,  t h i s  pol-8r iza-  

t i o n  corresponds tc an  i n c r e a s e  of t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  LiF:Mg 

sample from tile nominal "pure" va lue  of 9.0 to a va lue  o f  16 .4 .  

Tne a b w e  v a h e  f o r  tPAe s u s c e p t i b i l i t y  and Eq. (7 )  can be used t o  

2 F , 2  
e s t i m a t e  t h e  r m s  vacancy-ion d i s t a n c e ,  d 7 p / e  . I'hs e f f e c t i v e  po1ari.z- 

i n g  t e m p e r a t u r e  f r r  e i t h e r  TAP o r  TAD i s  e s t ima ted  s u f f j c i e n t l y  w e l l  f o r  

3rd- purposes  by T 

A = 1, and wc t a k e  :J 

l o c a l  f i e l d  s u s c e p t i b i l i - t y  of dq. (39) gives 

220'K. As a most conse rva t ive  approach we Lake m 

= lo1' ~ m - ~ .  Then even t h e  r e l a t i v e l y  small T,orentz 
0 

We nc te  thai ;  'chis value i s  approximately e q u a l  t o  t h e  L i F  f . c  . c .  l a t t i - c e  

c o n s t a n t .  The ].east conse rva t ive  estimate is  to use  t h e  average f i e l d ,  

rati-ielcl. t h a n  Lorentz f i e l d ,  s u s c e p t i b i l i t y  and t o  take  tile geometrical .  



f a c t o r  t o  be A = 1/3. We t h e n  f i n d  

and conclude t h a t  t h e  .rms d i v a l e n t  lion vacancy d i s t a n c e  i s  between one 

and t h r e e  l a t t i c e  c o n s t a n t s .  

As we allowed our TLD-100 and LiF:Mg samples t o  age for s e v e r a l  weeks, 

however, we began to observe  t h a t  t h e  1 i . m  shape changed i n  an i n t e r e s t i n g  

manrier. 

deve lcqed  a growi-ng h igh-  tempera ture  s h o u l d e r .  The shou lde r  became i n c r e a s  

i n g l y  w e l l  r e s o l v e d ,  and u l t i m a t e l y  ccjmplete convers ion  w a s  observed w i t h  

the format ion  of a s i n g l e  peak occur r ing  a-t 226'K. 

LiF:Mg i s  shown a s  t h e  dashed l i n e  i n  Fig- 7. We presume t h i s  t o  be an 

The s u s c e p t i b i l i t y  decreased  w i t h  ag ing  and t h e  TAP/TAD cu rves  

The aged TAD curve for 

14 
aggrega t ion  e f f e c t .  I n  t h e  r e l a t i v e l y  d i l u t e  d i p o l e  I , iF(w) samples, no 

such e f f e c t s  could  be d e t e c t e d .  

The e f f s c t  a l s o  was r e v e r s i b l e ;  upon h e a t i n g  t h e  scunple t o  a high 

0 
t empera tu re  aiid r a p i d l y  c o o l i n g  it, t h e  Griginal shape and 220 K tempera- 

t u r e  m a x i m u m  r e t u r n e d  . 
The TAD curves f o r  t h e  h igh  d i v a l e n t  concentrat i .on samples a f t e r  

I 

complc?te canve r s ion  have t h e  followi-ng p r o p e r t i e s .  First, when analyzed 

accord ing  t o  E q .  (28), we f i n d  a we l l -de f ined  s i n g l e  act , ivat ion energy 

191.5 -1 
behavior ,  E = 0.86 f .03 eV and W = 10 s e c  . Also, using t h e  

a 0 

m a n  b r e a d t h  expressi-on i n  E q .  (18), we f i n d  t h a t  t h e  r a t e  a t  22@K €or 

t h e  aggrega ted  d i p o l e  TAD peak i s  j u s t  tw ice  a s  l a r g e  a s  t h e  r a t e  a t  



0 
230 K for the annea led  sample TAD peak .  S ince  t h z  r a t c  doubli-ng tempera-  

ture i n t e r v a l  of t h e  annealed sample i s  about  6OK i n  t h i s  tempera ture  

range, b o t h  cu rves  a c t u a l l y  have almost  e q u a l  values o€ W(T). 

- RadiaLion Induced E f f e c t s  

We have desc r ibed  previous ly24  R I T A D  exper iments  i n  which we observe 

el-ectronj-c  s t a t e  po lar i  z a t i o n  signals. We observed a s t r o n g  RITAD c f € e c t ,  

which we a s s o c i a t e  with t h e  impur i ty  vacancy d i p o l e s ,  a t  220 K i n  t h e  0 

TZD-100 and i.n t h e  T,iF:Mg; t h e  e f f e c t  was p r e s e n t ,  b u t  was v e r y  weak i n  

the L i F ( W ) .  Although it had t h e  same peak i2mperatui-e a s  d i d  t h e  

.44-eV feature Seen i n  t h e s e  samples u s i n g  TAP/TAI): i t s  a s s o c i a t e d  shape 

parameters  were E = .62 + .@3 e V  and Wo - 10 ’”%-’ see-’. The r a d i a t i o n  

response  of t h e  impur i ty -vacancy  d i p o l e s  i s  q u i t e  l a r g ? .  With a 5 x LO 

3 

3 

-1 - 13 -2 -1 
Vein f i e l d  t h e  p o l a r i z a t i o n  i s  approximately 10 C em R . This  i s  

somewhat g r e a t e r  t h a n  t h e  r a d i o e l e c t r e t  response  r e p o r t e d  by Murphy e t  

al. f o r  Te f lon .  
23 

DiSCUSSTON AND CONCLUSIONS 

A surmary of  our r e s u l t s ,  toge- thzr  w i t h  t h o s e  of Wagner, 25 L a j  and 

20 26 0 
Berge, and Grant  i s  g iven  i n  Table  1.. It seems c l e a r  t h a t  t h e  220 K, 

.44-eV f e a t u r e  seen  by  b o t h  TAP and TAD ris diue t o  a s imple d i p o l a r  

r e o r i . e n t a t i o n  e f f e c t .  The d i p o l e  i s  formed by a Ng i o n  and i t s  

a s s o c i a t e d  c a t i o n  vacancy.  Th i s  mechanism i s  adequa’iely desc r ibed  i.n 

t h e  a r t i c l e  by Bucci and F i e s c h i .  Hecent s t u d i e s  by Wagner and 

+i- 

18 



Table 1- Summary of Impurity Inn Associated Effects  i n  Doped and Undoped 
Lithium F l u w i d e  i n  the Temperature R e g i m e  200°K-, 250%. 

-.- 
Ekpe r irne nt Sample T,( OK) Ea( 4') w (st&) 

TAP, TAD LiF:b@ 220 .44 & .03 1 8  "5 i 1.5 

0 

TAP, TAD 

RITAU 

I Y i 5  1.5 226 * %  * .03 10- 

TLD-100 

13.5 f 1 
220 .62 f .03 LO 

I- ZiF :Mg 

LiF :Mg 

LtF(W) ( ? )  

NMR d a t a  (Wagner2?) LiF:ldg .45 

26) & .5 -Ir 1 
d i e l e c t r i c  l o s s  data (Grant LiF :I@ -75 
TAD ( L a j  and Bergc*') 217 .a+ L,13 

+Annealed and quenched 

**.Age (1 



31 Mascarhenas 

s m a l l  a c t i v a t j o n  eiiergy d i f f e r e n c e s  depending upon which p a r t i c u l a r  

impur i ty  i o n  i s  p r e s e n t  i n  t h e  complex. 

t h e  T , i F ( U V )  sampl'es, t h e  d i p o l e  s y s t e m  may b e  formed of many d i f f e r e n t  

d i v a l e n t  i on -vacmcy  complexes.  

on r a r e  eert]l-doped CaF2 shosr t h a t  one may expec t  on ly  

Consequently,  i n  t h e  TLD-100 and 

The a c t i v a t i o n  energy af annealed samples g iven  i n  Table  1 i s  i n  

good agreement w i t h  t h a t  measured by Wagnerp5 ia NMR exper iments  f o r  the  

same sample b a t c h  o f  L i F ( W )  and LiF:Mg. He ob ta ined  shape parameters  o f  

.41 f .03 e V  and .45 t .03 

s m a l l e r  t h a n  t h a t  g iven  i n  

f requency" f o r  d i f f u s i o n .  

a p h y s i c a l  i n t e r p r e t a i i o n  of an  "a t tempt  

One cxpec t s  a va lue  c l o s e r  t o  13 1.1 or LO'-' 

-1 
s e c  f o r  t h e  l a t t e r .  I n  d i p o l a r  r e o r i e n t a t i o n  t h e  vacancy must make a 

number o f  d i f f u s i o n  jumps t o  accomplish r e l a x a t i o n  of t h e  d i p o l e .  

d i f f u s i v e  ca l cu la t i r , n  snows t h a t  Wo should be r e l a t e d  t o  t h e  mcan vacancy 

jurnp a t tempt  timz, Ti, by 

A sirtip3.e 

wkzre A 8  i s  the  ms angu la r  junp o f  t h e  vacancy about t h e  d i v a l e n t  ion, 

defined. as t k e  angill a r  jump d i s t a n c e  d iv idc-d  by t h e  n e a r e s t  neighbor  

d iskance ,  i .c .?  assuq ing  d i f f u s i o n  t o  be domi.na-Lcd by n e a r e s t  ne ighbor  

ju%ps. We t h u s  s e e  t h a t  oilr measured "a t tempt  f requency" i.s t h e r e f o r e  

10- 
1.1. .5& 1 . 5 

The 22c"K, . 8 6 - c ~  TAI-'/TAD e f f e c t  i s  apparenkly t h e  format ion  of a 

s t a b l e  s t a t e  due t o  di .pole aggrega t ion  i n  samql.es c o n t a i n i n g  r e l a t i v e l y  



h i g h  i m p u r i t y  l e v e l s .  S e v e r a l  i n v e s t i g a t o r s  have s tudi .ed t h e  growth of  

d i p o l e  complexes 

r e c e n t l y  observed t h e  growth of a second TAD peak i n  KCl:Eu, i n  which 

t h e  two TAD cu rves  were s imul t aneous ly  r e s o l v a b l e .  We b e l i e v e  our s t u d y  

may be t h e  f irst  r e c o g n i t i o n  o f  s imilar  e f f e c t s  i n  LEF:Mg. It i s  l i k e l y ,  

though, t h a t  t h e  f e a t u r e  s e e n  i n  t h e  LiF:Mg n a t e r i a l  a t  E = .65 eV by 

L a j  and Berge and a t  a v a l u e  of ]E: = .75 eV by Grant 5s also t h e  

r e s u l t  of a g g r e g a t i o n .  

32 
i n  o t h e r  m a t e r i a l s .  C a p e l l e t t i  and Fiesc l i i  have 29730 

a 
20 25 

a 

We s e e  t h a t  our  r e s u l t s  for f r e s h l y  annealed samples a g r e e  w i t h  t h o s e  

of Wagnerp5 for s i m i l a r  samples .  

TAD/TAP peaks t h e  samples conve r t  i n t o  apparent  k i n e t i c  behav io r  much 

c l o s e r  t o  t h a t  measured by L a j  and Berge 

Upon aging f o r  many weeks, however, our 

20 26 
o r  by G r a n t .  

A v e r y  i n t e r e s t i n g  featurre of  t h e  v a r i o u s  expe r imen ta l  results can 

be s e e n  i n  Table  1. I n  a11 c a s e s ,  a l though  t h e  appa ren t  a c t i v a t i o n  

e n e r g i e s  change, t h e  r a t i o  of  the a c t i v a t i o n  energy  t o  t h e  l o g a r i t h m  of 

W i s  e s s e n t l a l l y  c o n s t a n t .  Th i s  i s  j u s t  the r e l a t i o n s h i p  expected,  as 

i n d i c a t e d  i..n E q s .  (35) and ( 3 6 ) ,  i n  a system vhere E becomes s l i g h t l y  

tempera ture  dependent .  We speciulate tha-f; agg rega t ion  e f f e c t s  cause  t h i s  

t empera tu re  dependence, b u t  t h a t  E (T)  f o r  the aged s'mples i s  n o t  ve ry  
a 

d i f f e r e n t  from E f o r  t h e  annealed samples.  I n  such a ca.se, we expec t  

t h e  " c h a r a c t e r i s t i c "  parameter  t o  b e  t h e  peak tempera ture ,  assuming a 

c o n s t a n t  h e a t i n g  r a t e .  

as d e f i n e d  i n  E q s .  (33) and (34) .is t he  r eason  we a r e  not d i s t u r b e d  by 

what appears  t o  be an unreasonably  l a r g e  p r e - e x p o n e n t i a l  f a c t o r *  The 

0 

a 

a 

That t h e  appa ren t  E and Wo a r e  r e a l l y  FY and W* 
a 0 



19 valiies of E = .86 CV and W = 10, then ,  a r e  r ep roduc ib le  and s t r o n g l y  

s i iggest  some d i p o l e - d i p o l e  i n t e r a c t i  on is t a k i n g  place,  althougti  our 

simple model does n o t  pe rmi t  i t s  c a l c u l a t i o n  a p r i - o r i .  Tne magnitude of 

a 0 

t t iis d i p o l e - d i p o l e  f n t e r a c  Lion depends upon t n e  ind i -v idua l  d i p o l a r  

s u s c e p t i b i l i  t,y, wkiick, v a r i e s  i -nverse ly  w i t h  t empera tu re .  Thus we expec t  

t h a t  Lrie aggrega ted  and nonaggregated systems behave ve ry  s i m i l a r l y  a t  

h igh  tempera tures ,  where the d ipo le -  d i p o l e  i n t e r a c t i o n  i s  small, b u t  

s l i g i - i t l y  d i f f e r e n t l y  a t  l o w  tempera tures ,  where t h e  tempera ture  dependent 

i n t e r a c t i o n  l e a d s  -to p e r t u r b a t i o n s  i n  E and W . It i s  w e l l  documen’ced 

t h a t  t h e  TI, spectrum of  M g  doped l i t h i u m  f l u o r i d e  i s  a f u n c t i o n  of p re -  

i r r a d i a t i o n  annea l ing  procedures  --this, t oo ,  i s  a p p a r e n t l y  a r e s u l t  

of t h e  formati-on o f  i o n i c  c l u s t e r s ,  most I - ike ly  of  t h e  M i o n .  Th i s  i o n  

is known t o  be p r e s e n t  i n  most dos ime t r i c  g rades  of l i t h i i m  f l u o r i d e .  

a 0 

33 

++ 
g 

The I-arge s u s c e p t i b j l . i t y  of t h i s  system g i v e s  a rninimixn rim ion-  

vacancy d i s t a n c e  [ E q .  (jS)] g r e a t e r  t h a n  t h e  f c c  l a t t i c e  c o n s t a n t .  Thus 

t h e r e  i s  s u b s t a n t i a l  l a t t i c e  p o l a r i z a t i o n  w i t h i n  t h e  system from t h e  

ne:irest  ne ighbs r  L i F  p a i r s .  Therefore ,  one can h a r d l y  j u s t i f y  lise of trie 

Lorentz  f i e l d  a s  t h e  p o l a r i z i n g  f i e l d  sensed by t h e  complex. The a l t e r f i a -  

t i v e  i s  t h a t  t h e  complex p o l a r i z e s  i n  t n e  average f i e l d .  We t h e r e f o r e  

conclude t n a t  t ? e  value ( d  ) = 14A gj vpn i n  Eq . (39) i s  t h e  more r e a l -  

i s t i c  e s t i m a t e .  This  l a r g e  va lue  is n o t  i n c o n s i s t e n t  w i t h  models am1 

2 $  0 

meQs7Jrements which p3Jt t n e  average vacancy p o s i t i o n  between n e a r e s t  and 

nex t  n e a r e s t  ne ighbors .  The po la r i z ib i l - i - t y ,  which we have s t u d i e d ,  
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2 
measures t h e  second moment 9f t h e  d i s t a n c e  d i s t r i b u t i o n ,  d . A l a r g e  

v a l u e  of  d i m p l i e s  on ly  t h a t  t h e  wings of t h e  d i s t r i b u t i o n  a r e  n o t  

s h a r p l y  t r u n c a t e d .  

2 

0 
= .& eV, and 

Ea 
We b e l i e v e  t h a t  our RJTAD e f f e c t  w i t h  T = 220 K, m 
13.5 -1 

?do = 10 

i n  t h e  p re sence  of t h e  a p p l i e d  f i e l d  a t  low t empera tu re  ( a p p .  80%) has 

occurred  due t o  local. h e a t i n g  of t h e  i o n i c  environment by "hot r r  r a d i a t i o n  

induced e l e c t r o n s  and h g l e s .  W e  can view t h i s  as  a normal r a d i o e l e c t r e t  

e f f e c t  on t h e  impurity-vacancy d i p o l e  system. We s u s p e c t  t h e s e  charge 

c a r r i e r s  become t r apped  i n  t h e  immediate v i c i n i t y  of  t h e  p o l a r i z e d  i o n i c  

d i p o l e s  and c i t e  r e c e n t  i nves t iga t ions3 '  which sugges t  and ver i f 'y  t h i s  

h y p o t h e s i s .  

a c t i o n  which produces a t empera tu re  dependence of t h e  a c t i v a t i o n  energy, 

which causes  a s h i f t  i n  t h e  clirve parameters  W* and IF bu t  l e a v e s  t h e  

peak tempera ture  r e l a t i v e l y  unpe r tu rbed .  

s e c  i s  e s s e n t i a l l y  t h e  same a s  TAD, b u t  where p o l a r i z a t i o n  

T'nis l e a d s  t o  an a t t e n d a n t  charge  c a r r i e r - j o n i c  d i p o l e  i n t e r -  

0 a 

To conclude, wf: have perfarmed TAP, TAD, and RITAD exper iments  on 

L iF  samples w i t h  va ry ing  d i v a l e n t  i o n  c o n c e n t r a t i o n s .  We have observed 

t h e r m n l l y  a c t i v a t e d  r e o r i e n t a t i o n  (Jf impurity-vacancy mmplexes . 
TAD/TAP s u s c e p t i b i l i t i e s  measured i n  t h e s e  s a n p l e s  imply an  rms d i p o l e  

l e n g t h  be tveen  4 . 5  and 11g. 

r e p r e s e n t s  t h e  a c t u a l  s i t u a t l o n .  

Tne 

1% appears  t h a t  t h e  l a r g e r  va luc  m m e  l i k e l y  

DependLng upon sample h i s t o r y  we find t h r e e  d i f f e r e n t ;  s e t s  of r a t e  

p a r a m e t e r s .  

Wo = 8 -5 5 1.5. 

F r e s h l y  annea led  samples g i v e  E = O.l+l+ f 0.3 eV arid l o g  
a 

These pa rame te r s  ag ree  w i t h  t h o s e  determined from Di3J.R 



r e l a x a t i o n  experiments  .2s A s  t h e  samp1.e~ age, t h e  TAP/'TAD curves  i n  

h e a v i l y  doped samples become conver ted  t o  a much narrower shape, a l though  

t h e  tempera ture  o f  t h e  peak maximum s h i f t s  on ly  s l i g h t l y .  The aged 

sample curve  i s  c h a r a c t e r i z e d  by E 

We s u s p e c t  k h a t  t h e s e  aggrega t ion  e f t e c t s  have occurred  i n  o t h e r  expe r i -  

= =86 rt .03 eV and l o g  l.<do = 1-9 f 1.5. 
a 

ments a s  well, and account  f o r  t h e  la-rge apparent  a c t i v a t i o n  e n e r g i e s  

observed by Grant  and Tlaj  and Berge i n  t h e  L i Y  system. These d i p o l e s  

also show RICTAD response ,  which occurred  i n  a l l  samples a t  220 K, and for 

which w e  f i n d  E = 0.62 $- .03 eV and l o g  W = 13.5 i 1. This  v a r i a t i o n  

i n  apparent  k i n e t i c  behavior  can be c o n s j s t e n t l y  i n t e r p r e t e d  a s  d i p o l e -  

26 20 

0 

a 10 0 

d i p o l e  or dipole- t rapped-charge  i n t e r a c t i o n s  which s l i g h t l y  a l t e r  t h e  

temperatuwe dependence o f  t h e  r e o r i e n t a t i o n  a c t i v a t i o n  energy I 



CIIAPTER 111 

OESEEWATION OF A RADIATION-INDUCED T m W L L Y  ACTIVATED 

DEPOI2iRIZATIGN IN LITHIUM PLUOK1D.E 

We have observecl t h a t  an in te r i se  s t a b l e  e l e c t r i c a l  p o l a r i z a t i o n  can 

h e  induced when a snmple of high purity LiF  i s  s u b j e c t e d  to a p o l a r i z i n g  

f i e l d  d u r i n g  s imul taneous  X-ray i r r a d i a t i o n .  The ef'f 'ect i s  r e a d i l y  

d e t e c t e d  a f t e r  i r r a d i a t i o n  by shorting t h e  p o l a r i z i n g  e l e c t r o d e s  through 

an a r r ie te r ,  h e a t i n g  the sample a t  an approximately conskan-t r a t e ,  and 

r eco rd ing ,  as  a f u n c t i o n  of kenperatinre, the t h e r m a l l y  a c t i v a t e d  c u r r e n t  

gene ra t ed  by s a ~ i p l e  d e p o l a r i z a t i o n .  We a l s o  observe  t h a t ,  a f t e r  i n i t i a l  

i r rad i .a t i .on  or" r e l a t i - v e l y  h i g h - p u r i t y  samples, the dominant charge  r e l ease  

peak can be o p t i c a l l y  r e g e n e r a t e d .  Before  i r r a d i a t i o n ,  t h e  saviples exhib i . t  

some weak e l e c t r e t  a c t i v i t y  from j.oni.e thermocurren t  ( I T C )  s t a t e s -  w i t h  

c h a r a c t e r i - s t i c  a c t i v a t i c i n  t empera tu res  around 220 K; this i s  d-u.e to t r a c e  

c o n c e n t r a t i o n s  of d i v a l e n t  ion-vacancy com.plexes, but at our exposure 

l e v e l s ,  r a d i a t i o n  damage induces  no o t h e r  d e t e c t a b l e  p u r e l y  thermal -  

e l e c t r e t ,  a c t i v i t y  a s  has  been observed i.n cer ta j .n  other d i e l e c t r i c s  . 
Ssmple i r r a d i a t i o n  does produce, from these I T C  s t a t e s ,  a small radio-  

e l e c t r e t  e f f e c t  s i r n i l a r  tc, t h a t  o b s e r ~ e d ~ ~  i n  Tef lon  and carnauba wax, 

both o f  which form s t r o n g  thermal  e l e c t r 2 t s .  This I ,e t te r ,  h~c~i~eirer, i s  

main ly  t o  r e p o r t  much s t m n g e r  and d i - f f e r e n t  e t f 'ects  observed bel-ow 200 K; 

Lhese i .n tense p o l a r i z a t i o n s  c l e a r l y  a.rise f rom very d i f f e y e n t  phj/si.eal 

18 

0 

55-38 

0 

=,39 - ~ o m e n a  origi.ns t h a n  tine ITC, r a d i o e l e c t r e t ,  o r  e l e c t r e t  decay phc- 

p r e v i o u s l y  s t u d i e d .  Consequently, we subsequen t ly  r e f e r  to a l l  t h e s e  
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P f f e c t s  by t h e  g e n e r a l  d e s c r i p t i o n  o f  a " t h e r m a l l y  a c t i v a t e d  d e p o l a r i -  

za t ion"  ('TAU) o r  " r a d i a t i o n -  j nduced t h e r m a l l y  a c t i v a t e d  depol.ari.zation" 

( RTTAD) . 
An example o f  t h e  R I T A D  peaks i s  shown i n  Fig. 8 f o r  t h e  tempera ture  

r )  c) 
range from 85 K t o  240 K from a 1-x-1-x 0.075-cm3 sample of Harshaw uv 

o p t i c a l  q u a l i t y ,  UV-H63A, h i g h - p u r i t y  LiP  [ L i F  (W)] . The d o t t e d  l i n e  i n  

F i g .  8 shows tlie thermoluminescence (TI,) glow curve  measured s imul t aneous ly  

wi th  t h e  RITAD c u r v e .  For  F i g .  8, t h e  exposure i s  about  100R, arid t h e  

p o l a r i z i n g  f i e l d  about  500 V/cm i n  t h e  sample.  The tempera ture  scan  

cor responds  t o  co i l s tan t  h e a t e r  power and v a r i e s  from about 0 .5  K s e c  

a t  t h e  h ignc r  t empera tu res  t o  about 0.75 K s e e  a t  t h e  lower t e m p e r a t u r e s .  

o -1 

o -1 

We measure approximately one e l e c t r I n  o f  e l e c t r o d e  compensation charge for 

each 10  keV of X-ray energy  absTrbed by t h e  L i F .  This  r a d i o  s u s c e p t i b i l i t y  

I s  about  lo5 t imes  s t r o n g e r  t h a n  t h e  r a d i q e l e c t r e t  p o l a r i z a t i o n  of carnauba 

wax . *' 
'I- 

We have, a s  y e t ,  acqui red  i n s u f f i c i e n t  d e t a i l e d  d a t a  on t h e s e  

e f f e c i s  t o  g i v e  R f u l l y  q u a n t i t a t i v e  d e s c r i p t i o n  of much of t h e  bzhav io r .  

We b e l i e v e ,  however, t h a t  t h i s  new phenomenon has  enough p r a c t i c a l  poten-  

t l a l  t o  war ran t  t h i s  c h a p t e r  o u t l i n i n g  on ly  our s e m i q u a n t i t a t i v e  d e s c r i p -  

t i o n s  and q u a l i t a t i v e  r e s u l t s .  The appa ra tus  i s  e s s e n t i a l l y  t h e  same a s  

desc r ibed  p r e v i o u s l y  f o r  TT, s t u d i e s , 1 3  b u t  modif ied f o r  a t tachment  o f  

ssmple e l e c t r o d e s .  A more d e t a i l e d  d i s c u s s i o n  of c u r  cxper imenia l  p ~ o -  

cedures ,  K I T A D  curve a n a l y s i s ,  sample t r ea imen t s ,  etc ., w i l l  be  pub l i shed  

subsequen t ly .  I n  t h e  foll.owing d i scuss ion ,  because of i t s  d e s c r i p t i v e  

p u r p , s e s ,  t h e  ten lpera tures  quoted a r e  s imply t h e  sample mounting b lock  
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t e m p e r a t u r e s .  Some sample mounting procedures  may cause  t h e  a c t u a l  sample 

tempera ture  t o  l a g  behi~nd t h e  b lock  tempera ture  and t o  be 3s much a s  1 0 d K  

c o o l e r  a-L the lower t e m p e r a t u r e s .  

0 
Although t h e  c e n t r a l  -180 K peak shown i n  F i g .  8 d i s p l a y s  t h e  mosi; 

s t r i k i n g  RITAD proper-Lies,  t h e  overal .1 R I T A D  behavior  r e q u i r e s  compli.cated 

verbal. d e s c r i p t i o n ,  and s o  we beg in  by d iscuss i .ng  o t h e r  p r e l i m i n a r y  

expe r imen t s .  FirsL, p r i o r  t o  l a b o r a t o r y  X-ray exposure,  one can measure 

i o n i c  thermocurren ts  by app ly ing  a p o l a r i z i n g  f i e l d  a t  about room tonipera- 

t u r e ,  c o o l i n g  t h e  sample t o  f r e e z e  i n  any impuri. ty e l e c t r e t  s t a t e  p o l a r i -  

z a t i o n ,  and t h e n  performj-ng a TAD exper iment .  The i n v e r s e  experiment  i s  

t h e r m a l l y  a c t i v a t e d  pol.ari .zation (TAP) ; one s-Larts  w i t h  a col.d, unpo la r i zed  

sample and h e a t s  i n  t h e  presence  of an app l i ed  f i e l d  t o  nea,sure the  p o l a r i -  

z a t i o n  c u r r e n t s .  I n  bo th  TAD and TAP one observes  charge :release peaks a t  

t h e  same tempera ture  and a s s o c i a t e d  w i t h  t h e  h ighes t - ten ipera ture  (220 K )  

R I T A D  peak shown i n  Fig. 8 .  

experi-ments with diva len t - ion-doped  samples of LiF, e i t h e r  thermolwnines- 

cence dosene t ry  grade  [ I , iF -TLD(100) ] ,  o r  samples doped t o  130 ppni w i t h  

msgnesium, LiF:Mg, ve observe q u a l i t a t i v e l y  s i m i l a r  behav io r  of  t h e  220 K 

TAP,/TAU f e a t u r e s ;  t he  i n t e n s i t y ,  however, i s  v e ~ y  much g rea t e r .  t h a n  in t h e  

L i F ( W )  samples .  We appJ..y B whole curve a n a l y s i s ,  such  a s  descri-bed by 

Bucci  and F i e s c h i  which we can a l s o  modify f o r  TAP e f f e c t s ,  t o  t h e  

p o l a r i z a t i o n  cu rves  and thereby  e x t r a c t  a c t i v a t i o n  e n e r g i e s  and f requency  

f a c t o r s  d e s c r i b i n g  t h e  220 K f e a t u r e s .  We assume here  a rate W f o r  

depolar iza t i .on ;  X(T) := s exp( -E/kT),  where E may i t s e l f  be tempera ture  

0 

I f  we per form TAD/TAP i o n i c  thermocurren t  

0 

18 

0 



I n  g e n e r a l  t h e  peaks seem -bo be wel.1. desc r ibed  by f i r s t -  depend e n t . 
order  k i .ne t ics ,  each  peak having  a d e f i n i t e  a c - t i v a t i o n  energy  E- We f e e l  

tha- t  t he  a c t i - v a t i m  energy  i s  u s e f u l  f o r  labeling a p a r t i c u l a r  peak and, 

t o g e t h e r  w i t h  t h e  r a t e  parameter  s ,  g i v e s  some i n d i c a t t o n  of t h e  p h y s i c a l  

processes responsi.bl.e f o r  t h e  observed phenomena . For p r e s e n t  purposes  

it, s u f f i c e s  t o  s a y  t h a t  the 220 IC f e a t u r e s  a r e  I T C  s t a t e s  a s s o c i a t e d  with 

-impurity d i v a l e n t  ion-vacancy d i p o l a r  complexes; t h e i r  RITAD a c t i v i t y  

Seem to be the r a d i o e l e c t r e t  p o l a r i z a t i o n  of t'nese ex is t i .ng  dipclles and, 

for annealed smples  aged a t  room t empera tu re  f o r  s e v e r a l  weeks, t h e  

measured I1rC r a t e  pa rame te r s  are E = o.V+ 5 O.cj2 e~ and logIc(sj = 9 ~f: 1.5. 

14,40 

0 

A second experiment i s  t h e  measui-einent of r a d i a t i o n - i n d u c e d  t h e r m a l l y  

a c t i v a t e d  c o n d i i c t i v i t y  (TAC) ; t h e  sample I s  i r r a d i t x t e d  at. l o w  t empera tu res  

t o  produce t r apped  e1ect;rons and holes. One t h e n  a p p l i e s  an e l s c t r i c  

f i e l d ,  h e a t s  t h e  sample, and rnon i tws  t h e  conductivi-by- t o  r e c o r d  t h e  TAC 

curve r e s u l t i n g  from the r e l e a s e  of t h e  charge c a r r i e r s  i n t o  m0bi.l.E: s t a t 2 s  

p r i o r  t o  t h e i r  recombina t ion .  This  phenrmmon i s  a l s o  c a l l e d  tbemal.ly 

stirnula-Led condinct ivi ty  by some i - n v e s t i g a t o r s  . I n  a TAT: experiment one 

also Dbserves TAP e f f e c t s ,  a s  described p r e v i o u s l y ,  from. dipolar e n t i t i e s ;  

t i i n  two can be d i . f f e r e n t i a t e d  becmse t h e  TAP e f f e c t s  can  also be i .dent i -  

fi.ed i n  an i o n i c  thermocurren t  TAD experirnent - When a rad. ia t ion-induced 

TAC rim i s  performed on any of  01x1' samples we observe a c t i v i t y  a s s o c i a t e d  

w i t h  the low-temperature TL peak (-162.-K) shown -in F ig .  8, a s  w e l l  a s  

a l r e a d y  measured TAP a c t i v i t y  :From the 220 K f e a t u r e s .  Simultaneous 12 

measurements show near-uv em-issirjn i n  a v e r y  strong glow peak c o r r e l a t e d  

'7 

0 



wit'n t h e  162'~ TAC peak and show t h a t  t h i s  TI, i s  n o t  r epopu la t ed  by 

subsequent  uv i r r a d i a t i o n .  The a c t i v a - t i o n  r a t e  parameters  f o r  e i t h e r  t he  

TAC or TL peak a t  1.62 K a r e  F: = 0.25 0.02 eV and log ( s )  = 7 f 1. A l l  

where t h e s e  f e a t u r e s  correspond wi.th p rev ious  experiments  a t  t h i s  l a b  

t h e  TL peak  was a s s o c i a t e d  w i t h  t h e  a c t i v a t e d  m o b i l i t y  o f  t h e  s e l f - t r a p p e d  

hold V c e n t e r .  

r e su l t s  from t h e  d i p o l e  moment gene ra t ed  by n e t  charge s e p a r a t i o n  o f  t h e  

V c e n t e r  ho le  and i t s  charge:--compensating assoc i .a ted  t r apped  e l e c t r o n  

when i r r a d i a t i o n  i s  c a r r i e d  o u t  i.n a po la r i z i -ng  f i e l d .  The V center 

0.25-eV TAC peak can be observed i n  a l l  our specimens, T,iF(W), LiF-TLD 

(loo), and LiF:Mg . 
l i qu id -M2 tempera ture  t o  o p t i c a l  i l l u m i n a t i o n  from a 75-W mercury a r c  

through q u a r t z  o p t i c s ,  w e  can observe no o p t i c a l  g e n e r a t i o n  of  TAC, TL, 

TAD, o r  TAP e f f e c - t s .  

0 

10 
u,14 

It t h e r e f o r e  appears  t h a t  -the R I T A D  e f f e c t  shown i n  F i g .  8 
k 

k 

k 

When a p r e v i o u s l y  u n i r r a d i a t e d  c r y s t a l  i s  exposed a t  

F i n a l l y ,  w e  can d i s c u s s  the RITAD behavior  s p e c i f i c a l l y ;  when our 

LiF(U-V) samples a r e  i r r a d i a t e d  w i t h  X-rays i n  the presence  of a p o l a r i z i n g  

vzdtage of 500 V, - the RITAD curve shown i n  F i g .  8 r e su l t s .  I n  t h e  LiF:Mg 

and -tke LiF-TLD(l.00) samples t h e  220 K K I T A D  f e a t u r e s ,  which we i d e n t i f y  

a s  r a d i o e l e c t r e t  p 3 l a r i z a t i o n  of  p r e - e x i s t i n g  I T C  s t a t e s ,  a r e  t y p i c a l l y  

s t r o n g e r  by more -than a f a c t o r  of 10 t h a n  t h o s e  shown i n  F i g .  8 for t h e  

LiF(UV) sample.  On t h e  o t h e r  hand, i n  L i F ( W )  t h e  c e n t r a l  RITAD peak 

a t  -180 K i s  niuch more i n t e n s e  t h a n  i n  t,he doped samples .  Because w e  can 

m a s u r e  t h e  ove r l app ing  Vk c e n t e r  0.25 e V  peak i n  a TAC experiment,  i t s  

c a n t r i b u t i o n  can e a s i l y  be s u b t r a c t e d  f o r  good a n a l y s i s  of t h e  c e n t r a l  

0 

3 



0 
180 K RITAD peak, which i s  c h a r a c t e r i z e d  by E f: 0.34 f 0.05 eTJ and 

l o g  (s) = 8.5 1 . 5 .  The most i n t e r e s t i . n g  f e a t u r e s  of  t h e  0.34 eV peak 

i n  L i F ( W )  a r c  t h e  fo l lowing :  (1) It cannot be d e t e c t e d  i n  TAP, OP 

r egene ra t ed ,  a s  can an e l e c t r e t  o r  t h e  i o n i c  thermocurren t  f e a t u r e s  a t  

220 K, by a hl .gh-temperature p o l a r i z i n g  p r o c e s s  once it has  been t h e r m a l l y  

d e p o l a r i z e d .  

i n  a TAC experiment nor t o  observe  any c o r r e l a t e d  TL a c t i - v i t y ;  this th- is  

s t r o n g  RITAD e l f e c t  does no t  appear t o  be a r a d i o e l e c t r e t  e f f e c t ,  i n  t h e  

s e n s e  of t h e  usual rneani-ng of t h e  te rm.  
k 

peak and 220 K ITC peaks,  howeirer, t h e  s t r o n g  0.34- eV RITAD peak in 

L i F ( W )  can be o p t i c a l l y  r e g e n e r a t e d ,  

z a t i o n ,  the sample can a g a i n  be thermal  d e p o l a r i z a t i o n ,  t h e  sample can 

a g a i n  be cooled an3 t h e  G.34 eV RITAD peak regene ra t ed  by app ly ing  a 

p:.>larizi.ng volt,age simi.il~taneous w i t h  sample i l l u m i n a t i  on through q u a r t z  

!:)ptics frcm a small Iig a r c  source. A comparison of the d i r e c t  R E A D  and 

o p t i c a l l y  r egene ra t ed  RTTRD curves  i s  shown in Fig. 9 .  We note t h a t  t h e  

op'ci-cally r e g e n e r a t e d  RTTAD peak appears  t o  s h i f t  t o  h i g h e r  tempera.twe 

10 

0 

(2) We have n o t  been ab le  t o  d e t e c t  t h e  0.YL-eV RITAD peak 

( 3 )  I n  contras-1; t o  t h e  V 0.25 eV 
0 

After X - r a y h g  and thermal. d e p 9 l a r i -  

0 
by about, 10 K w i t h  r e s p e c t  to t h z  d i r e c t  0.34 eV peak.  However t h i s  may 

 is^ a n  expe r imtn t s l  a r t i f a c t ,  since the whole curve a n a l y s i s  shows Ynat 

the r ip t i ca l ly  r e g e n e r a t e d  curve has r a t e  pa rame te r s  ot E = 0.3'7 * 0.04 PV 

and l o g  

t h o s e  f o r  the d i r e c t  RITAD 0.311 eSr peak .  With a soft g l a s s  T i l t e r  between 

(s) = 9 f 1, bo-th of wki.ch a r e  wi- thin m r  expe r imen ta l  error of LO 

t h e  sample and t h e  o p t i c a l  source t o  absorb r a d i ? t , i o n  wi th  wavelengths 

less t h a n  about 313081i, nc, o p t i c a l  r e g e n e r n t i  on o c c i i ~ s  . 
0 
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Fig. 9. The Solid Curve Shows the  LFE’(UV) Direct  RITAD Ef fec t  and 

the Dashed Curve Snows I t s  SEbsequent OptS-cal Regeneration. 



I n  t h e  LiF:Mg and t h e  T L D ( 1 O o )  samples, brith the 0.34-eV RITAD ppak 

arid i t s  o p t i c a l  repi,pulation a r e  lieavj ly suppressed  w i t h  r e s p e c t  t o  t h o s e  

obsprved i n  t h e  undoped LiF(UV) samriles. 

0.54 eV RITAD peak in L i F ( W )  is ext remely  s e n s i t i v e  t o  sample i m p u r i t y  

It i s  c l e a r  t h a t  t h e  s t r o n g  

c o n t e n t  . 
Our p r e l i m i n a r y  o b s e r v a t i o n s  show t h a t  t h . 2  K I T A D  e f f"ec ts  can be 

s t r o n g l y  s u p r a l i n e a r  i n  absorbed dose;  a t  l e a s t  up  t o  about 1-0' r a d ,  our 

i n i t i a l  rough exper iments  i n d i c a t e  t h a t  t h e  t o t a l  , thermal charge  r e l e a s e  

may s c a l e  approximate ly  a s  the cube of the X-ray  exposure. We also 

observe t h a t  t h e  s i g n a l - t o - n o i s e  r a t i c i  i n  measuring RITAD peaks i s  perhaps  

a bi.t b e t t e r  t h a n  t h a t  i n  s imul taneous  measurement of TL peaks .  O p t i c a l  

cons i -de ra t ions  l i m i t  sample size f ' o ~  i n c r e a s i n g  s e n s i t i v i t y  i n  TL d o s i -  

metry, b u t  t h e r e  a r e  no such li.mita-Lions 131-1 measuring KITAD. Because 

RITAD e f f e c t s  do n o t  i n t r i n s i c a l l y  r e q u i r e  conduct ive  e l e c t r i c a l  cont inui - ty  

or good o p t i c a l  q u a l i t y  o f  t h e  sample, t h e y  can be measured f o r  s i n t e r e d  

or ex t ruded  samples, o r  f o r  RITAD m a t e r i a l s  ex t ruded  as  a suspensi.ol1 i n  a 

m a t r i x .  S ince  a t  l e a s t  somn KITAD peaks can be r egene ra t ed  o p t i c a l l y ,  

i r r a d i a t i o n  r e c e i v e d  a t  h i g h e r  t empera tu res  i n  t h e  absence of a po1.arizi.w 

f i e l d  can be measured a t  a l a t e r  t ime u s i n g  o p t i c a l l y  r egene ra t ed  RZTAD. 

Because of t h e  cons ide ra t i -ons  o u t l i n e d  above, it would seem t h a t  t h e s e  

radiat ion-i-nduced p o l a r i z a t i o r i  phengmens n a y  provi.de a wea l th  of p o s s i -  

b i l i t i e s  for s e n s i t i v e  tlfJsimet,ric t e c h n i q u e s  n o t  p o s s i b l e  wi-th o t h e r  

r a d i a t i o n - i n d u c e d  phenomena. 
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Addec! note - Since  submission o f  iliis manuscr ip t ,  Turtlner experiments  

2’ have r evea led  a v a r i e t y  of RITAD effects i n  other d i e l e c t r i c s .  I n  CaP 

for  example, we can observe a RITAD phenomeiion having a t  least 10 g r e a t e r  

ciiarge r e l e a s e  p e r  r a d  t h a n  f o r  t h e  LiF(UV) desc r ibed  above. 

3 



CI-IAPTEB IV 

CONCLUSIONS 

I n  ou r  f i rs t  c h a p t e r ,  we d e s c r i b e  r e s u l t s  of our t e s t  of  t h e  s imple  

t r a p p e d  c a r r i e r - f r e e  c a r r i e r  recombina t ion  model normal ly  used t o  d e s c r i b e  

TL and TAG e f f e c t s .  We a n a l y t i c a l l y  derixre an e x a c t  c o r r e l a t i o n  e x p r e s s i o n  

for TI, and TAC e f f e c t s  which impl i e s ,  i n  i t s  i n a b i l i t y  t o  d e s c r i b e  e x p e r i -  

men ta l  r e s u l t s ,  t h e  n o n v a l i d i t y  of t h e  model. An examination o f  t h e  manner 

i n  which t h e  model p r e d i c t i o n s  d i s a g r e e  w i t h  our r e s u l t s  i n d i c a t e s  t h a t  a 

s u i t a b l e  a d d j t i o n a l  rngdcl hypo thes i s ,  t h e  e x i s t e n c e  of a s i g n i f i c a n t  

deg ree  of s p a t i a l  c o r r e l a t i q n  between t r apped  c a r r i e r s  and recombina t ion  

c e n t e r s ,  w i l l  b r i n g  t h e  model i n t o  agreement w i t h  t h e  exper iment .  

I n  Chapter I1 we d e s c r i b e  c u r  e q e r i m e n t s  Qn LiF  c r y s t a l s  doped t o  

v n r i  ous impurj t y  l e v e l s  and w i t h  d i f f e i - e n t  t he rma l  h i s t o r i e s .  We conclude 

t h a t  c o n s i s t e n t  changes i n  a c t i v a t i o n  energy and r a t e  parameters  w i t h  

d t q i n g  l e v e l  and sample t r e a t m e n t  a r e  L ike ly  due to t h e  a c t i v a t i o n  energy  

E 

d i v a l e n t  impurity-vacancy d i p o l e s  aggrega tc  . Cnapter 11 is  imprirtant t o  

this thps is  c h i e f l y  i n  t w o  ways. F i r s t l y ,  our r e s u l t s  here enabLe us t o  

s u b t r a c t  t h e  TfiP c o n t r i b u t i o n  from d i p o l a r  p o l a r i z a t i o n  e f f e c t s  as we 

c d l e c t  d a t a  i n  a TfiC e x p e r h e n t  . Secondly, an imp5r tan t  un fo reseen  r e s u l t  

of t h e s e  ana lyses  i s  our a b i l i t y  t o  rtaconcile e a r l i e r  lVMR, TAD, and d i e -  

l e c t r i c  l o s s  r e s u l t s  t h a t  show r a d i c a l l y  d i f f e r e n t  va lues  f o r  t h e  a c t i v a t i o n  

ene rgy  and r a t e  pa rame te r .  

and r a t e  p s rame te r  Wo developing  a t empera tu re  dependence a s  t h e  
a 
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Cqapter  IT1 d e s c r i b e s  t h e  RITAD zxperiment  and ou r  obse rva t ions  of 

t h i s  e f f e c t  i n  d z p d  L i F .  Ne conclude t h a t  t h i s  e f f ' ec t ,  due  t o  i t s  high 

s i g n a l - t o - n d i s e  r a t i o  and t h e  f a c t  t h a t  i Ls i n t e n s i t y  may be  remensured 

a f t e r  o p t i c a l  r epopu la t i  on, may have useful a 3 p l i c a t i o n  i n  t h e  a r e a  of 

r a d i a t i o n  dgs ime t ry .  The RITAD e f f e c t s  a r e  shorm, by r e f e r e n c e  t o  t h o s e  

e f f e c t s  i n v e s t i g a t e d  i n  Chapters  I and T I ,  t o  have perhaps several.. o r i g i n s .  

The .34 eV R I T A U  e f f e c t  appears  t o  be c l o s e l y  r e l a t e d  t o  3112" c o r r e l a t e d  

nd t 3  be r e l a t e d  t u  V c e n t e r  recombina t ion .  It 160°K TL/TAC peaks assum, 

may be t h a t  riere we observe a p o l a r i z a t i o n  of  t h e  e l e c t r i c  d i p o l e s  formed 

by i h e  V c e n t e r  and i t s  a s s o c i a t e d  e l e c t r o n .  Our h i g h e r  .62 eV RTTAD 

k 

k 

peak i s  appa ren t ly  c o r r e l a t e d  wi th  our  220°K impuri ty-vacancy d i p o l e  

p o l a r i z a t i o n  e f f e c t ,  and nay  i n d i c a t e  an i n t e r a c t i o n  between t h e  " i o n i c "  

elec-brit d i p o l e s  and elec-Lron o r  ho le  charge  c a r r i e r s  t r apped  n.narby . 
This  c ,~u l r3  lead. t o  temperature-dependent  shape parame-Lers which wou.ld, a s  

desc r ibnd  i n  Cnapter  11 w i t h  r e f e r e n c e  t o  d i p o l e  aggrega t ion  e f f e c t s ,  

l e a v e  Yne peak tempera ture  r e l a t i v e l y  urichanged . 
We have shown t h a t  t h e  TAP e f f e c t  ( c h a p t e r  I T )  can s i g n i f i c a n t l y  mask 

3r c a s e  t h z  m i s i n t e r p r e t a t i - o n  If  d a t a  ob ta ined  i n  Bn expe r inen t  designed 

t g  measure TAC (Chapter  I ) .  

(Chapter  I )  a r ?  nbserved i n  t h e  same tempera ture  range a s  i s  t h e  RITAD 

? f f e c t  (Chapter  111). 

it may b? t h a - t  RITAD i s  a TAC e f f e c t  due t o  charge c a r r i e r s  t r apped  i n  t h e  

ne ighbor'1.- , o d  of ,  and consequentl-y w i t h i n  t h e  e l e c t r i c  f i e l d  of ,  t h o s e  

irnplirTty-vacancy d i p d e s  r e s p o n s i b l e  f o r  t h e  TAD/TAP e f f e c t s  desc r ibed  i n  

Chapter  TI. Those aggrega t ion  e y f e c t s  d e s c r i b e d  i n  Chapter 11 sugges t  

It i s  a . 1 ~ 0  s i g n i f i c a n t  t h a t  t h e  TAC s i g n a l s  

T h i s  sugges t s  t h a s e  e f f e c t s  may have si-m-iler o r i g i n s ;  



t h a t  a t  l e a s t  some jmpur i ty  s t a t e s  may i n  h i g h l y  doped samples e x h i b i t  

s t r o n g  s p a t i a l  c o r r e l a t i o n s .  

r e su l t s  i n  Chapter I which a l s o  sugges t  s p a t i a l  c o r r e l a t i o n s .  

Th i s  may be s i g n i f i c a n t  w i t h  r e g a r d  tr, TL/TAC 

These s p a t i a l l y  c o r r e l a t e d  t r apped  c a r r i e r s  and TL-ac t ive  recombina- 

t i o n  c e n t e r s  d i s c u s s e d  i n  Chapter I might be a r e s u l t  of t h e  c o n c e n t r a t j o n  

of each  e n t i t y  a long  damage t r a c k s  i n  t l ie  m a t e r i a l ,  rJr i n s t e a d  an inzrreased 

p r o b a b i l i t y  of f i n d i n g  t h e s e  c n t i t i e s  n e a r  d i p o l e s  o r  d i p o l e  a g g r e g a t e s .  

Th i s  s u g g e s t s  t h a t  f u t u r e  s y s t e m a t i c  sbud ies  o f  ve ry  l i g h t l y  doped samples, 

where d i p o l e  aggrega t ion  would nz& be s o  p ronanced ,  are i n  o r d e r .  

Nor d o  t h e  exper iments  c~f Chapter I p o s i t i v e l y  r e s o l v e  whzther f a i l u r e  

of t h e  r e l a t i o n  'Y) $ V(T) o r  o f  tl-1 eyuaticrtn a f / M - t f  = -yn 

f o r  f a i l u r e  o f  t h e  s imple  model. If one uses  a p o p u l a t i o n  s e n s i t i v e  

technique, such  a s  ESR or Q p t i c a l  a b s o r p t i o n  t o  moriitisr f ( t )  or  n ( t )  

d i r e c t l y ,  r a t h e r  t h a n  r e ly jng  on moni tor ing  cp = -Va,f, one might be a b l e  

t o  do a c o r r e l a t i o n  check between t h e s e  t e c h n i q a e s  ant1 TAC, and t o  d e r i v e  

an accompanying c o r r e l a t i o n  e x p r e s s i o n  w i t h  t h e  7\ depen3ence rem9ved. An 

experiment o f  t h i s  type could de te rmine  which of t l ie above model e c p a t i o n s  

i s  v i o l a t e d .  S h o d 3  7-l be  proven t3 be c o n s t a n t ,  t h e  t h e o r e t i c a l  i n c o r -  

p o r a t i o n  or" t r a p p e d  c a r r i e r - r e c o m b i n a t i o n  c e n t e r  s p a t i a l  c o r r e l a t i o n  would 

be a p o s s i b l e  m g d i f i c a t i o n  t o  t k  general model. 

c o r r e l a t i o n s  a s  f u n c t i o n s  of sample t r e a t m e n t ,  aecurnulated d m e ,  and 

applied f i e l d  might a l s o  be of va lae ,  e s p e c i a l l y  i n  l i g h t  of the w e l l  

known s u p r a l i n e a r  TL r e sponse  of LiF w i t h  i n c r e a s i n g  close. 

i s  r e s p o n s i b l e  
t C 

Experimpn-ts on TAC/TL 

A l o g i c a l  e x t e n s i o n  T f  t h e  exper iments  d i scussed  i n  Chapter I1 i s  a 

c a r e f u l  s t u d y  of t h e  decay of t h e  .44 eV f e a t u r e  and t h e  growth of t h e  



.86 eV f e a t u r e  a s  f u n c t i o n s  of sample composi.t,ion and o f  t ime and tem2era- 

t u r e  so  as t o  el .ucidate  t h e  aggrega t ion  k i n e t i c s .  A l s o ,  i f  it i s  p o s s i b l e  

to observe a R I T A D  e f f e c t  due t o  charge c a r r i e r s  t r apped  nea r  impur i ty  

vacancy dipol-es:  might n o t  the T A P / T A D  shape parameters  and peaking tempera- 

t u r e s  be i n f l u e n c e d  by t h e s e  nearby  t r apped  c a r r i e r s ?  

s u b s e q ~ ? n t  t o  i - r r a d i a t i o n  t o  de te rmine  i f  t h i s  e f f e c t  e x i s t s  shou.1.d a l s o  

be c a r r i e d  mt .  A t  h igh  doping l e v e l s ,  i s  f e r r o e l e c t r i ~ c  domain behav io r  

observed? Presumably i n  t h i s  experi-ment we obsc?rved tem2era ture  dependent 

TAP/ ,TAD shape parameters  r e s u l t i n g  from aggrega t ions  of l ik.2 i m p u r i t i e s .  

Cook and Dryden2’ observed t r i m e r  format ion  i n  a l k a l i  h a l i d e s .  

s anp le  doped w i t h  two implx-i t ies ,  we see  e f f e c t s  r e s u l t i n g  from s t a b l e  

d i p o l e  aggrega te s  o f  u n l i k e  i m p u r i t i e s ?  

T A P / T A D  expe r imin t s  

Would, i n  a 

Regarding Chapter  111, a z o r r e l a t i o n  o f  t h e  R I T A D  e f f e c t  wi-Lii TL, 

TAC, o r  o t h e r  e l e c t r o n - h o l e  r e l a t e d  e f f e c t s ,  and w i t h  impuri ty-vacancy 

d- ipoie  de r ived  e f f e c t s  s a - h  as  T A P  and TAD woi-ild be x s e f u l .  Thc R I T A D  

s f f e c t  appeared t 3  be s u p r a l i n e a r  w i t h  i r r a d i a t i o n - - a  s tudy  of  R I T A D  vs. 

close and v s .  applied f i -e ld  would be i n t e r e s t i n g .  A l s o ,  does t h i - s  e f f ec t ,  

e x h i b i t  any v a r i a t i o n  i n  s e n s i t i v i t y  as  a f u n c t i o n  of  i r r a d i a t i o n  temp, o r a -  

t u r e ,  ass .ming  t h e  i r r a d i a t i o n  i s  perfo.med i n  a l l  c a s e s  w e l l  below the 

rsad-out  t e n p e r a t u r e ?  F i n a l l y ,  a s tudy  should be made o f  RITAD repopu- 

1 atl:.on as  f i inc t ions  of i r r a d i a t i o n  wavelength and 3f time, c o r r e l a t e d  w i t h  

meas7xe?m?nts of RITAT) repopi l la t ion  i n t e n s i - t y  as  a f u n c t i o n  of t h e  concen- 

t r a t i o n  of c a r r i e r s  remaining t rapped  a t  h ighe r  a c t i v a t i o n  e n i r g i ~ e s  . These 

expgrimznts  woubd determine j.f RITAU r e p o p u l a t i o n  appears  to be broTught 

aholit i n  3 manner s imil .ar  t o  r epopu la t ion  3f TI and TAC. 



APPENIIX I 

ON THE RELATION HhTWEEN THE EXPERImmALLY 

DETEFMINED PRE-EX€'ONET\lTIAL FACTOR Wo AND THE 

bfICROSCOPIC VACANCY JUMP TIME, T 

One notes  i.n Chapter 11, Table 1, t h a t  t h e  e x p e r i m e n t a l l y  determined 

va lue  of t h e  p r e - e x p o n e n t i a l  W i n t e r p r e t e d  as an e f f e c t i v e  a t t empt  

freqliency for d t p o l e  r o t a t i o n  a t  i n f i n i t e  tempera ture ,  i s  10 

s e c  . Most o t h e r  measuremen-Ls where a s imple  f i r s t -mder  k i n e t i c s  

model  of  t h i s  s o r t  has  been used (e .$ . ,  thermduminescence)  i n d i c a t e  t h a t  

a va lue  of 1O1l or 10 sec wou1.d be a n t i c i p a t e d .  The reason f o r  this 

d i f f e r e n c e  may be exp la ined  by t h e  argument t h a t  whereas thermoluminescence 

i s  s e n s i t i v e  t o  t h e  a c t u a l  jump time f o r  charge  c a r r i e r  d i f f u s i o n ,  e x p e r l -  

meuts o f  the TAP/TAD genre  a r e  s e n s i t i v e  to average t imes  for d i p o l e  

r o t a t i o n ,  i . e  ., t o  t h e  d i f f u s i o n  t ime of a t r a p p e d  vacancy comple-Lely 

about an associated.  i m p u r i t y  i o n .  A c l a s s i c a l  d i f f u s i o n  approximation 

r e l a t i n g  dipo1.e r o t a t i o n  to vacancy d i f f u s i o n  should g i v e  us a. rough i.dea 

of  t h e  r a t i f ,  between t h e s e  c h a r a c t e r i s t i c  t imes . 

0 ' 
8.5id.5 

-1 

12 -1 

One may compare t h e  r o t a t i o n  of  t h e  dipisle moment t 3  that of the 8xi.s 

of B r i g i d  sphere o f  r a d i u s  R i n  a v i s c o u s  medium. Thus, we a s s m e  a 

di. f fus  i o n  e qua t  i o n  



2 
where V i s  t h e  angu la r  Lap lac i an  ope ra to r ,  D i s  t h e  d i f f u s i o n  c o n s t a n t  

€o r  r o t a t i m  (for a rigid sphere j n  a medium of  v i s c o s i t y  h, D i s  - 

by S t o k e ' s  law), and Jl(0,t) i s  the p r o b a b i l i t y  of f i n d i n g  t h e  a x i s  i n  

ihe d i r e c t i o n  n a t  t h e  t ime t .  

kT 
B-rm 

Seeking a s o l u t i o n  of t h e  d i f f u s i o n  equa t ion  a s  an  expansion i n  

s p h e r i c a l  harmonics,  we t a k e  

JI (0 , t )  = - cm I ( t )  q (n). 
d 
m 

S u b s t i t u t i m  i n t o  t h e  d i f fus i .on  equa t ion  gi.ves 

a em 

a t  - -  .- - - d ( R + l )  e; d 
2 

a 

which leads t o  

where 

i s  i n t e r p r e t e d  a s  bei-ng t h e  observed c h a r a c t e r i s t i c  d i p o l e  relaxa-Lion 

t i m e .  

Applying t h e  i n i t i a l  c o n d i t i o n  

m 
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' t oge ther  w i t h  the expans ion  f o r  t h e  d e l t a  funcbion  in s p h e r i c a l  harmonics 

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

I n  l o o k i n g  a t  t h e  change i n  p o l a r i z a t i o n  of a g iven  m a t e r i a l  one 

i s  concerned w i t h  t h e  p r o j e c t i o n  the microscopic d i p o l e  mo1nen.t Onto 

sgme preferred axi.s. The r e l e v a n t  q u a n t i t y  i s  <co&>, where 0 is t'ne 

average  v a l u e  of t h e  ang le  between the clipole moment and sqme a r b i t r a r y  

d i r e c t i o n  i n  space .  

thus  v e r i f y i n g  t h e  i d e n t i f i c a t i o n  qf T a s  t h e  9bserved dipole r e l a x a t i o n  

time, and i n d i c a t i n g  tha.t P = 1 in the e q u a t i o n  far T . 



D nay be approximated by 

2 
jump l e n g t h  

D Z 5 - 7  

T 
0 

where T i s  t h e  c h a r a c t e r i s t i c  vacancy jump t i m e  and 8 i s  some c h a r a c t e r -  

i s t i c  jump a n g l e .  

0 3 

S u b s t i t u t i o n  i n  t h e  equa t ion  f o r  T g i v e s  

The approximation 8 - 30", f o r  exanpple, yi .e lds  
j" 

27- 
--- 7.4r . c) 

T =  ( T T / ~ ) ~  .-- 0 

The upper  l i m i t  of our  expe r imen ta l  de t e rmina t ion  of W i s  lo1' s e c - l .  
0 

'The above computation i n d i c a t e s  t h a t  our measured a t t empt  f requency f o r  

d i p o l e  r o t a t i o n  should be lgwer t h a n  t h e  microscf2pj.c jump rate  f o r  vacancy 

d i f f u s i o n  by about  a f a c t o r  of 10, t h u s  i n d i c a t i n g  o i u  e s t i m a t e  of t h e  

micrcscopic  jump r a t e  t o  be a " reasonable"  va lue  of around 1-0 s e c  . 11. -1 
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APPE:NDIX I1 

iMEX"I'OD OF D TA NALYSIS USED TO OBTAIN Ea and Wo 

It was thought  t h a t  an exp1ic i . t  d e s c r i p t i o n  of  t h e  d a t a  a n a l y s i s  

procedure used t o  o b t a i n  E and W i n  Chapters  11 and 111 would be a 

useful appendix t o  t h i s  work. 

a 0 

Equat ion (28) of Chapter  I1 t e l l s  u s  that ,  

where I(T) i s  t h 2  observed samplca c u r r e n t  a t  t h e  tempera ture  T, a t T  i s  

our exper imenta l  ( l i n e a r )  h e a t i n g  .rate,  2nd T, i s  t h e  tempera ture  a t  

which  t h e  s i g n a l  goes t o  ze ro  the h igh  tempera ture  t a i l .  We have shobm 

L 

t h a t  t h i s  equa t ion  i s  approximateljr  c o r r e c t  for t h e  TAP e f f e c t  a s  well, 

provided  we t a k e  T2 as t h e  tempera ture  a t  which t h e  s i g n a l  c r o s s e s  z e r o .  

I n  our d a t a  a n a l y s i s  procedur?,  we f i r s t  d i g i t i z e  t h e  s i g n a l  

manual ly;  then ,  u s i n g  a computer program w r i t t e n  f o r  t h i s  purpose,  we 

compute W(T) f o r  t h e  range tempera ture  cver which we have s t a t i s t i c a l l y  

meaningful  d a t a .  

We assume a r a t e  equa t ion  af t he  Arhennius form, 

-BE W = W e a, 0 

P l o t t i n g  lnW(T) vs. @ a l l m s  :is t o  find W by e x t r a p o l a t i o n  t o  p = 0, 
0 

whi le  the  s l o p e  of  t h i s  plot a l lows  ius tr, ccmpute E u s i n g  t h e  equa t ion  
a 
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A s  we p o i n t  out i n  Chapter 11, we can a s  an independent check of 

t hese  values  compute Wo v i a  E q .  (29) from the  peak temperature T 

Ea i s  known: 

once m 
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